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Preface 

The purpose of writing this book was to overview recent hot topics in
gastroenterology with a focus directed towards information derived from the bench 
and used at the patient's bedside. To address these issues, scientists who are working 
on a daily basis in the field of experimental gastroenterology and clinical investigators,
with their chapter proposal's being peer-reviewed, all have integrated their attempts to
summarize the recent advances in the pathophysiology and therapy of upper and
lower gastrointestinal tract disorders. Such an integrative approach in basic and 
clinical gastroenterology seems to be essential for the pathomechanism, proper 
diagnosis and management of patients who suffer from gastrointestinal disorders. The
potential reader will not only find in this book the recent advances in the physiology
and pathomechanism of GI tract disorders, but also the treatment options based on
pharmacological and surgical intervention and the recent advances in the biological
therapy with probiotics and prebiotics, which nowadays is a rapidly growing area of
interest. For instance, Betta and Vitaliti described in their review, the direct and indirect
effects of probiotics in the functional interactions between bacteria, gut epithelium, gut
mucosal immune system and systemic immune system. The direct effect of probiotics
in the lumen include the competition with pathogens for nutrients, production of
antimicrobial substances and in particular organic acids competitive inhibition on the
receptor sites, change in the composition of mucin hydrolysis of toxins, receptor
hydrolysis, and nitric oxide (NO). The indirect effect of probiotics largely depends on 
the site of interaction between the probiotic and the effectors of the immune response. 
Thantasha et al., presented the number of specific properties or criteria a microbial
strain has to fulfill in order for it to be regarded as a probiotic. These criteria are 
classified into its safety profile, performance within the GI tract and technological 
aspects of its development. The criteria are further dependent on the specific purpose 
of the strain and on the location for the expression of the specific property. With 
regards to safety, the probiotic strain must be of human origin, isolated from the
gastrointestinal tract (GIT) of healthy individuals. The strain itself, its fermentation 
products or its cell components after its death, should be non-pathogenic, non-toxic,
non-allergic, non-mutagenic or non-carcinogenic even when given to
immunocompromised individuals. The detailed criteria for the probiotic is underlined 
with respect to their performance, acid-tolerance and survival in the human gastric
juices and bile. Probiotic bacteria must be able to survive in sufficient numbers and
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adhere to the intestinal mucosal surface in order to survive within the gastrointestinal 
tract.  

The historical background of probiotics can be traced back to when the first definition 
of probiotic bacteria was given by Russian scientist Elie Metchnikoff who stated that 
probiotics are considered to exert a beneficial effect on the host. This was confirmed 
later on by an official statement by FAO/WHO. In their reviews, two group of 
investigators Matur et al. and Boaventura et al., presented the impact of probiotics on 
the physiology of the GIT and the underlying mechanism of action of this microflora 
and the benefits derived with the use of probiotics in human and animal nutrition. 
Until now there is a growing list of probiotic bacteria involved in the regulation of 
gastrointestinal tract. Among them Lactobacillus and Bifidobacterium species were most 
frequently cited and have been implicated in many human GIT disorders and have 
become commercially promoted to improve the health of the host. The mode of action 
of probiotics involves a mutual interaction with intestinal cells and other microflora 
present in the gut. In these two chapters, the influence of probiotics on digestion, 
absorption and barrier function, secretory functions and the postnatal maturation of 
intestinal mucosa are described. Probiotics may exert a multidirectional effects 
affecting the gene expression in intestinal cells. A number of positive effects of 
probiotics have been indicated, particularly their beneficial effect in the pathologic 
conditions including antibiotic-associated traveler's diarrhea, irritable bowel syndrome 
(IBS), lactose intolerance, dental caries, gastroduodenal ulcers due to Helicobacter 
pylori, hepatic encephalopathy, intestinal motility disorders and neonatal necrotizing 
enterocolitis. Authors evaluated a variety of probiotics functions for the control of 
morphological characteristics and the proliferation capacity of crypt and villous 
epithelium as well as their effects on enteric nervous system. Since the microorganisms 
located within the digestive tract during the postnatal period have been shown to 
decrease villi length and increased crypt depth in many species, one of the aims was to 
overview the effects of probiotics on villous and crept depth. Indeed, the evidence 
from literature indicated that the villous height was increased in piglets inoculated 
with probiotics, Lactobacillus fermentum or Pediococcus acidilactici and some 
Bifidobacterium species but it was not the case for another probiotics such as 
Saccharomyces boulardii. Major inconsistency still exist as to whether probiotics could 
affect the crypt depth because some studies have reported that crypt depth decreased 
in mice supplemented with moderate and high doses of probiotic, however there were 
reports to the contrary as some failed to confirm those findings. All this information 
was important for the determination of the villous height /crypt depth ratio that may 
indicate the proper development of intestinal epithelia regulated by probiotics. 
Authors also deliberate on the villous surface area parameter that may contribute to 
the enhancement of the intestinal absorptive area which seems to be positively 
regulated by probiotics in a majority of the available evidence. From the perspective of 
the functionality of the GIT, particularly that which is affected by probiotics the most 
important being cell proliferation, migration and turnover regulated by apoptosis. 
Probiotics can increase number of cells in intestinal mucosa and affect the migration of 

         Preface XI 
 

cells in crypt to the tip of the villous. The GIT motility constituents such as migrating 
motor complex in the stomach and the one way peristaltic movements in small 
intestine are significantly influenced by the bacterial colonization. Moreover, the 
decrease of intestinal motility may cause a small intestinal bacterial overgrowth 
(SIBO). Therefore the use of Lactobacillus or Bifidobacterium, which caused an 
enhancement in intestinal contractility could be of interest in the modification of 
several functions of the upper GIT including gastric emptying, probiotics-induced 
normalization of motor disorders associated with IBS causing gastrointestinal 
dysfunction.  

Rudil and Isaksen presented a comprehensive overview on the methods of detection, 
cultivation of the bacteria and pathogens and molecular techniques of laboratory 
bacterial detection including quantitative PCR. The authors explored the current focus 
on the human gut microbiota screenings that are based on explorative deep 
sequencing and by probes targeting the gene encoding 16S ribosomal RNA. The 
conserved regions provide information for classification of the higher taxa, while the 
variable regions can be used for differentiation between closely related species. 
Mortavasian et al., have provided an update on the mechanism of delivery of probiotics 
by food products, which has recently been considered as a physiological way to 
transport beneficial compounds such probiotic bacteria to the organism of the host. 
Because of that, this mechanism of probiotics delivery is also termed ‘functional 
foods’. The authors define the viability of probiotic bacteria in food, which depends 
mostly upon the number of viable and active cells per g or mL of probiotic food 
products, at the moment of consumption. This is essentially a measure of the transport 
efficiency discussed in this chapter. It has been documented that the consumption of 
probiotic bacteria using food products, mainly probiotic dairy products, could be 
beneficial to the health of the host. The probiotic bacteria must be viable to affect the 
health, but the non-viable bacteria could also affect the immunological status of the 
host. It is believed that the arrival of probiotic bacteria with food to different parts of 
intestine can increase probiotic bacteria adherence and the rate of colonization. Food 
products may contain many forms of probiotic bacteria, including culture concentrate 
that is added to a food (dried or deep-freeze form), the fermented or non-fermented 
food products, and dietary supplements in the form of drug products-powder, 
capsules or tablet. It is estimated that probiotic foods comprise between 60 and 70% of 
the total functional food market. Among food products probiotic bacteria is 
distributed in a variety of products including fermented milks, ice cream, various 
types of cheese, baby-food milk powder, frozen dairy desserts, whey-based beverages, 
sour cream, butter milk, normal and flavored milk, and concentrated milk. Currently, 
yogurt is the major probiotic which is sold to consumers. Mortavasian et al. attempted 
to characterize the probiotic microorganisms used in food products exploring the most 
common, bifidobacteria and lactic acid bacteria. Lactobacillus and Bifidobacterium are 
the probiotic organisms which are the normal constituents of the human intestinal 
microbiota. Some other strains considered by the authors of being equally beneficial 
are Lactococcus, Enterococcus, Saccharomyces and Propionibacterium. The predominant 
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organisms in the intestinal tract of breast-fed babies, L. acidophilus is so far the most 
widely used probiotic. The dominant overall flora in human intestines in 
bifidobacteria, B. longum. The information provided by the Authors are very useful in 
understanding the process of probiotic adaptation with regards to the fermentation 
conditions, in milk and other food substrates. Among the factors influencing the 
viability of probiotic microorganisms in food products, the most important are: pH, 
titrable acidity, molecular oxygen, redox potential, hydrogen peroxide, bacteriocins 
and short chain fatty acids.  

Azzaroli et al. dedicated their chapter to the most prescribed medications worldwide, 
namely non steroidal anti-inflammatory drugs (NSAIDs). These drugs are prescribed 
for pain management in musculoskeletal or osteoarticolar pathologies because of their 
analgesic and anti-inflammatory properties, however, major side effect associated with 
NSAIDs include gastrointestinal bleedings from both the upper and lower 
gastrointestinal tract. The authors provided evidence regarding NSAIDs mechanism of 
action and NSAIDs management including low-dose aspirin therapy. The discovery of 
safe NSAIDs with reduced upper GI toxicity such as selective COX-2 inhibitors is also 
presented in this chapter. Vanaskova et al., described the functional disorders of the 
GIT, focusing on swallowing dysfunctions in human beings. It is well known that 
these disorders are not only difficult to verify and quantify but also difficult to treat. 
There are a great deal of problems associated with functional disorders related to 
psychosomatic, morphological and mechanical alterations as the real causative 
background for these diseases. The authors decided to describe in detail the 
relationship between the clinical disability of locomotor system and functional 
dysphagia. They provided detailed anatomic and functional characteristics of the 
esophagus including the extrinsic and intrinsic innervations. Moreover, they had 
concentrated on the reflex part of swallowing involving both the afferent and efferent 
pathways. The afferent signals apparent during the swallowing reflex are directed 
from sensitive fibers of the trigeminal nerve, n. glossopharyngeus and n. vagus. The 
major nerve constituents of the efferent pathway are nerves in the hypoglossal motor 
fibers, n. trigeminus, n. facialis, n. glossopharyngeus and the n. vagus. Subsequent 
physiology phases of swallowing are listed by Vanaskova et al. in proper order and the 
role of autonomic and enteric system is emphasized. Finally they explore the 
physiology of the lower esophageal sphincter (LES) and its neurohumoral control. 
Among the swallowing disorders, dysphagia is the most prevalent and dangerous due 
to the fact it can lead to tumor formation. The classification of swallowing disorders 
into obstructive and non-obstructive including e.g. lower motor neuron dysfunction, 
autoimmune disease and achalasia were discussed in this chapter. The authors also 
referred to motility disorders in diabetic neuropathy, alcoholism, psychiatric illness 
and scleroderma – an autoimmune disease that causes weakening of the tissues of the 
esophagus. 

Charisis et al. dedicated their review to the various textures which entails substantial 
information regarding the structural arrangement of surfaces and their relationship to 
the surrounding environment. Texture is an innate property of virtually all surfaces; 
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the grain of the wood, the weave of a fabric, the pattern of crops in a field, rugae on 
the mucous membrane of the stomach, the mucosa of colon and small intestine. This 
structural information and image color property has been proven essential for the 
purpose of medical image analysis and interpretation, perhaps the eroded ulcerous 
region or a protruded cancerous tissue is visually distinguished, mainly, by its 
alternated texture. Akimov and Bezuglov described existing models for the evaluation of 
protein digestibility with a major focus on the evaluation of enzymes involved in 
protein digestion in stomach and intestine. Moreover, a special emphasis is placed on 
the characterization of the intestinal wall peptidases (surface as well as intracellular) 
with description of their specificities and their role in overall protein digestion. 

Thrombosis in the gut is a serious disorder which may have fatal consequences. Jomha 
and Schmidt presented the most common cause of arterial mesenteric ischemia, which 
is embolization to the SMA. The Authors evaluated the mechanism of arterial emboli, 
intracardiac mural thrombus and specific circulatory disorders such as mural 
thrombus in proximal aneurysms within the thoracic or proximal abdominal aorta. 
Since SMA arises at the lesser acute angle from the abdominal aorta compared with 
other mesenteric vessels, it appears to be the most common final destination for 
mesenteric emboli. Arterial thrombosis constitutes the next most common cause of 
AMI and occurs in 20% to 35% of cases. The authors provided the tools for the 
diagnostic evaluation in the form of Duplex ultrasonography and color Doppler, 
scanning used to assess the flow velocities and resistance index. Another method is 
Computed tomography (CT) and Magnetic resonance angiography (MRA), which 
provides an accurate, noninvasive imaging modality for diagnosing mesenteric 
ischemia and mesenteric occlusive disease.  

It is well known that the GIT regulates the absorption of microelements, which are 
essential for the maintenance of body homeostasis and a failure in natural nutrient 
absorption in the intestine, resulting in anemic diseases. One of the major functions of 
intestine is the control of the mechanism of iron uptake and iron loss. In the chapter by 
Freiberg et al., the pathomechanism of microcytic anemia and the major causes of this 
blood disorder are described. The physiology of red blood cells (RBC), hemoglobin 
and gas exchange at the level of tissues and lungs as well as pathology of various 
anemia’s based on the gender and race of the patient are presented. This blood disease 
is usually attributed to iron deficiency resulting mainly from the dysfunction of iron 
absorption in the intestine leading to anemia. The reader is informed that apart from 
nutritional deficiency, the greatest cause of iron deficiency worldwide and in the 
United States, is a slow or “silent” gastrointestinal bleed. Based on the basic and 
clinical criteria that categorizes anemia's there are three important pathological 
processes: decreased or ineffective erythropoiesis, increased hemolysis, and blood loss. 
Evidence based medicine indicates that especially in poor countries, infestation by 
hookworm (mostly Necator americanus and Ancylostoma duodenale) is the leading 
cause of gastrointestinal blood loss causing the iron deficiency and iron deficiency 
anemia. The authors consistently classified the anemia from a pathological point of 
view into: 1) iron deficiency anemia, 2) thalassemia trait, 3) lead poisoning, 4) chronic 
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disease, 5) sideroblastic anemia. Since iron deficiency anemia is almost always due to 
chronic blood loss, they also made the distinction between acute and chronic blood 
loss that can occur externally by any route or internally into any anatomical space, 
including intracranial, intrathoracic, retroperitoneal and abdominal spaces. The paper 
is logically divided into sections concerning epidemiology of iron deficiency in 
children affecting large population worldwide, health conditions of population 
suffering from iron deficiency and clinical cases of the genetic disorders affecting the 
uptake of iron and the formation of hemoglobin.  

Turki and Kallel dedicated their work to malabsorption, which could be defined as a 
state arising from abnormalities in the absorption of food nutrients across the GIT. 
Depending on the abnormality, impairment can be of single or multiple nutrients 
leading to malnutrition and a variety of anemia’s. General symptoms may include loss 
of appetite (anorexia), weight loss, fatigue, shortness of breath, dehydration, low blood 
pressure, and swelling (edema). The authors describe the nutritional disorders that 
may cause anemia such as lack of iron, foliate and vitamin B12, bleeding tendency such 
as lack of vitamin K, or bone disease due to deficiency of vitamin D. Gastrointestinal 
symptoms include flatulence, stomach distention, discomfort, diarrhea, steatorrhea 
(excessive fat in stool) and frequent bowel movements. Intestinal malabsorption may 
result in mucosal damage (enteropathy), congenital or acquired reduction in 
absorptive surface, defects of specific hydrolysis, defects of ion transport, impaired 
enterohepatic circulation or pancreatic insufficiency. Their major focus was directed 
towards fat malabsorption caused by severe pancreatic insufficiency. These authors 
provide the drawbacks of therapeutic use of currently available lipase preparations, as 
a new oral enzyme substitution that will be helpful in the treatment of intestinal fat 
malabsorption caused by exocrine pancreatic insufficiency. 

Kota et al. attempted in their chapter to describe the development of traditional 
remedies as a alternative to mainstream pharmaceuticals. In recent years, a number of 
research papers have been published on herbal medicines to provide experimental 
evidence for their traditional claims. Authors provide the experimental (animal and 
human studies) evidence for the plants that have been traditionally used to treat most 
notable gastrointestinal diseases, namely, peptic ulcer, diarrhea and inflammatory 
bowel syndrome. Besides the medical usefulness, some of this knowledge on herbal 
medicine is updated constantly and transferred from one generation to another 
generations.  

It is know that inflammatory bowel disease (IBD) consists of ulcerative colitis (UC) and 
Crohn’s disease (CD) but the role of lymphoma genesis in the pathogenesis of IBD has 
not been thoroughly investigated. Prasada et al. have focused on several lower GIT 
disorders attributed to UC, the non-Hodgkin’s lymphoma (NHL) known as 
hepatosplenic T-cell lymphoma (HSTCL) and CD and the potential treatment 
modalities linked to commonly used drugs for the management of IBD, namely 
thiopurines and tumor necrosis factor (TNF) antagonists. IBD is a global disease 
affecting a number of Western population and the highest prevalence in developed 
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countries. Interestingly, several reports before revealed that the chronic inflammation 
seen in IBD itself may be the cause of lymphoma and also the drugs possessing 
immunosuppressive effects used in the treatment of IBD were suspected to confer this 
risk. Other diseases that might be associated with a risk of lymphoma are rheumatoid 
arthritis (RA), primary Sjogren’s syndrome, systemic lupus erythematosus (SLE) and 
Hashimoto’s thyroiditis. These authors focused on pathogenesis and etiology of IBD 
discussing the bacterial aspect and enteric microflora including potential microbial 
triggers, which have been studied in the past such as the enteroadherent Escherichia 
coli and Mycobacterium paratuberculosis. There is no doubt that the particular 
combination of susceptible genes and environmental triggers which greatly vary 
between individuals with IBD and can lead to different patterns and severity of 
disease. The pharmacological treatment mainly with anti-inflammatory and 
immunomodulatory drugs has been indicated to majority of IBD patients. This include 
corticosteroids, 5-aminosalicylates, azathioprine, mercaptopurine, methotrexate and 
cyclosporine A, which have been the most commonly used medications. Since recently 
the biological therapy with infliximab and adalimumab were recommended, the 
advantages and disadvantages of the treatment with these agents is emphasized. Later 
part of this review is dedicated to the cancer risk associated with IBD and the 
classification of lymphomas. An increased risk of certain non-colorectal malignancies 
has been shown amongst IBD patients. There is also literature disputing the 
malignancies associated with thiopurines therapy, which needs a final clarification. In 
the last part of the review by Prasada et al., a broad spectrum of lymphomas appearing 
in the form of a variety of neoplasm’s due to proliferation of lymphoid cells is 
discussed. The terminology difference between leukemia and lymphoma is clearly 
presented for the readers. Furthermore, the historical background for the classification 
of various type of lymphoma based on the morphological and functional features of 
the neoplastic cells is presented. The authors describe in details non-Hodgkin’s 
Lymphoma and the pathogenic factors associated with its formation, such as infectious 
agents, immunosuppressive therapy, autoimmune conditions and the genetic 
susceptibility. Finally, they point out the recent global factors, mainly the chemical 
carcinogen exposure of human beings and problems of diet and obesity are implicated 
in NHL.  

Lee et al., have focused their review on medications recommended to treat cancer 
currently, such as paclitaxel, which at present seems to be an effective anticancer drug 
belonging to the taxane family. This drug has been successfully used in the treatment 
of a wide variety of cancers including breast and ovarian cancers. The current 
formulation of this drug could induce adverse patient reactions such as 
hypersensitivity, the nonlinear pharmacokinetic behavior and paclitaxel-induced 
precipitation during infusion procedure. This group of investigators have been 
looking for more effective and convenient ways to administer paclitaxel with less 
formulation-related toxicities than the parent drug. For this purpose, paclitaxel and its 
analogs have been prepared in many different ways for various intravenous 
administration.  



XIV Preface 
 

disease, 5) sideroblastic anemia. Since iron deficiency anemia is almost always due to 
chronic blood loss, they also made the distinction between acute and chronic blood 
loss that can occur externally by any route or internally into any anatomical space, 
including intracranial, intrathoracic, retroperitoneal and abdominal spaces. The paper 
is logically divided into sections concerning epidemiology of iron deficiency in 
children affecting large population worldwide, health conditions of population 
suffering from iron deficiency and clinical cases of the genetic disorders affecting the 
uptake of iron and the formation of hemoglobin.  

Turki and Kallel dedicated their work to malabsorption, which could be defined as a 
state arising from abnormalities in the absorption of food nutrients across the GIT. 
Depending on the abnormality, impairment can be of single or multiple nutrients 
leading to malnutrition and a variety of anemia’s. General symptoms may include loss 
of appetite (anorexia), weight loss, fatigue, shortness of breath, dehydration, low blood 
pressure, and swelling (edema). The authors describe the nutritional disorders that 
may cause anemia such as lack of iron, foliate and vitamin B12, bleeding tendency such 
as lack of vitamin K, or bone disease due to deficiency of vitamin D. Gastrointestinal 
symptoms include flatulence, stomach distention, discomfort, diarrhea, steatorrhea 
(excessive fat in stool) and frequent bowel movements. Intestinal malabsorption may 
result in mucosal damage (enteropathy), congenital or acquired reduction in 
absorptive surface, defects of specific hydrolysis, defects of ion transport, impaired 
enterohepatic circulation or pancreatic insufficiency. Their major focus was directed 
towards fat malabsorption caused by severe pancreatic insufficiency. These authors 
provide the drawbacks of therapeutic use of currently available lipase preparations, as 
a new oral enzyme substitution that will be helpful in the treatment of intestinal fat 
malabsorption caused by exocrine pancreatic insufficiency. 

Kota et al. attempted in their chapter to describe the development of traditional 
remedies as a alternative to mainstream pharmaceuticals. In recent years, a number of 
research papers have been published on herbal medicines to provide experimental 
evidence for their traditional claims. Authors provide the experimental (animal and 
human studies) evidence for the plants that have been traditionally used to treat most 
notable gastrointestinal diseases, namely, peptic ulcer, diarrhea and inflammatory 
bowel syndrome. Besides the medical usefulness, some of this knowledge on herbal 
medicine is updated constantly and transferred from one generation to another 
generations.  

It is know that inflammatory bowel disease (IBD) consists of ulcerative colitis (UC) and 
Crohn’s disease (CD) but the role of lymphoma genesis in the pathogenesis of IBD has 
not been thoroughly investigated. Prasada et al. have focused on several lower GIT 
disorders attributed to UC, the non-Hodgkin’s lymphoma (NHL) known as 
hepatosplenic T-cell lymphoma (HSTCL) and CD and the potential treatment 
modalities linked to commonly used drugs for the management of IBD, namely 
thiopurines and tumor necrosis factor (TNF) antagonists. IBD is a global disease 
affecting a number of Western population and the highest prevalence in developed 

         Preface XV 
 

countries. Interestingly, several reports before revealed that the chronic inflammation 
seen in IBD itself may be the cause of lymphoma and also the drugs possessing 
immunosuppressive effects used in the treatment of IBD were suspected to confer this 
risk. Other diseases that might be associated with a risk of lymphoma are rheumatoid 
arthritis (RA), primary Sjogren’s syndrome, systemic lupus erythematosus (SLE) and 
Hashimoto’s thyroiditis. These authors focused on pathogenesis and etiology of IBD 
discussing the bacterial aspect and enteric microflora including potential microbial 
triggers, which have been studied in the past such as the enteroadherent Escherichia 
coli and Mycobacterium paratuberculosis. There is no doubt that the particular 
combination of susceptible genes and environmental triggers which greatly vary 
between individuals with IBD and can lead to different patterns and severity of 
disease. The pharmacological treatment mainly with anti-inflammatory and 
immunomodulatory drugs has been indicated to majority of IBD patients. This include 
corticosteroids, 5-aminosalicylates, azathioprine, mercaptopurine, methotrexate and 
cyclosporine A, which have been the most commonly used medications. Since recently 
the biological therapy with infliximab and adalimumab were recommended, the 
advantages and disadvantages of the treatment with these agents is emphasized. Later 
part of this review is dedicated to the cancer risk associated with IBD and the 
classification of lymphomas. An increased risk of certain non-colorectal malignancies 
has been shown amongst IBD patients. There is also literature disputing the 
malignancies associated with thiopurines therapy, which needs a final clarification. In 
the last part of the review by Prasada et al., a broad spectrum of lymphomas appearing 
in the form of a variety of neoplasm’s due to proliferation of lymphoid cells is 
discussed. The terminology difference between leukemia and lymphoma is clearly 
presented for the readers. Furthermore, the historical background for the classification 
of various type of lymphoma based on the morphological and functional features of 
the neoplastic cells is presented. The authors describe in details non-Hodgkin’s 
Lymphoma and the pathogenic factors associated with its formation, such as infectious 
agents, immunosuppressive therapy, autoimmune conditions and the genetic 
susceptibility. Finally, they point out the recent global factors, mainly the chemical 
carcinogen exposure of human beings and problems of diet and obesity are implicated 
in NHL.  

Lee et al., have focused their review on medications recommended to treat cancer 
currently, such as paclitaxel, which at present seems to be an effective anticancer drug 
belonging to the taxane family. This drug has been successfully used in the treatment 
of a wide variety of cancers including breast and ovarian cancers. The current 
formulation of this drug could induce adverse patient reactions such as 
hypersensitivity, the nonlinear pharmacokinetic behavior and paclitaxel-induced 
precipitation during infusion procedure. This group of investigators have been 
looking for more effective and convenient ways to administer paclitaxel with less 
formulation-related toxicities than the parent drug. For this purpose, paclitaxel and its 
analogs have been prepared in many different ways for various intravenous 
administration.  



XVI Preface 
 

The chapter by Gancarcikova et al., was designed to evaluate the effects of age and 
various diets including natural feeding, artificial feeding and gnotobiotic conditions 
on the development of microflora, and the production of short-chain fatty acids 
(SCFAs). Moreover, authors studied the postnatal morphological development and 
disaccharidase enzymes activity in the small intestine in piglets reared under the sow, 
piglets fed on milk replacement, as well as in gnotobiotic piglets. Important 
information on the mechanism of stress in the early postnatal period and just after 
weaning affecting gut development, the microbial colonization of the digestive tract 
and the absorption capacity. The changes in colostrums, that contains a high levels of 
several hormones and growth promoting peptides like insulin, epidermal growth 
factor (EGF), insulin-like growth factor-I and II (IGF-I and II), transforming growth 
factor-β (TGF- β), glucagon-like peptide-2 (GLP-2) and leptin are discussed. These 
factors were proved to play an important role in the postnatal development of the 
digestive tract in newborn animals. On the other hand, the morphologic changes 
combined with certain types of enterobacteria, can be responsible for post-weaning 
diarrhea. It has recently been recognized that probiotics such as Lactobacillus, 
Bifidobacterium, Bacillus, Enterococcus and Streptococcus may be effective in preventing 
various forms of diarrheic diseases of dietetic and bacterial origin. In the experimental 
part of the chapter, the authors collected sections of jejunum, ileum and caecum and 
processed them for microbial counting and short-chain fatty acids (SCFAs) 
determinations. These experiments were carried out in the contents from jejunum, 
ileum and colon of gnotobiotic and conventionally bred piglets. Furthermore, the 
association between the digestive enzyme activity in relation to pH and other 
constituents of the intestinal contents in various breeds of pigs were studied and 
suggested that the gnotobiotic animals are a very useful model in studying the 
physiology of the digestive tract, based on established microbial population affecting 
the postnatal intestinal development. The authors gave insight into the mechanism of 
the beneficial effects of probiotic microorganisms that may interact with colostrums, 
milk containing growth factors, hormones and other bio-active compounds to 
maintain the proper growth and development of GIT.  

Sophia and Bashir described what mostly occurs in adolescent or young adults and is 
classified as a rare disorder, termed superior mesenteric artery syndrome (SMAS). 
This syndrome was first described by the Von Rokitansky in 1842 and since then about 
400 cases has been reported in literature. In their overview, Sophia and Bashir have 
underlined the epidemiology of this disorder, and have reported it to be around 0.013-
0.3 %. The Authors refer to the high rate of morbidity caused by this syndrome and the 
difficulty in diagnosing it, and convincingly warned clinicians to be aware of this 
disorder.  

Marte Antonio et al. presented a case report on the mucosa associated lymphoid tissue 
(MALT) lymphoma involving the appendix in a 6-year-old girl, a rather rare disease in 
the children in young age. The complications appearing after MALT lymphomas 
includes approximately 40% of adult developing non-Hodgkin lymphomas (NHL), 
with the disease being more prevalent in females than males. The primary diagnosis 
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was appendicitis and the patient underwent laparoscopic appendectomy using the 
three-trocar technique. The authors recommend simple appendectomy as a first line 
treatment that also endoscopic surveillance seems to be essential for control of a low 
grade MALToma that can progress into IBD.  

The review by Burmeister et al. was dedicated to the pathogenesis and therapy of 
chronic pancreatitis (CP), which has been defined as a continuing inflammatory 
disease of the pancreas. This disease is characterized by irreversible morphological 
changes, often associated with pain and loss of exocrine and endocrine function, which 
may be clinically relevant. The mechanism of pancreatitis involves multiple factors 
including excessive generation of reactive oxygen-derived metabolites (ROM), tissue 
hypoxia and acidosis. The development of pancreatitis includes tissue inflammatory 
infiltration, accompanied by impaired transmission of pain sensation via neural 
ascending pathway and the development of pancreatic ductal and tissue fluid 
hypertension. Pancreatic disorders are the most difficult diseases to treat, and there is 
a lot of concerns regarding how to manage the pancreatitis patients from the first 
symptoms to hospital admission and proper handling those patients either 
symptomatically or surgically. Pain together with pancreatic insufficiency may have a 
significant deleterious effect on a patient’s quality of life as well as their ability to work 
and contribute to society, often leading to a loss of their’ social support network. 
Burmeister et al. proposed surgery of the pancreatic head containing altered neural 
fibrotic tissue and diseased ducts as an option to bring relief of pain, due to a resection 
of inflamed pancreatic tissue and the prevention of the glycoprotein plug formation 
that may calcify leading to pancreatic ductal hypertension. They also critically 
analyzed their own surgical attempts and data on pancreatic surgery in humans that 
exists so far in the literature, and paid major attention to the risk of post-operative 
pancreatic functional insufficiency and in some cases the surgically related morbidity 
and mortality for the patient. Furthermore, Burmeister et al. described the 
pathophysiology of pain in CP, and discussed the rationale and indications for 
surgical intervention and detailed the procedures currently available.  

Uchiyama-Tanaka have addressed his review of colonic hydrotherapy with a major 
focus on colonic irrigations. These procedures are performed using an instrument in 
combination with abdominal massage, but without drugs or mechanical pressure. The 
Author explored the events associated with colonic irrigation, for instance, a 
lymphocyte transmigration from gut-associated lymphoid tissue (GALT) into the 
circulation, which may improve the functions of both the colon and immune system. 
Colonic irrigation was developed approximately 40 years ago with no serious 
complications associated with its use being reported. The author made a substantial 
contribution to the field of colonic irrigation and shares with readers his experience 
with this method, which is employed in subjects with no history of malignant or 
inflammatory disease. The impact of this method, which uses a large amount of water, 
on the function of intestinal microbiota and serum electrolytes remains, however, 
unknown.  
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was appendicitis and the patient underwent laparoscopic appendectomy using the 
three-trocar technique. The authors recommend simple appendectomy as a first line 
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surgical intervention and detailed the procedures currently available.  
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Nguyen have overviewed the pancreato-biliary cancers that may arise from cancer of 
the pancreas, bile duct and major ampullae. These tumors uniformly carry a poor 
prognosis due to its late presentation. Despites many medical advances in imaging 
diagnosis, chemo-radio-therapy, surgical technique and post-operative care over the 
last 2 decades, the overall survival of patients with pancreato-biliary neoplasm has not 
improved significantly. Surgical resection is only possible in less than 20% of patients. 
The Author's discussed in his review the current techniques and approaches to the 
diagnosis and management of pancreato-biliary neoplasm. The aim of the chapter by 
Jablonska and Lampe was to present different types of biliary reconstructions used in the 
surgical treatment of iatrogenic bile duct injuries (IBDI). IBDI remain a critical issue in 
gastrointestinal surgery due to the fact its a frequent cause of laparoscopic 
cholecystectomy, which is one of the most commonest surgical procedure in 
gastroenterology. The early and proper diagnoses of IBDI is very important for 
surgeons and gastroenterologists, because unrecognized IBDI can lead to serious 
complications such as biliary cirrhosis, hepatic failure and in some cases to death. The 
authors refer to the non-invasive, percutaneous radiological and endoscopic 
techniques as a recommended options for the initial treatment of IBDI. When 
endoscopic treatment is not effective, surgical management is considered. The major 
goal of surgical treatment is to reconstruct the proper bile flow to the alimentary tract.  

Parkash et al. explored in their review, the most common liver diseases, namely, acute 
liver failure (ALF) and the chronic liver disease (cirrhosis), however, these authors also 
considered herein the extra hepatic manifestations of liver disease such as hepatic 
encephalopathy (HE). This latter occurs in 50-70% of patients with chronic liver 
disease indicating decompensated chronic liver disease. Among symptoms of HE, the 
most important are alterations in psychomotor functions, personality changes, 
cognitive impairment and disturbed sleep patterns. Authors provide the recent 
standings on classification of HE into 3 types: A, B and C, respectively. Type A is 
associated with acute liver failure; type B observed mainly in patients with porto-
systemic bypass and no intrinsic hepatocellular disease; and type C is linked with 
cirrhosis or portal-hypertension or porto-systemic shunts, respectively. The proposed 
mechanism of pathophysiology for HE includes the generation of ammonia, 
inflammatory cytokines, benzodiazepine among them manganese like substances, 
which impair neuronal function. The ammonia hypothesis includes dietary 
nitrogenous components producing ammonia, bacterial metabolism of these 
nitrogenous products in the colon and in small intestine from glutamine by 
glutaminase enzyme. Ammonia can activate peripheral type benzodiazepine receptor 
(Trasnslocator proteins) giving rise to neurosteroids and the GABA/benzodiazepine 
receptor complex theory. Other mechanisms include the contribution to HE of the 
microelements such as zinc and manganese as well as oxidative and the nitrosative 
stress effects via a mechanism involving their effect on translocator proteins. Overall, 
other possible mechanisms of HE have been also carefully analyzed and explained.  

Hernandez et al. have focused their review on common adverse drug reactions of the 
GIT, mainly hemorrhages and peptic ulcer disease. These Authors propose proper 
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clinical problem recognition and management of the most common drugs affecting the 
gastrointestinal tract. Moreover, they attempted to identify epidemiology, the true 
incidence in hospitalized and non-hospitalized patients and the main concerns about 
their causes and the treatment modalities. The problem is of great clinical interest 
because less common and, usually less severe disorders such as liver disease and 
pancreatitis can be induced by adverse drug reactions.  

In the overview by Rakus-Andersso, the subject of Computational Intelligence 
development in recent years is described. Computational Intelligence has been divided 
into five main regions, namely, neural networks, evolutionary algorithms, swarm 
intelligence, immunological systems and fuzzy systems. The author's attention has 
been attracted by the possibilities of medical applications provided by immunological 
computation algorithms. Immunological computation systems are based on immune 
reactions of living organisms in order to defend the bodies from pathological 
substances. Especially, the mechanisms of T-cell reactions to detect strangers, have 
been converted into artificial numerical algorithms. In this chapter, another hybrid 
between the NS algorithm and the chosen solutions coming from fuzzy systems is 
proposed. This hybrid constitutes their own model of adapting the NS algorithm to the 
operation decisions “operate” contra “do not operate” in gastric cancer surgery. 

In summary, we hope that this book with divergent thematic gastroenterology 
chapters will be beneficial to all those who share our interest in basic and clinical 
medicine, translational medicine and health care as well as it serving to trigger the 
attention of medical students, and potential patients to understanding the recent 
advancements in the field of gastroenterological disorders of human beings, and the 
therapeutic options offered by conventional and interventional medicine.  

 
Tomasz Brzozowski 

Professor of Medicine, Chairman, Department of Physiology,  
Jagiellonian University Medical College, Cracow 

Poland 



XVIII Preface 
 

Nguyen have overviewed the pancreato-biliary cancers that may arise from cancer of 
the pancreas, bile duct and major ampullae. These tumors uniformly carry a poor 
prognosis due to its late presentation. Despites many medical advances in imaging 
diagnosis, chemo-radio-therapy, surgical technique and post-operative care over the 
last 2 decades, the overall survival of patients with pancreato-biliary neoplasm has not 
improved significantly. Surgical resection is only possible in less than 20% of patients. 
The Author's discussed in his review the current techniques and approaches to the 
diagnosis and management of pancreato-biliary neoplasm. The aim of the chapter by 
Jablonska and Lampe was to present different types of biliary reconstructions used in the 
surgical treatment of iatrogenic bile duct injuries (IBDI). IBDI remain a critical issue in 
gastrointestinal surgery due to the fact its a frequent cause of laparoscopic 
cholecystectomy, which is one of the most commonest surgical procedure in 
gastroenterology. The early and proper diagnoses of IBDI is very important for 
surgeons and gastroenterologists, because unrecognized IBDI can lead to serious 
complications such as biliary cirrhosis, hepatic failure and in some cases to death. The 
authors refer to the non-invasive, percutaneous radiological and endoscopic 
techniques as a recommended options for the initial treatment of IBDI. When 
endoscopic treatment is not effective, surgical management is considered. The major 
goal of surgical treatment is to reconstruct the proper bile flow to the alimentary tract.  

Parkash et al. explored in their review, the most common liver diseases, namely, acute 
liver failure (ALF) and the chronic liver disease (cirrhosis), however, these authors also 
considered herein the extra hepatic manifestations of liver disease such as hepatic 
encephalopathy (HE). This latter occurs in 50-70% of patients with chronic liver 
disease indicating decompensated chronic liver disease. Among symptoms of HE, the 
most important are alterations in psychomotor functions, personality changes, 
cognitive impairment and disturbed sleep patterns. Authors provide the recent 
standings on classification of HE into 3 types: A, B and C, respectively. Type A is 
associated with acute liver failure; type B observed mainly in patients with porto-
systemic bypass and no intrinsic hepatocellular disease; and type C is linked with 
cirrhosis or portal-hypertension or porto-systemic shunts, respectively. The proposed 
mechanism of pathophysiology for HE includes the generation of ammonia, 
inflammatory cytokines, benzodiazepine among them manganese like substances, 
which impair neuronal function. The ammonia hypothesis includes dietary 
nitrogenous components producing ammonia, bacterial metabolism of these 
nitrogenous products in the colon and in small intestine from glutamine by 
glutaminase enzyme. Ammonia can activate peripheral type benzodiazepine receptor 
(Trasnslocator proteins) giving rise to neurosteroids and the GABA/benzodiazepine 
receptor complex theory. Other mechanisms include the contribution to HE of the 
microelements such as zinc and manganese as well as oxidative and the nitrosative 
stress effects via a mechanism involving their effect on translocator proteins. Overall, 
other possible mechanisms of HE have been also carefully analyzed and explained.  

Hernandez et al. have focused their review on common adverse drug reactions of the 
GIT, mainly hemorrhages and peptic ulcer disease. These Authors propose proper 

         Preface XIX 
 

clinical problem recognition and management of the most common drugs affecting the 
gastrointestinal tract. Moreover, they attempted to identify epidemiology, the true 
incidence in hospitalized and non-hospitalized patients and the main concerns about 
their causes and the treatment modalities. The problem is of great clinical interest 
because less common and, usually less severe disorders such as liver disease and 
pancreatitis can be induced by adverse drug reactions.  

In the overview by Rakus-Andersso, the subject of Computational Intelligence 
development in recent years is described. Computational Intelligence has been divided 
into five main regions, namely, neural networks, evolutionary algorithms, swarm 
intelligence, immunological systems and fuzzy systems. The author's attention has 
been attracted by the possibilities of medical applications provided by immunological 
computation algorithms. Immunological computation systems are based on immune 
reactions of living organisms in order to defend the bodies from pathological 
substances. Especially, the mechanisms of T-cell reactions to detect strangers, have 
been converted into artificial numerical algorithms. In this chapter, another hybrid 
between the NS algorithm and the chosen solutions coming from fuzzy systems is 
proposed. This hybrid constitutes their own model of adapting the NS algorithm to the 
operation decisions “operate” contra “do not operate” in gastric cancer surgery. 

In summary, we hope that this book with divergent thematic gastroenterology 
chapters will be beneficial to all those who share our interest in basic and clinical 
medicine, translational medicine and health care as well as it serving to trigger the 
attention of medical students, and potential patients to understanding the recent 
advancements in the field of gastroenterological disorders of human beings, and the 
therapeutic options offered by conventional and interventional medicine.  

 
Tomasz Brzozowski 

Professor of Medicine, Chairman, Department of Physiology,  
Jagiellonian University Medical College, Cracow 

Poland 



 

 

 

Section 1 

Emerging Impact of  
Probiotics in Gastroenterology 



 

 

 

Section 1 

Emerging Impact of  
Probiotics in Gastroenterology 



 1 

Intestinal Microbial Flora –  
Effect of Probiotics in Newborns 

Pasqua Betta* and Giovanna Vitaliti 
U.O UTIN, Department of Pediatrics,  

University of Catania 
Italy 

1. Introduction 
The surface of the human gut has a surplus area of 200-250 m2 in order to contain, between 
intraepithelial lymphocytes and lamina propria, Peyer’s patches and lymphoid follicles, the 
lymphoid tissue, while hosts a flora of about 800 different bacteria species with over 7000 
strains. The 99% are obligate anaerobes and varies species were then classified using 
traditional anaerobic culture techniques. More than 50% of the dominant gut microbiota 
(corresponding to 10 8-10 11 per gram of faeces) cannot be identified using traditional colture 
,but molecular approaches, based on the use of 165 ribosomal DNA molecular (Mai & 
Morris, 2004). Most of these bacteria colonizes the large intestine (in a range of 10-12 
bacteria/g). The bacterial count of the small intestine (duodedum and jejunum) is 
considerably lower (approximately 104-7 bacteria/ml) than Streptococcus Lactobacillus, 
Enterobacteriaceae corresponding to the transient microbiota. 

The main bacterial species represented in the human large intestine (colon) are distributed 
with densities higher than 10 9-11 per gram of contents, and these high densities can be 
explained by the slow transit and low redox potential . In this intestinal tract we can mostly 
find bifidobacteria and bacteroides ,bifidobacterium clostridium. The fecal microbiota 
contains 10 9 _10 11 CFU per gram, and microorganism in about 40% of their weight. The 
dominant microbiota is represented by strict anaerobes , while the sub-dominant microbiota 
by facultative anaerobes. In addition to the resident microbiota (dominant and sub 
dominant), the faeces contain the transient microbiota, that is extremely variable, including 
Enterobacteriacee (Citrobacter, Klebsiella, Proteus ) and Enterobacter (Pseudomonas) and 
yeast ( Candida) CFU per gram (Table 1) (Zoetendal et al, 2004). 

2. Intestinal microbiota in newborn 
The normal human microflora is a complex ecosystem that somehow depends on enteric 
nutrients for establishing colonization. At birth ,the digestive tract is sterile. This balance of 
the intestinal microflora is similar to that of adult from about two years of age (Hammerman 
et al, 2004). 
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Mouth 200 species  
Stomach,duodenum pH 2,5-3,5 destructive to most of 

bacteria 101_103 unit /ml 
Lactobacillus,Streptococcus, 

 

Jejunum,ileum 10 4_ 10 6 unit /ml bifidobacteria and 
bacteroides ,bifidobacterium 

clostridium 

Aerobes 

Colon 300-400 several species 1010_ 1011 unit 
/ml 

Enterobacteriacee (Citrobacter, 
Klebsiella,Proteus)o(Pseudomonas) 

Candida. 

Anaerobes 

Table 1. Composition and topographical features of intestinal microbiota 

Diet and environmental conditions can influence this ecosystem. At birth intestinal 
colonization derives from microorganism of the vaginal mucoses of the mother and faecal 
microflora . The microbial imprinting depends on the mode and location of delivery. 
Literature data shows that infants born in a hospital environment, by caesarean section, have a 
high component of anaerobic microbial flora (Clostridia) and high post of Gram-negative 
enterobacteria. Those born prematurely by vaginal delivery and breast-feed have a rather rich 
in Lactobacilli and Bifidobacteria microflora. (Grönlund et al, 1999; Hall et al, 1990) 

Diet can influence the microbiota, while breast-feeding promotes an intestine microbiota in 
which Bifidobacteria predominate, while coliform, enterococci and bacteroides predominate 
in formula bottle-fed baby.  

Escherichia coli and Streptococcus are included among the first bacteria to colonize the 
digestive tract. After them, strict anaerobes (Bacteroides, Bifidobacteri ,Clostridium) 
establish during the first week of life, when the diet plays a fundamental role. (Mackie et al, 
1999). The pattern of bacterial colonization in the premature neonatal gut is different from 
the one of healthy, full term infant gut. Aberrant pre-term infants admitted to NICU, born 
by caesarean section, are more often separated from their mother and kept in an aseptic 
intensive care setting, treated with broad-spectrum antibiotics. This is the reason why they 
show a highly modified bacterial flora, consisting of less than 20 species of bacteria, with a 
predominance of Staphylococcus (aureus and coagulase negative) among aerobic micro-
organisms, and Enterobacteriaceae (Klebsiella), among enterococci and anaerobic Clostridia 
(Dai et al, 1999; Gothefor, 1989). 

It is believed that microbial diversity is an important factor in determining the stability of 
the ecosystem and that the fecal loss of diversity predisposes the preterm gastrointestinal 
colonization of antibiotic-resistant bacteria and fungi colonization with a consequent 
potential risk of infection, thus contributing to the development of necrotizing enterocolitis 
(NEC) (Fanaro et al, 2003; Sakata et al, 1985) 

2.1 Structure and function of intestinal microbial flora 

The intestinal microbial flora has numerous functions, even if the most of them has not yet 
been identified. Among these functions, we can report its anatomical –functional role, its 
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protective function, in particular the “barrier effect”, referring to the physiological capacity 
of the endogenous bacterial microflora to inhibit colonization of the intestine by pathogenic 
microorganism. It is already known that the intestinal microbial flora influences food 
digestion ,absorption and fermentation, the immune system response, peristalsis, 
production of vitamins such as B-vitamins, influencing moreover the turnover of intestinal 
epithelial cells. In addition the metabolism of gut microflora influences hormonal secretion. 

Bacterial colonization of human gut by environmental microbes begins immediately after 
birth; the composition of intestinal microbiota, relatively simple in infants, becomes more 
complex with increasing in age, with a high degree of variability among human individuals. 
It is believed that microbial diversity is an important factor in determining the stability of 
the ecosystem and that fecal loss of diversity predisposes the preterm gastrointestinal 
colonization of antibiotic-resistant bacteria and fungi with the consequent potential risk of 
infection (Cummings & Macfarlane, 1991; Montalto et al, 2009; Neish, 2002). 

2.2 Gut microflora and immunity 

The mucosal membrane of the intestines, with an area of approximately 200 m2, is 
constantly challenged by the enormous amount of antigens from food, from the intestinal 
microbial flora and from inhaled particles that also reach the intestines. It is not surprising 
therefore that approximately the eighty per cent of the immune system is found in the area 
of the intestinal tract and it is particularly prevalent in the small intestine. The intestinal 
immune system is referred as GALT (gut-associated-lymphoid tissue). It consists of Peyer’s 
patches, which are units of lymphoid cells, single lymphocytes scattered in the lamina 
propria and intraepithelial lymphocytes spread in the intestinal epithelia. 

The immune system of infants is not fully developed. The structures of the mucosal immune 
system are fully developed in utero by 28 weeks gestation, but in the absence of intrauterine 
infections, activation does not occur until after birth. Maturation of the mucosal immune 
system and establishment of protective immunity is usually fully developed in the first 
years of life. In addition the exposure to pathogenic and commensal bacteria, the major 
modifier of the development patterns in the neonatal period, depends on infant feeding 
practices. (Brandtzaeg, 2001; Gleeson et al, 2004) 

Bacterial colonisation of the intestine is important for the development of the immune 
system. The intestine has an important function in working as a barrier.This barrier is 
maintained by tight-junctions between the epithelial cells, by production of IgA antibodies 
and by influencing the normal microbial flora. It is extremely important that only harmless 
substances are absorbed while the harmful substances are secreted via the faeces. 

Studies show that individuals allergic to cow´s milk have defective IgA production and an 
increased permeability of the intestinal mucosa. This results in an increased absorption of 
macromolecules by the intestinal mucosa. The increased permeability is most probably 
caused by local inflammations due to immunological reactions against the allergen. This 
damages the intestinal mucosa 

2.3 Modification of the intestinal flora micro-ecosystem 

During the past century our lifestyle has dramatically changed regarding hygienic 
measures, diet, standards of living and usage of medical drugs. Today our diet largely 
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includes industrially produced sterilized food and the use of different kinds of 
preservatives. This has led to a decreased intake of bacteria, particularly lactic acid 
producing bacteria . 

The widespread use of antibiotics in healthcare and agriculture, antibacterial substance is 
also something new for human kind. We have in so many ways sterilized our environment, 
which is detrimental to the microbial (Cummings & Macfarlane G.T., 1997; Vanderhoof & 
Young, 1998). 

3. What are probiotics? 
The term ‘probiotic’ was proposed in 1965 to denote an organism or substance that 
contributes to the intestinal microbial balance. The definition of probiotics has subsequently 
evolved to emphasise a beneficial effect to health over effects on microbiota composition, 
underscoring the requirement of rigorously proven clinical efficacy. Most probiotic bacterial 
strains were originally isolated from the intestinal microbiota of healthy humans and the 
probiotics most thoroughly investigated thus far belong to the genera lactobacilli and 
bifidobacteria (Caramia G., 2004). 

Probiotics have several effects, including modulating the gut microbiota, promoting 
mucosal barrier functions, inhibiting mucosal pathogen adherence and interacting with the 
innate and adaptive immune systems of the host, which may promote resistance against 
pathogens. The intestinal microbiota constitutes an important aspect of the mucosal barrier 
the function of which is to restrict mucosal colonisation by pathogens, to prevent pathogens 
from penetrating the mucosa and to initiate and regulate immune responses 

3.1 Proved beneficial effects on the host 

Prerequisites for probiotics’ efficacy are human origin, resistance transit gastric capacity to 
colonize survival in and adhesion, competitive exclusion of pathogens or harmful antigens 
to specific areas of the gastrointestinal tract, vitality, verifiable and stability conservation, 
production substances with antimicrobial action, exclusion of resistance transferable 
antibiotic. No pathogenicity and / or toxicity has ever been demonstrated on the host. 

3.2 Effect of probiotics 

Among their effects, the most important are: competition to the more valid nutrients and 
enteric epithelial anchorage sites; reduction of intestinal pH values for high production of 
lactic acid from lactose and acetic acid from carbohydrates, which selects the growth of 
lactobacilli; production of bacteriocins, peptides with bactericidal activity towards related 
bacteria species; metabolism of certain nutrients in the volatile fatty acids; activation of 
mucosal immunity, with increased synthesis of secretory IgA, and phagocytosis; stimulation 
of production of various cytokines 

3.3 Mechanism of action of probiotics 

The functional interactions between bacteria, gut epithelium, gut mucosal immune system 
and systemic immune system are the basis of the mechanisms of direct and indirect effects 
of probiotics. The direct effect of probiotics in the lumen are: competition with pathogens for 
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nutrients, production of antimicrobial substances and in particular organic acids 
competitive inhibition on the receptor sites, change in the composition of mucins hydrolysis 
of toxins, receptorial hydrolisis, and nitric oxide (NO), while the indirect effect largely 
depends on the site of interaction between the probiotic and the effectors of the immune 
response, topographically located in the intestinal tract. 

There is evidence, in vitro and in vivo, on effects of different probiotics on specific 
mechanisms of the immune response. The starting point is the interaction between probiotic 
and the host intestinal mucosa, but it seems clear that not all probiotics have the same initial 
contact (immune cells, enterocytes, etc.). 

There are several literature data that have demonstrated the interaction between probiotics 
and the immune system, in particular it has been demonstrated their capacity to stimulate 
the production of intestinal mucines, their trophic effect on intestinal epithelium, the re-
establishment of the intestinal mucosa integrity, the stimulation of the IgA-mediated 
immune response against viral pathogens. All these effects have been demonstrated in 
experimental studies and in some clinical studies, even if it is not still clear the main 
mechanism of action and it is conceivable that different mechanisms of action contribute to 
the efficacy of probiotics, with a different role in different clinical situations (Vanderhoof & 
Young, 1998). 

3.4 Safety 

The oral consumption of viable bacteria in infancy naturally raises safety concerns. Products 
containing probiotics are widely available in many countries and, despite the growing use of 
such products in recent years, no increase in Lactobacillus bacteraemia has been detected. 
Nevertheless, the average yearly incidence of Lactobacillus bacteraemia in Finland between 
the years 1995 and 2000 was 0.3 cases/100,000 inhabitants. Importantly, 11 out of the 48 
isolated strains were identical to Lactobacillus GG, the most commonly used probiotic 
strain. Lactobacillus bacteraemia is considered to be of clinical significance; immune-
suppression, prior prolonged hospitalisation and surgical interventions have been identified 
as predisposing factors. Nonetheless, clinical trials with products containing both 
lactobacilli and bifidobacteria have demonstrated the safety of these probiotics in infants 
and children, and in a recent study, the use of L. casei was found to be safe also in critically 
ill children 

In a trial assessing the safety of long-term consumption of infant formula containing B. lactis 
and S. thermophilus, the supplemented formulas were demonstrated to be safe and well 
tolerated. No serious adverse effects have been reported in the trials involving premature 
neonates, but it should be noted that the studies were not primarily designed to assess their 
safety (Hammerman et al, 2006) 

4. Probiotics and gastrointestinal disorders 
The presence of Bifidobacteria in artificial milk can contribute to the induction of a 
significant increase of Bifidobacteria in the intestinal tract, promotes the development of a 
protective microflora, similar to that one of the breast- fed newborn, contributes to the 
modulation of immune-defenses, giving them a major efficiency (Langhendries et al, 1995; 
Fukushima et al, 1998). 
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In early 2002, the United States Food and Drug administration accepted a “generally 
regarded as safe (GRAS) the use of Bifidobacterium lactis and Streptococcus thermophilus in 
formula milk for healthy infants aged 4 months or more” (Hammerman et al, 2006).  

The clinical efficacy of probiotics in the prevention and treatment of infectious disease in 
infancy has most comprehensively been documented in diarrhoeal disease. Lactobacillus GG 
or Lactobacillus reuteri (ATCC 55730) supplementation has been demonstrated to be effective 
in the prevention of acute infantile diarrhoea in different settings. Lactobacillus GG has also 
been reported to significantly reduce the duration of acute diarrhoea and the duration of 
rotavirus shedding after rotavirus infection. Bifidobacteria have also shown promising 
potential in preventing both nosocomial spread of gastroenteritis and diarrhoea in infants in 
residential care settings. Meta-analyses of double-blind, placebo-controlled clinical trials 
have concluded that probiotics, particularly Lactobacillus GG, are effective in treatment of 
acute infectious diarrhoea in infants and children. Probiotics appear also to have some 
protective effect against antibiotic-associated diarrhoea and acute diarrhoea in children, but 
the heterogeneity of the available studies precludes drawing firm conclusions (Vanderhoof, 
2000). 

5. Probitics and atopic disease 
Probiotics acts on atopic diseases modulating initial colonisation, intralumenal degradation 
of allergens, promoting intestinal barrier function, enhancing immune maturation with 
induction of IgA production, induction of regulatory T cells. In infancy, food allergy and 
atopic eczema are the most common atopic disorders. Even though atopic disease often 
becomes manifest during the course of the first year of life, it is well established that the 
immune pathology leading to clinical disease has its origins in early life, possibly already in 
the immune environment prevailing in utero. Indeed, infantile food allergy could be 
considered a manifestation of a primary failure to establish tolerance to dietary antigens 
rather than loss of tolerance characteristic of allergies in later life. Therefore, measures 
aimed at reducing the risk of atopic diseases should be started in the perinatal period. Thus 
far, the rationale of most studies assessing means of primary prevention of atopic diseases 
has been to reduce exposure to the allergens known to most often be associated with 
sensitisation and provocation of symptoms in allergic individuals, but the success of such 
measures has been relatively poor. Consequently, probiotics have been investigated as a 
novel approach with a number of potential effects which might beneficially affect the host 
immune physiology to a non-atopic mode.  

The immune pathology of atopic diseases is characterised by T helper (Th)2-driven 
inflammatory responsiveness against ubiquitous environmental or dietary allergens. The 
factors leading to inappropriate Th2 responsiveness, and thus atopic disease, in early 
immune development remain poorly understood. Th2-type responsiveness is counter-
regulated both by Th1 responses, which are usually directed against infectious agents and 
immunosuppressive, and by tolerogenic regulatory T cell responses. Prescott and colleagues 
demonstrated that infants with high hereditary risk who subsequently developed atopic 
disease are characterised by an impaired capacity (compared with healthy infants) to 
produce both Th1 and Th2 cytokines in the neonatal period. During the first year of life, an 
increase in Th2 responsiveness is seen in infants developing atopic disease, whereas a 
reverse development takes place in healthy infants.  
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5.1 Use of probiotics for prevention of atopic diseases 

As previously mentioned, the sequence of bacterial intestinal colonization of neonates and 
young infants is important in the development of the immune response. Recognition by the 
immune system of self and nonself, as well as the type of inflammatory responses generated 
later in life, are likely affected by the infant’s diet and acquisition of the commensal 
intestinal bacterial population superimposed on genetic predisposition. 

During pregnancy, the cytokine inflammatory-response profile of the fetus is diverted away 
from cell-mediated immunity (T-helper 1 [Th1] type) toward humoral immunity (Th2 type). 
Hence, the Th2 type typically is the general immune response in early infancy. The risk of 
allergic disease could well be the result of a lack or delay in the eventual shift of the 
predominant Th2 type of response to more of a balance between Th1- and Th2-type 
responses (Neaville, 2003). 

Administration of probiotic bacteria during a time period in which a natural population of 
lacticacid– producing indigenous intestinal bacteria is developing could theoretically 
influence immune development toward more balance of Th1 and Th2 inflammatory 
responses (Majamaa & Isolauri, 1997). The intestinal bacterial flora of atopic children has 
been demonstrated to differ from that of nonatopic children. Specifically, atopic children 
have more Clostridium organisms and fewer Bifidobacterium organisms than do nonatopic 
study subjects ( Björkstén et al, 1999; Klliomaki et al, 2001), which has served as the rationale 
for the administration of probiotics to infants at risk of atopic diseases, particularly for those 
who are formula fed. 

In a double-blinded RCT, LGG or a placebo was given initially to 159 women during the 
final 4 weeks of pregnancy. If the infant was at high risk of atopic disease (atopic eczema, 
allergic rhinitis, or asthma), the treatment was continued for 6 months after birth in both the 
lactating woman and her infant (Kalliomäki et al, 2003). A total of 132 mother-infant pairs 
were randomly assigned to receive either placebo or LGG and treated for 6 months while 
breastfeeding. The primary study end point was chronic recurrent atopic eczema in the 
infant. Atopic eczema was diagnosed in 46 of 132 (35%) of these study children by 2 years of 
age. The frequency of atopic eczema in the LGG-treated group was 15 of 64 (23%) versus 31 
of 68 (46%) in the placebo group (RR: 0.51 [95% CI: 0.32– 0.84]; P = .01). The number of 
mother-infant pairs required to be treated with LGG to prevent 1 case of chronic recurrent 
atopic eczema was 4.5. By 4 years of age, eczema occurred in 26% of the infants in the group 
treated with LGG, compared with 46% in the placebo group (RR: 0.57 [95% CI: 0.33– 0.97]; P 
=.01). However, only 67% of the original study group was analyzed at the 4-year follow-up. 
These results support a preventive effect for giving a probiotic to mothers late in pregnancy 
and to both mothers and infants during the first 6 months of lactation for the prevention of 
atopic eczema in infants who are at risk of atopic disease.  

Conversely, Taylor et al (2007) found that probiotic supplementation did not reduce the risk 
of atopic dermatitis in children at high risk with the report of some increased risk of 
subsequent allergen sensitization. As concluded in a review by Prescott and Björkstén (2007) 
and in a 2007 Cochrane review (Osborn & Sinn, 2007) despite the encouraging results of 
some studies, there is insufficient evidence to warrant the routine supplementation of 
probiotics to either pregnant women or infants to prevent allergic diseases in childhood. 
Explanations for varied study results include host factors such as genetic susceptibility, 
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environmental factors such as geographic region and diet, and study variables including 
probiotic strains and doses used (Prescott & Björkstén, 2007; Penders, 2007). 

5.2 Use of probiotics in the treatment of atopic diseases 

In an RCT, 53 Australian infants with moderate-to-severe atopic dermatitis were given either 
Lactobacillus fermentum or placebo for 8 weeks. At final assessment at 16 weeks, significantly 
more children who received the probiotic had improved extent and severity of atopic 
dermatitis as measured by the Severity of Scoring of Atopic Dermatitis (SCORAD) index over 
time compared with those who received placebo (P = .01) (Weston et al, 2005; Viljanen et al, 
2005). These results are encouraging, but as summarized in a 2008 Cochrane review (Boyle et 
al, 2008), probiotics have not yet been proven to be effective in the treatment of eczema. 

6. Probiotics and premature infants 
Prematurity compromises the anatomical and functional development of all organs, in 
inverse proportion to the gestational age. Some peculiarities of the preterm are the high 
incidence of respiratory diseases, the multi-systemic immaturity, even if nutrition 
constitutes one of the major actual problem to afford.  

The preterm infant lacks of the sucking reflex, has a restricted gastric and intestinal capacity, 
insufficient absorption of the main food, that contribute to both quantitative and qualitative 
nutritional deficiencies.  

The lack of an adequate nutrition decreases the synthesis of surfactant and anti-oxidant 
molecules, thus causing a delayed lung maturation and both cellular and humoral immune 
response, responsible for an increase of the catabolism, promoting the use of endogenous 
proteins. Therefore, the goal of the nutrition of the ELBW infant is the manteinance of his 
post-natal growth, similarly of what happens in utero, preventing the protein catabolism 
(through the use of endogenous proteins: lean body mass), avoid the weight loss during the 
first 2 weeks after birth, assuring a high energetic rate since his first day of life, thus 
reducing the percentage of preterms with a weight less than 10° percentile at discharge.  

Nowadays the first approach to ELBW preterms is the parenteral nutrition since their first 
day of life (with the prompt introduction of glucose as it is the main source of energy and it 
reduces the catabolism of endogenous proteins since the first 2 hours after birth, and the 
introduction of lipids since the first 24 hours after birth). It is also important the introduction 
of low quantities of milk (minimal enteral feeding) via oral or nasal-gastric way in order to 
promote the feeding tolerance and the increase of enteral production of cholecystokinin that 
stimulates the bile function, protecting the liver from hepatic steatosis due to parenteral 
nutrition.  

It is important that these procedures are managed in a gradual way in order to avoid the 
tiredness of the infant and the aspiration of milk with regurgites. For this reason it is 
conceivable using a fortified maternal formula for premature infants, with a daily increase 
of the feeding, paying attention to abdominal distension, vomit, gastric stagnation, apneas, 
and diarrhea.  

It is conceivable to stop the parenteral nutrition when the energetic rate reach a quote of 
80cal/Kg/die and the daily increase of milk must not be more than 10ml/Kg/die, and 
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sometimes it is necessary the continuous or discontinuous enteral feeding, via nasal-gastric 
tube, in order to suspend the parenteral nutrition.  

The passage from enteral nutrition to nursing depends on the acquisition of sucking, 
deglutition, epiglottis and larynx closure ability and on the nasal passage, as well as the 
esophageal motility and a synchronized process is usually absent before 34 weeks of 
gestation. The sucking ability is usually reached when the infant has a weight over 1500 gr 
even if sometimes it is necessary to proceed with the tactile stimulation of the infant tongue 
(Tsang et al, 2005). 

Enzymatic digestive functions in preterm more than 28 weeks of gestation are mature 
enough to allow the adequate digestion and absorption of proteins and carbohydrates. 
Lipids are well adsorbed and unsaturated fatty acids and lipids in maternal milk are better 
adsorbed than the components of the formula milk.  

The weight gain in infants with a birth weight less than 2000 gr should be adequate when 
the mother shows a protein intake of 2.25-2.75/Kg/die, because they should provide a good 
intake of essential aminoacids, in particular tryptophan and threonine, that are important 
for the cerebral development.  

The maternal milk, through specific immunologic factors, can potentiate the defensive 
mechanisms of preterms, contributing to ameliorate the immune defense against infectious 
agents. Recent studies highlighted that the maternal milk not only promote a passive 
protection, but can directly modify the immunologic development of the infant.  

The maternal milk contains immunologic and non-immunologic factors, and immune-
modulant factors, such as the bifidogenic factor, that promotes the development of the 
Lactobacillus Bifidus, that by competition promotes the decrease of the intestinal pH and 
inhibits the growth of Escherichia Coli. The maternal milk must be fortified, while the 
formula for preterm infants do not contain the bifidogenic factor (Heiman & Schanler, 2007) . 

It is also well established that the composition of the intestinal microbiota is aberrant and its 
establishment delays in neonates who require intensive care, with an increased risk of 
developing NEC. As discussed above, probiotics have been shown to enhance the intestinal 
barrier, inhibit the growth and adherence of pathogenic bacteria and to improve altered gut 
micro-ecology In preterm infants, administration of the probiotic Lactobacillus GG has been 
shown to affect colonisation patterns. Data from experimental animal models suggest that 
bifidobacteria reduce the risk of NEC in rats. Consequently, it could be hypothesised that 
probiotics might have potential in reducing the risk of NEC in premature infants.  

The supplementation of probiotics since the first day of life represents a valid help in 
influencing the growth of a favourable intestinal ecosystem, decreasing the quote of 
Clostridium, Bacillus and Bacteroides Fragilis and increasing the rate of bifidobacteria, also 
improving the intestinal barrier with a way of action similar to that of the maternal milk, 
protecting the gut from bacteria and fungal colonization, avoiding the development of NEC. 

7. Probiotics and necrotizing enterocolitis 
Necrotizing enterocolitis (NEC) is a serious anoxic and ischemic disease particularly 
affecting premature newborns, affecting almost the ileo-colic area, with bacteria 
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environmental factors such as geographic region and diet, and study variables including 
probiotic strains and doses used (Prescott & Björkstén, 2007; Penders, 2007). 
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proliferation, production of gas inside gastric walls (cystic pneumatosis), associated with 
edema and inflammation. Its incidence rate is 1-3 cases for 1000 newborns, with a mortality 
rate ranging between 10-50%. The prematurity is the most important risk factor, as well as 
the low birth weight (< 1500 gr). This risk increases after the colonization or the infection of 
pathogens such as Clostridium, Escherichia, Klebsiella, Salmonella, Shigella, 
Campylobacter, Pseudomonas, Streptococcus, Enterococcus, Staphylococcus aureus and 
coagulase negative Staphylococcus. Other factors that can increase its incidence are the 
intestinal immaturity, the decrease of the intestinal motility, the increase of permeability to 
macromolecules and the excessive volume of milk. Certainly breast feeding represents a 
protective factor, as it is shown by the decreased incidence of NEC in breast-fed infants. 
Moreover literature data supporting the benefits of probiotics are increasing in the last 
decades.  

The role of intestinal micro-organisms has been largely described, even if it is still not clear. 
Advances in molecular biology and intestinal microbiology allow a better characterization 
of the intestinal microbiota in children affected by NEC. Nowadays, literature data describe 
different methods of characterization of the microbic genotype and of identification of its 
genes, expression of the specific proteins and production of metabolites. The application of 
these techniques on bioptic samples of infected and non-infected subjects could better the 
comprehension of the persistence of NEC in premature newborns. Deshpande et al. (2007) 
published a meta analysis that confirms the benefit of probiotic supplements in reducing 
death and disease in preterm newborns.  

The mechanism of action of probiotics in the protection of NEC seem to be the increased 
production of anti-inflammatory cytokines, blockage of the passage of bacteria and their 
products through the mucose, competitive action with some pathogen groups, modification 
of the response of the host towards microbial products, improving the enteral nutrition, 
decreasing the duration of the parenteral nutrition, responsible for late sepsis.  

Different studies highlight that the supplementation of probiotics reduces the risk of NEC. 
In the most recent literature, the study of Bin-Nun et al. (2005) showed a lower frequency of 
serious diseases in newborns with a low birth weight when in their feeding was added a 
probiotic mixture. Desphande’s meta analysis, published in Lancet in 2007, showed the 
same results. As a matter of fact the first studies on probiotics in premature children were 
leaded in order to reduce the incidence of NEC in this group of children.  

8. Probiotics and infections 
The most valid indication of the probiotic remains the decrease of intestinal infections. In 
fact, the literature shows that the probiotic can reduce the severity and number of episodes 
of diarrhea.  

Weizman & Alsheikh made a double-blind placebo-controlled study using a formula 
supplemented with L. reuteri or B. bifidium for 12 weeks. In the group of infants in therapy 
with probiotics, less gastrointestinal infectious episodes have been detected, fewer episodes 
of fever compared to placebo, with consequent reduce of antibiotic therapy. The fetus and 
the newborn are particularly vulnerable to the injuries caused by infectious agents or 
immunological mechanisms related to the immaturity of the immune system. The 
improvement of perinatal care has led to increased survival of high-risk infant (ELBW, 
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respiratory distress, surgery), neonatal research priorities on the prevention and treatment 
of sepsis in NEC and bronchopulmonary dysplasia (CLD) (Weizman & Alsheikh, 2006).  

In view of the role of mediators of inflammation in CLD and in sepsis is therefore important 
to modulate the immune response in these young patients. Some studies have shown that 
probiotics can alter the intestinal microflora and reduce the growth of pathogenic 
microorganisms in the intestines of preterm infants, decreasing the incidence of necrotizing 
enterocolitis and sepsis. Moreover, a study performed in rats with immune deficiency has 
shown that the administration of LGG reduced the risk of colonization and sepsis by 
Candida. 

One of our retrospective study, performed in 2002 at the University of Catania TIN, showed 
that supplementation from birth for at least 4-6 weeks of a symbiotic (lactogermine plus 3.5 
x109 ucf / day) decreased the incidence and intensity of gastrointestinal colonization of 
Candida, and subsequently its related infections in a group of preterm infants. 
Another randomized study on 80 preterm infants has confirmed that the administration of 
LGG (at a dose of 6 billion cfu / day) from the first day of life for a period of six weeks 
reduced the fungal enteric colonization with no side effects (Romeo et al, 2011). 

Newborns submitted to greater surgical interventions (esophageal atresia, hernia 
diaframmatica, intestinal malformations) have an increased risk of bacterial and/or mycotic 
infections due to the use of drains, central venous catheter, NPT, persistent nose-gastric 
probe that can be the cause of serious sepsis and pneumonias.  

In a recent study that we presented at ESPHGAN, we demonstrated that surgical infants 
admitted to our NICU and supplemented with probiotics have a reduced risk of bacterial 
and Candida infections and an improved clinical outcome (Figure 1) (Betta et al, 2007) 

In another recently published study on preterm infants, the use of probiotics appeared to be 
effective in the prevention of both bacterial and mycotic infections, in the attenuation of 
gastrointestinal symptoms and in a more rapid weaning from total parenteral nutrition with 
a reduction in the central venous catheter time and the number of days in hospital. These 
results were evident both in a group of preterm newborns and in a group of surgical 
newborn treated with a supplementation of probiotics (Figure 2). 

9. Probiotics and respiratory tract infections (RTI) 
Two studies have examined the effect in adults of a combined multi-strain probiotic and 
multivitamin/mineral supplement containing L. gasseri, B. longum and B. bifidum on the 
incidence, duration and severity of common cold infections and aspects of immune function 
(de Vrese et al, 2006; Winkler et al, 2005). Both studies found a reduction in severity and 
duration, as well as enhanced expression of immune cells, while only Winkler et al. (2005) 
found a reduction in incidence. The major difference between studies is dose—the same 
probiotic strains were used for both, as well as the same assessment methods for the 
illness—suggesting that although the dose used by de Vrese et al. (2006) (5 9 107 CFU) was 
enough to attenuate symptoms and duration, a higher dose such as that used by Winkler et 
al. (2005) (5 9 108 CFU per day) was needed for prevention of infections. The lower dose 
may promote a systemic immune response sufficient to reduce severity and duration but not 
incidence, while the higher dose may stimulate systemic immunity via the mechanism of  
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Candida, and subsequently its related infections in a group of preterm infants. 
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Newborns submitted to greater surgical interventions (esophageal atresia, hernia 
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probe that can be the cause of serious sepsis and pneumonias.  
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effective in the prevention of both bacterial and mycotic infections, in the attenuation of 
gastrointestinal symptoms and in a more rapid weaning from total parenteral nutrition with 
a reduction in the central venous catheter time and the number of days in hospital. These 
results were evident both in a group of preterm newborns and in a group of surgical 
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Two studies have examined the effect in adults of a combined multi-strain probiotic and 
multivitamin/mineral supplement containing L. gasseri, B. longum and B. bifidum on the 
incidence, duration and severity of common cold infections and aspects of immune function 
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found a reduction in incidence. The major difference between studies is dose—the same 
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enough to attenuate symptoms and duration, a higher dose such as that used by Winkler et 
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Fig. 1. The direct introduction of probiotics, that positively influences the intestinal 
microbial population, determining a reduction of more pathogenic species in the bowel 
reservoir, can improve enteral nutrition reducing time of dependence on intravenous 
nutrition and might contribute to a better outcome in high risk newborns.  
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distribution of T and B lymphocytes, primed in the gut, which proliferate to the mucosal-
associated lymphoid tissue (MALT), where the B cells differentiate into immunoglobulin-
producing cells after specific antigenic exposure, leading to an inhibition of colonisation by 
pathogenic strains. 

Olivares et al. (2006) also found an immunostimulatory effect in subjects given a multistrain 
probiotic containing L. gasseri and L. corniformis, compared with a standard yoghurt 
containing S. thermophilus and L. bulgaricus, although this study provides no evidence for 
the efficacy of a greater number of strains, since two non-comparable treatments were used. 

Gluck and Gebbers (2003) investigated colonisation by nasal pathogens and showed a 19% 
reduction in the group given probiotics (L. rhamnosus GG, Bifidobacterium lactis, L. 
acidophilus, S. thermophilus) compared to no reduction with placebo. Despite this 
reduction in colonisation, no data are given as to whether subjects became unwell during 
the study period, making conclusions as to actual health benefits difficult to draw. In a 
similar study, Hatakka et al. (2007) found no effect of a probiotic mixture on incidence and 
duration of otitis and upper respiratory infections on children aged 6 months to 10 years; a 
lower dose than that used by Gluck and Gebbers (2003) may explain the disparity between 
results. It may also be that ingested probiotics have less effect on the aural mucosa 
compared to that on the nasal mucosa, or that the effects are strain-specific. 

In a 7-month study with over 1,000 subjects, Lin et al. (2009) examined the protective effect 
of two single probiotics (L. casei and L. rhamnosus, given individually) and one multi-strain 
mixture containing the 2 lactobacilli and 10 other organisms. Reduced physician visits, as 
well as decreased incidence of bacterial, and viral respiratory disease were seen in all groups 
compared with placebo, but there was no significant difference in effectiveness between the 
preparations even though the multi-strain probiotic was given at a tenfold higher dose than 
the individual strains. However, in the case of prevention of gastro-intestinal tract 



 
New Advances in the Basic and Clinical Gastroenterology 

 

14

 
Fig. 1. The direct introduction of probiotics, that positively influences the intestinal 
microbial population, determining a reduction of more pathogenic species in the bowel 
reservoir, can improve enteral nutrition reducing time of dependence on intravenous 
nutrition and might contribute to a better outcome in high risk newborns.  

 
Intestinal Microbial Flora – Effect of Probiotics in Newborns 

 

15 

 
Fig. 2. 

distribution of T and B lymphocytes, primed in the gut, which proliferate to the mucosal-
associated lymphoid tissue (MALT), where the B cells differentiate into immunoglobulin-
producing cells after specific antigenic exposure, leading to an inhibition of colonisation by 
pathogenic strains. 

Olivares et al. (2006) also found an immunostimulatory effect in subjects given a multistrain 
probiotic containing L. gasseri and L. corniformis, compared with a standard yoghurt 
containing S. thermophilus and L. bulgaricus, although this study provides no evidence for 
the efficacy of a greater number of strains, since two non-comparable treatments were used. 

Gluck and Gebbers (2003) investigated colonisation by nasal pathogens and showed a 19% 
reduction in the group given probiotics (L. rhamnosus GG, Bifidobacterium lactis, L. 
acidophilus, S. thermophilus) compared to no reduction with placebo. Despite this 
reduction in colonisation, no data are given as to whether subjects became unwell during 
the study period, making conclusions as to actual health benefits difficult to draw. In a 
similar study, Hatakka et al. (2007) found no effect of a probiotic mixture on incidence and 
duration of otitis and upper respiratory infections on children aged 6 months to 10 years; a 
lower dose than that used by Gluck and Gebbers (2003) may explain the disparity between 
results. It may also be that ingested probiotics have less effect on the aural mucosa 
compared to that on the nasal mucosa, or that the effects are strain-specific. 

In a 7-month study with over 1,000 subjects, Lin et al. (2009) examined the protective effect 
of two single probiotics (L. casei and L. rhamnosus, given individually) and one multi-strain 
mixture containing the 2 lactobacilli and 10 other organisms. Reduced physician visits, as 
well as decreased incidence of bacterial, and viral respiratory disease were seen in all groups 
compared with placebo, but there was no significant difference in effectiveness between the 
preparations even though the multi-strain probiotic was given at a tenfold higher dose than 
the individual strains. However, in the case of prevention of gastro-intestinal tract 



 
New Advances in the Basic and Clinical Gastroenterology 

 

16

infections, the probiotic mixture was significantly more effective than the single strains. This 
may be due to the exceptionally high dose given in the multi-strain treatment, resulting in 
larger numbers of probiotic bacteria competing with pathogens for binding sites and or 
nutrients in the gut. 

Another point of interest in this study is that despite large differences in dose, the two single 
strains did not have statistically different effects, suggesting strain-specificity in dose and 
effect for individual species. These data support the theory that supplementation with 
certain multi-strain probiotics can reduce severity, duration, and possibly incidence of RTIs, 
and in the case of Lin et al. (2009) that a multi-strain probiotic may be more effective than a 
single-strain. There is some evidence for immunostimulation, even in cases where illness 
still occurs. Further consistency could be added to this evidence with the establishment, by 
testing varied concentrations of probiotic bacteria, of an optimum dose that prevents 
pathogenic colonisation of the mucosa as well as the incidence and severity of illness. 
Testing this dose with and without vitamin and mineral supplementation may reveal a 
synergy between both types of supplement.  

Further work should be done to determine the relative efficacy of single- and multi-strain 
probiotics in this area. 

10. Conclusion 
The direct introduction of probiotics, can positively influence the intestinal microbial 
population, include a reduction in the bowel reservoir of more pathogenic species, improve 
enteral nutrition, and reduce dependence on intravenous nutrition, favour an increased gut 
mucosal barrier to bacteria and bacterial products, and up regulation in protective 
immunity.  

It is important to establish what probiotic it should be used, the right dosage, the right time 
of use, and furthermore controlled studies should answer to these questions, in order to 
describe specific indications on the type of probiotic that must be used in a specific situation, 
thus better clarifying the structure of the probiotic and its characteristics, selecting the right 
probiotic for each kind of disease.  

It is important to underline that the use of probiotics is safe even at high dosages, without 
any side effect in preterm infants. After birth the rapid development of the intestinal 
microflora regulates all the different gastro-intestinal and immunologic functions that are 
included in the so called mutualism bacteria- host organism. This kind of relationship starts 
from birth and regulate different aspects of the immune system of the newborn.  

Recent epidemiologic data support the hypothesis that in the last 20 years some 
immunologic modification can find a cause in the modification of the intestinal microflora.  

Different therapeutic actions could be potentially able to alter the normal relationship 
between the intestinal microbiota and the host organism. The international medical 
community has to be aware of the increasing importance that initial colonising intestinal 
microflora could have on the health and well-being of the host later in life. It is of great 
importance to know that the initial bacterial colonisation of the neonate appears to play a 
crucial role in inducing immunity in the immature human being, and that a suboptimal 
process could have definite consequences. The optimal early interface between the microbes 
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and the intestinal mucosa of the host may have been somewhat disturbed by modern 
perinatal care. It is fundamental to try to decrease these possible negative influences and to 
discover in the near future the possible means to help manipulate positively the gut 
microbiotia of infants (Rautava, 2007). 
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infections, the probiotic mixture was significantly more effective than the single strains. This 
may be due to the exceptionally high dose given in the multi-strain treatment, resulting in 
larger numbers of probiotic bacteria competing with pathogens for binding sites and or 
nutrients in the gut. 

Another point of interest in this study is that despite large differences in dose, the two single 
strains did not have statistically different effects, suggesting strain-specificity in dose and 
effect for individual species. These data support the theory that supplementation with 
certain multi-strain probiotics can reduce severity, duration, and possibly incidence of RTIs, 
and in the case of Lin et al. (2009) that a multi-strain probiotic may be more effective than a 
single-strain. There is some evidence for immunostimulation, even in cases where illness 
still occurs. Further consistency could be added to this evidence with the establishment, by 
testing varied concentrations of probiotic bacteria, of an optimum dose that prevents 
pathogenic colonisation of the mucosa as well as the incidence and severity of illness. 
Testing this dose with and without vitamin and mineral supplementation may reveal a 
synergy between both types of supplement.  

Further work should be done to determine the relative efficacy of single- and multi-strain 
probiotics in this area. 

10. Conclusion 
The direct introduction of probiotics, can positively influence the intestinal microbial 
population, include a reduction in the bowel reservoir of more pathogenic species, improve 
enteral nutrition, and reduce dependence on intravenous nutrition, favour an increased gut 
mucosal barrier to bacteria and bacterial products, and up regulation in protective 
immunity.  

It is important to establish what probiotic it should be used, the right dosage, the right time 
of use, and furthermore controlled studies should answer to these questions, in order to 
describe specific indications on the type of probiotic that must be used in a specific situation, 
thus better clarifying the structure of the probiotic and its characteristics, selecting the right 
probiotic for each kind of disease.  

It is important to underline that the use of probiotics is safe even at high dosages, without 
any side effect in preterm infants. After birth the rapid development of the intestinal 
microflora regulates all the different gastro-intestinal and immunologic functions that are 
included in the so called mutualism bacteria- host organism. This kind of relationship starts 
from birth and regulate different aspects of the immune system of the newborn.  

Recent epidemiologic data support the hypothesis that in the last 20 years some 
immunologic modification can find a cause in the modification of the intestinal microflora.  

Different therapeutic actions could be potentially able to alter the normal relationship 
between the intestinal microbiota and the host organism. The international medical 
community has to be aware of the increasing importance that initial colonising intestinal 
microflora could have on the health and well-being of the host later in life. It is of great 
importance to know that the initial bacterial colonisation of the neonate appears to play a 
crucial role in inducing immunity in the immature human being, and that a suboptimal 
process could have definite consequences. The optimal early interface between the microbes 
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and the intestinal mucosa of the host may have been somewhat disturbed by modern 
perinatal care. It is fundamental to try to decrease these possible negative influences and to 
discover in the near future the possible means to help manipulate positively the gut 
microbiotia of infants (Rautava, 2007). 
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1. Introduction 
This chapter reviews literature on probiotics. Probiotics are defined and different microbial 
cultures used as probiotics will be considered. It further discusses delivery vehicles for 
probiotic cultures, with their advantages and disadvantages. Since the presence of viable 
probiotic cultures in products is vital to their functionality, different methods used for their 
detection in products will be examined. The beneficial health effects of probiotics, the 
methods that are currently used in an attempt to overcome some of the challenges faced will 
also be discussed. Different strategies for protection of probiotic cultures and challenges for 
the probiotic industry are highlighted. In addition to these, alternative strategies increasing 
numbers of beneficial microorganisms through administration of prebiotics and synbiotics 
are briefly mentioned.  

2. What are probiotics? 
The definition of probiotics has been modified with increasing knowledge in the field of 
how they function. The term is derived from the Greek language meaning ‘for life’. In the 
past there have been many attempts to define the term ‘probiotic’, one of the first being 
described by Lilly & Stillwell in 1965. They defined probiotics as “substances secreted by 
one microorganism, which stimulates the growth of another”. The focus of this definition 
was to distinguish them from and make it clear that they are the opposite of antibiotics. 
Subsequently, in 1974, Parker defined them as “organisms and substances which contribute 
to intestinal microbial balance” (Schrezenmier & de Vrese, 2001). In 1989, Fuller tried to 
improve on Parker’s definition by proposing the following definition: “live microbial feed 
supplement, which beneficially affect the host (animal or human) by improving its intestinal 
microbial balance” (Salminen et al., 1999; Vilsojevic & Shah, 2008). Then, Havenaar & Huis 
In’t Veld (1992) defined probiotics acceptably as ‘a viable mono- or mixed culture of 
microorganisms which applied to animal or man, beneficially affects the host by improving 
the properties of the indigenous microflora’. Schrezenmeir & de Vrese (2001) defined the 
term probiotic as “a preparation of or a product containing viable, defined microorganisms 
in sufficient numbers, which alter the microflora by implantation or colonization, in a 
compartment of the host and by that, exert beneficial effects on host health”. Among these 
descriptions and definitions, there were many others, until the Food and Agriculture 
Organization of the United Nations-World Health Organization (FAO-WHO) officially 
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defined probiotics as: “live microorganisms that when administered in adequate amounts 
confer a significant health benefit on the host” (FAO, 2001). This definition was later endorsed 
by the International Scientific Association for Probiotics and Prebiotics (ISAPP) and is 
currently the most accepted definition of probiotics by scientists worldwide (Reid, 2006).  

Probiotic food cultures have become popular due to appreciation of their contribution to 
good health (Desmond et al., 2002). In probiotic therapy, these beneficial microorganisms 
are ingested and thereby introduced to the intestinal microflora intentionally. This results in 
high numbers of beneficial bacteria to participate in competition for nutrients with and 
starving off harmful bacteria (Mombelli & Gismondo, 2000). The probiotics take part in a 
number of positive health promoting activities in human physiology (Chen & Yao, 2002). 

The beneficial effects of the ingested probiotic bacteria are provided by those organisms that 
adhere to the intestinal epithelium (Salminen et al., 1998). The presence and adherence of 
probiotics to the mucous membrane of the intestines build up a strong natural biological 
barrier for many pathogenic bacteria (Chen & Yao, 2002). Adhesion is therefore regarded as 
the first step to colonization. Adhesion to the epithelium can be specific, involving adhesion 
of bacteria and receptor molecules on the epithelial cells, or non-specific, based on 
physicochemical factors.  

2.1 Desirable properties for a probiotic strain 

A microbial strain has to fulfil a number of specific properties or criteria for it to be regarded 
as a probiotic. These criteria are classified into safety, performance and technological aspects 
(Gibson & Fuller, 2000). The criteria are further dependent on specific purpose of the strain 
and on the location for the expression of the specific property. With regards to safety, the 
probiotic strain must be of human origin, isolated from the gastrointestinal tract (GIT) of 
healthy individuals. They should possess GRAS (generally regarded as safe) status, be non-
pathogenic, and without previous association with diseases such as infective endocarditis or 
gastrointestinal disorders. Probiotic strains must not deconjugate bile salts and they should 
carry no antibiotic resistance genes that can be transferred to pathogens (Collins et al., 1998; 
Saarela et al., 2000). The strain must not induce an immune reaction in the host, i.e. the host 
must be immuno-tolerant to the probiotic (Havenaar & Huis int’Veld, 1992). The strain itself, 
its fermentation products or its cell components after its death, should be non-pathogenic, 
non-toxic, non-allergic, non-mutagenic or non-carcinogenic even in immunocompromised 
individuals (Collins et al., 1998; Havenaar & Huis int’Veld, 1992). It must have 
antimutagenic and anticarcinogenic properties and not promote inflammation in 
individuals (Collins et al., 1998). A probiotic strain should possess a desirable antibiogram 
profile. It must also be genetically stable with no plasmid transfer mechanism (Havenaar & 
Huis int’Veld, 1992; Ziemer & Gibson, 1998). 

With respect to their performance, potential probiotic strains should be acid-tolerant and 
therefore survive human gastric juice and bile. They must be able to survive in sufficient 
numbers and adhere to the intestinal mucosal surface in order to endure the GIT. They 
should have antagonistic activity against pathogens such as Salmonella species, Clostridium 
difficile and Listeria monocytogenes that adhere to mucosal surfaces. Lastly, probiotic strains 
should also stimulate an immune response, thereby positively influencing the host (Biavati 
et al., 2000; Kolida et al., 2006; Mattila-Sandholm et al., 2002; Saarela et al., 2000;). The 
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probiotic should survive the environmental conditions in their target site of action and 
proliferate in this location (Havenaar & Huis int’Veld, 1992). That is, they should be able to 
adhere to and colonise the epithelial cell lining to establish themselves in the colon (Guarner 
& Schaafsma, 1998; Parracho et al., 2007). The ability to adhere to the epithelium secures the 
strain from being easily flushed out by peristaltic movements (Gupta & Garg, 2009). 
Technologically, a good probiotic strain should be easily, inexpensively reproducible 
(Charteris et al., 1998; Havenaar & Huis int’Veld, 1992). It must be able to withstand stress 
during processing and storage, with process and product application robustness (Charteris 
et al., 1998). The organism should be able to survive, in particular, the harsh environmental 
conditions of the stomach and small intestine (e.g. gastric and bile acids, digestive enzymes) 
(Dunne et al., 2001; Parracho et al., 2007).  

In addition, technological aspects must be taken into account before selecting a probiotic 
strain. Strains should be capable of being prepared on a large scale and should be able to 
multiply rapidly, with good viability and stability in the product during storage. The strains 
must not produce off flavours or textures once incorporated into foods. They should be 
metabolically active within the GIT and biologically active against their identified target. 
Probiotic strains must be resistant to phages and have good sensory properties (Collins et 
al., 1998; Kolida et al., 2006; Lacroix & Yildirim, 2007; Mattila-Sandholm et al., 2002; Saarela 
et al., 2000;). Therefore probiotic containing foods and products need to be of good quality 
and must have high enough numbers of viable probiotic cells to ensure that consumers get 
the optimal benefits from the product (Alakomi et al., 2005). Probiotic strains have to be 
good vehicles for specific target delivery of peptides and recombinant proteins within the 
human GIT (Dunne et al., 2001; Parracho et al., 2007). 

2.2 Common probiotic microorganisms 

A number of microorganisms are currently used as probiotics. However, the most 
commonly used are bacteria belonging to the genera Lactobacillus, the first and largest group 
of microorganisms to be regarded as probiotics (Mombelli & Gismondo, 2000; Wolfson, 
1999) and Bifidobacterium. These bacteria are indigenous to the human GIT (Bielecka et al., 
2002; Tannock, 2001). They are known to have no harmful effects, which is in contrast to 
other gut bacteria (Kimoto-Nira et al., 2007). Species of Lactobacilli include L. acidophilus, L. 
rhamnosus , L. casei, L. delbrueckii ssp. bulgaricus, L. johnsonii , L. reuteri, L. brevis, L. cellobiosus, 
L. curvatus, L. fermentum, L. gasseri and L. plantarum (Krasaekoopt et al., 2003; Meurman & 
Stamatova, 2007). The most recognized bifidobacteria species used are Bifidobacterium breve, 
B. animalis subsp lactis formerly B. lactis (Masco et al., 2004) and B. longum biotypes infantis 
and longum (Masco et al., 2005).  

Probiotics now include other lactic acid bacteria (LAB) from genera such as Streptococcus, 
Lactococcus, Enterococcus, Leuconostoc, Propionibacterium, and Pediococcus (Krasaekoopt et al., 
2003; O’Sullivan et al., 1992; Power et al., 2008; Vandenplas et al., 2007; Vinderola & 
Reinheimer, 2003). Some countries are, however, concerned about the possible transfer of 
antibiotic resistance genes by some members of the Enterococcus (Lund & Edlund, 2001). 
Other non-related microbes used include bacteria such as non-pathogenic E. coli Nissle 1917 
and Clostridium butyricum (Harish & Varghese, 2006), yeasts (Saccharomyces cereviciae, 
Saccharomyces boulardii), filamentous fungi (Aspergillus oryzae), and some spore forming 
bacilli (Fuller, 2003; Mombelli & Gismondo, 2000; Wolfson, 1999). 
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2.3 Probiotic products 

Probiotics can be consumed either as food components or as non-food preparations (Stanton 
et al., 1998). Foods containing probiotics are referred to by others as functional foods. This 
refers to foods with nutrient or non-nutrient components that affect targeted function(s) in 
the body resulting in a positive health effect (Bellisle et al., 1998). Thus, functional foods 
have a physiological or psychological effect beyond basic nutritional value (Clydesdale, 
1997). Several probiotic LAB strains are available to consumers in both traditional fermented 
foods and in supplemented form (Kourkoutas et al., 2005). The majority of probiotics are 
incorporated into dairy products such as milk powders, yoghurt, soft-, semi-hard and hard 
cheeses and ice cream (Desmond et al., 2005; Dinakar & Mistry, 1994; Stanton et al., 2001; 
Stanton et al., 2005). These products offer a suitable environment for probiotic viability and 
growth (Özer et al., 2009; Ross et al., 2002). There is an increase in use of other foods as 
vehicles for probiotics. This is partly due to allergenicity of some consumers to milk 
products. Non-dairy products such as malt-based beverages and fruit juices (Champagne & 
Raymond, 2008; Rozada-Sanchez et al., 2007; Sheehan et al., 2007), meat sausages (Ruiz-
Moyano et al., 2008), capsules, and freeze-dried preparations (Berni-Carnani et al., 2007) are 
among these alternatives. Growing vegetarian alternatives have also led to soy-based 
probiotic foods (Farmworth et al., 2007). Recently, Aragon-Alegro et al. (2007) added 
probiotic chocolate mousse to the list of alternatives.  

2.4 Beneficial effects of probiotics 

The benefits attributed to probiotics can either be nutritional or therapeutic (Prasad et al., 
1998). Benefits associated are, however, strain specific (Saarela et al., 2000). 

2.4.1 Nutritional benefits 

Microbial action in the gut, specifically by beneficial cultures, has been shown to enhance 
the bioavailability, quantity and digestibility of certain nutrients (Parvez et al., 2006). 
Ingestion of probiotics is associated with improved production of riboflavin, niacin, 
thiamine, vitamin B6, vitamin B12 and folic acid (Gorbach, 1997; Hargrove & Alford, 1978). 
Probiotics play a role in increasing bioavailability of calcium, iron, manganese, copper, 
phosphorous (Alm, 1982; McDonough et al., 1983) and increase the digestibility of protein 
and fat in yoghurt (Fernandes et al., 1987). Enzymatic hydrolysis of protein and fat leads to 
an increase in free amino acids and short chain fatty acids (SCFAs). Organic acids such as 
acetate and lactate produced during fermentation by LAB lower the pH of intestinal 
contents thereby creating undesirable conditions for harmful bacteria (Mack et al., 1999; 
Parvez et al., 2006). 

2.4.2 Therapeutic benefits 

Patients prefer medicine with little or no side effects for treatment of their ailments. 
Probiotics provide such an alternative, being living, non-pathogenic organisms, which are 
extremely safe as indicated by their GRAS status. Probiotic bacteria are claimed to alleviate 
and prevent conditions such as lactose intolerance, allergies, diarrheal diseases, lowering of 
serum cholesterol, reduction of the risk associated with mutagenicity and carcinogenicity 
and inhibition of pathogens, as well as stimulation of the immune system (Collins & Gibson, 
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1999; Shah, 2007). Positive effects of probiotics are not confined to the gut only, but can 
extend to other parts of the body. For instance, probiotics are known to have anti-
inflammatory benefit when administered parenterally (Shiel et al., 2004).  

Lactose malabsorption (also referred to as lactose intolerance or lactose indigestion) is the 
inability to hydrolyze lactose (Adams & Moss, 2000; Salminen et al., 1998a). It is caused by a 
deficiency of the enzyme β-D-galactosidase (lactase) (Buller & Grand, 1990). The undigested 
lactose passes to the colon where it is attacked by resident lactose fermenters (Adams & 
Moss, 2000). Colonic lactose fermentation results in high levels of glucose in blood and 
hydrogen gas in breath (Buller & Grand, 1990; Mombelli & Gismondo, 2000; Scrimshaw & 
Murray, 1988; Shah, 1993; Vesa et al., 2000). Probiotics strains and the traditional yoghurt 
cultures, Lactobacillus delbrueckii spp. bulgaricus and Streptococcus thermophilus produce β-D-
galactosidase thereby improving tolerance to lactose (Adams & Moss, 2000; Fooks et al., 
1999, Shah, 2000c) 

Constipation, a disorder of motor activity of the large bowel characterized by bowel 
movements that are less frequent than normal (Salminen et al., 1998b), pain during 
defecation, abnormal swelling and incomplete emptying of colon contents (Salminen et al., 
1998a), can also be relieved by probiotic use. Lactobacillus reuteri, Lactobacillus rhamnosus and 
Propionibacterium freudenreichii are probiotic strains shown to improve the condition 
(Ouwenhand et al., 2002). 

Incidences of antibiotic associated diarrhoea caused by Clostridium difficile (Fuller, 2003; 
Tuohy et al., 2003; Vasiljevic & Shah, 2008) and rotavirus diarrhoea (Salminen et al., 
1998a) can also reduced by administration of probiotics. Strains associated with reduction 
of diarrhoea include Bifidobacterium spp, B. animalis Bb12 (Fuller, 2003, Guandalini et al., 
2000), L. rhamnosus GG, L. acidophilus, L. bulgaricus (Fuller, 2003; Goldin, 1998; Gorbach, 
2000; Sazawal et al., 2006) and Saccharomyces boulardii (Kotowska et al., 2005, Sazawal et 
al., 2006). The effect of probiotics against diarrhoea is the most researched and 
substantiated claim, with documented clinical applications (BergogneBérézin, 2000; 
Cremonini et al., 2002; Marteau et al., 2001, McNaught & MacFie, 2001; Reid et al., 2003; 
Sullivan & Nord 2005).  

Inflammatory bowel disease (IBD) and irritable bowel syndrome (IBS) are other intestinal 
disorders that can be treated with varying degrees of success using probiotics. IBD is a 
collection of disorders including ulcerative colitis, Crohn’s disease and pouchitis, 
characterized by chronic or recurrent inflammation, ulceration and abnormal narrowing of 
the GIT resulting in abdominal pain, diarrhoea and gastrointestinal bleeding (Hanauer, 
2006; Marteau et al., 2001). IBS is typically characterized by abdominal pain, excessive flatus, 
variable bowel habit and bloating (Madden & Hunter, 2002). Several studies have been 
conducted to investigate the efficacy of probiotics in treatment of IBD (Guandalini, 2002; Ma 
et al., 2004; Zhang et al., 2005). The tested strains against IBD include among others VSL#3 
probiotic (Gionchetti et al., 2000), Bifidobacterium longum (Furrie et al., 2005) and Lactobacillus 
rhamnosus GG (Gupta et al., 2000). Combination of Lactobacillus acidophilus and 
Bifidobacterium infantis (Hoyos, 1999) and of Bifidobacterium bifidus, Bifidobacterium infantis 
and Streptococcus thermophilus were shown to reduce incidences of ulcerative colitis (Bin-
Nun et al., 2005). Several studies reported the success of bifidobacteria for the alleviation of 
IBS (O’Mahony et al., 2005; Brenner et al., 2009; Jankovic et al., 2010). Alfredo (2004) 
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demonstrated the efficacy of Lactobacillus plantarum LP01 and Bifidobaccterium breve BR0 as 
short-term therapy for IBS. Although some of the results obtained were very encouraging, 
there is need for larger, randomized, double-blinded, placebo-controlled clinical trials to 
substantiate these claims.  

Hereditary allergic conditions of increasing importance in developing countries such as 
eczema, asthma, atopic dermatitis and rhinitis can be treated with probiotics (Holgate, 1999; 
Kalliomaki et al., 2003; Salminen et al., 1998a). Tested probiotics with antiallergenic 
properties include Bifidobacterium lactis Bb-12 (Isolauri et al., 2000) and Lactobacillus GG 
(Isolauri et al., 2000; Kalliomaki et al., 2001; Kalliomaki et al., 2003; Lee et al., 2008; Mirkin, 
2002; Vanderhoof & Young, 2003). However, contradictory studies report on the poor 
efficiency of probiotics in allergy alleviation (Helin et al., 2002; Vliagoftis et al., 2008) and 
highlight the need for more convincing and conclusive research in allergy treatment.  

Probiotics have the ability to lower levels of cholesterol in serum, contributing to the 
prevention of cardiovascular disease (Fooks et al., 1999; Proviva, 2002). This ability has been 
shown for Lactobacillus johnsonii and L. reuterii using animal models (Mombelli & Gismondo, 
2000). They also reduce the risk of cancer (Sanders, 1999) due to their activity against certain 
tumors (Chen & Yao, 2002). Several studies indicated that probiotics in a diet reduces the 
risk of cancer (Sanders, 1999). Anticarcinogenic effects of Bifidobacterium bifidum and 
Lactobacillus acidophilus were shown using clinical trials in humans (Fooks, 1999).  

2.5 Mechanism of action of probiotics 

Probiotic bacteria beneficially affect the individual by improving the properties of the 
indigenous microflora and its microintestinal balance (Betoret et al., 2003; Frost & Sullivan, 
2000; Matilla-Sandholm et al., 2002; Saarela et al., 2000). They compete with disease causing 
bacteria for villi attachment sites and nutrients (Chen & Yao, 2002). Probiotic bacterial 
cultures encourage growth of beneficial microorganisms and crowd out potentially harmful 
bacteria thereby reinforcing the body’s natural defence mechanisms (Saarela et al., 2000). 
They provide specific health benefits by modifying gut microflora, strengthening gut 
mucosal barrier, e.g. adherence of probiotics to the intestinal mucosa thereby preventing 
pathogen adherence, pathogen inactivation, modification of dietary proteins by intestinal 
microflora, modification of bacterial enzyme activity, and influence on gut mucosal 
permeability, and regulation of the immune system (Betoret et al., 2003; Krasaekoopt et al., 
2003; Salminen et al., 1998). 

The probiotic effect is accredited to their production of metabolic by-products such as acid, 
hydrogen peroxide, bacteriocins, e.g. lactocidin, and acidophilin that manifest antibiotic 
properties and inhibit the growth of a wide spectrum of pathogens and/or potential 
pathogens such as Escherichia coli, Klebsiella, Enterobacter, Pseudomonas, Salmonella, Serratia and 
Bacteroides (Chen & Yao, 2002; Krasaekoopt et al., 2003). Lactic acid bacteria inhibit growth of 
pathogenic microorganisms by producing short chain fatty acids such as acetic, propionic, 
butyric as well as lactic and formic acids which reduces intestinal pH. Lactic acid produced by 
bifidobacteria in substantial amounts has antimicrobial activity against yeasts, moulds and 
bacteria (Adams & Moss, 2000; Percival, 1997). These species are also active in reducing the 
faecal activity of enzymes implicated in the production of genotoxic metabolites such as β-
glucoronidase and glycolic acid hydroxylase (Collins & Hall, 1984; Mombelli & Gismondo, 
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2000). Probiotic organisms produce enzymes that help in digestion of proteins, fats and lactose 
(Frost & Sullivan, 2000). They also produce β-galactosidase, an enzyme that aid lactose 
intolerant individuals with breaking down or digestion of lactose (Krasaekoopt et al., 2003). 

Production of short chain fatty acids in the colon during fermentation by colonic microflora 
is the main process that prevents colorectal cancer (Holzapfel & Schillinger, 2002). Probiotic 
strains also reduce levels of some colonic enzymes such as glucoronidase, β-glucoronidase 
nitroreductase, azoreductase (Adams & Moss, 2000; Chen & Yao, 2002; Fooks et al., 1999; 
Gorbach, 2000) and glycoholic acid hydrolase. These enzymes convert procarcinogens to 
carcinogens such as nitrosamine or secondary bile acids (Chen & Yao, 2002). Low levels of 
these enzymes therefore decrease chances of cancer development in the colon (Gorbach, 
2000; Kasper, 1998). 

2.6 Methods for quantification of probiotic cultures 

The methods used for detection of viable probiotic cells include conventional plate counts 
(culture dependent) and molecular techniques (culture-independent). The culture 
dependent method has been criticized for underestimation of counts due to bacteria forming 
chains and/or clumping and unsuitability (inappropriateness) of media for growing of 
viable but non-culturable cells (Auty et al., 2001; Lahtinen et al., 2006; Veal et al., 2000). 
Isolation media used may be insufficiently selective, affecting the reproducibility of results 
(Roy, 2001). These limitations of plate counting techniques prompted the use of molecular 
techniques and other alternative methods (Vitali et al., 2003). New methods include 
molecular based techniques such as quantitative real-time polymerase chain reaction (PCR), 
fluorescent in situ hybridization (FISH) (Boulos et al., 1999; Veal et al., 2000), confocal 
scanning laser microscopy (CSLM) (Auty et al., 2001; Gardiner et al., 2000; Palencia et al., 
2008), flow cytometry (Alakomi et al., 2005) and microplate scale fluorochrome staining 
assay (Filoche et al., 2007; Mättö et al., 2006).  

Flow cytometry is a rapid and sensitive technique that measures physiological 
characteristics such as membrane integrity, enzyme activity, respiration, membrane 
potential and intracellular pH (Bunthof et al., 2001) of each cell individually (Bunthoff & 
Abee, 2002). Microplate scale fluorochrome staining assay is appropriate for assessing 
viability of fresh, freeze-dried and stressed cells. It can detect changes in the condition of 
probiotic cells earlier than can be done with conventional cultivation methods (Filoche et al., 
2007; Mättö et al., 2006).  

The fluorescence based molecular techniques are used in conjunction with viability staining 
techniques. A number of commercial techniques are available. LIVE/DEAD® BacLight™ 
and BD Cell viability assay kit (BD Biosciences, Oxford, UK) are some examples. 
LIVE/DEAD® BacLight consists of two nucleic acid stains SYTO® 9 and propidium iodide 
(PI). Green-fluorescent SYTO9 (excitation and emission maxima, 480 and 500 nm, 
respectively) penetrates both viable and nonviable cells. Red-fluorescent PI (excitation and 
emission maxima, 490 and 635 nm, respectively) penetrates cells with damaged cell 
membranes (Auty et al., 2001). The BD Cell viability assay kit (BD Biosciences, Oxford, UK) 
contains the stains, thiazole orange and propidium iodide (Doherty et al., 2009). Cells 
stained using these kits can also be assessed using microscopes, which will also distinguish 
between ‘live’ (e.g. green-stained) from ‘dead’ (e.g. red-stained) cells (Berney et al., 2007).  
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demonstrated the efficacy of Lactobacillus plantarum LP01 and Bifidobaccterium breve BR0 as 
short-term therapy for IBS. Although some of the results obtained were very encouraging, 
there is need for larger, randomized, double-blinded, placebo-controlled clinical trials to 
substantiate these claims.  

Hereditary allergic conditions of increasing importance in developing countries such as 
eczema, asthma, atopic dermatitis and rhinitis can be treated with probiotics (Holgate, 1999; 
Kalliomaki et al., 2003; Salminen et al., 1998a). Tested probiotics with antiallergenic 
properties include Bifidobacterium lactis Bb-12 (Isolauri et al., 2000) and Lactobacillus GG 
(Isolauri et al., 2000; Kalliomaki et al., 2001; Kalliomaki et al., 2003; Lee et al., 2008; Mirkin, 
2002; Vanderhoof & Young, 2003). However, contradictory studies report on the poor 
efficiency of probiotics in allergy alleviation (Helin et al., 2002; Vliagoftis et al., 2008) and 
highlight the need for more convincing and conclusive research in allergy treatment.  

Probiotics have the ability to lower levels of cholesterol in serum, contributing to the 
prevention of cardiovascular disease (Fooks et al., 1999; Proviva, 2002). This ability has been 
shown for Lactobacillus johnsonii and L. reuterii using animal models (Mombelli & Gismondo, 
2000). They also reduce the risk of cancer (Sanders, 1999) due to their activity against certain 
tumors (Chen & Yao, 2002). Several studies indicated that probiotics in a diet reduces the 
risk of cancer (Sanders, 1999). Anticarcinogenic effects of Bifidobacterium bifidum and 
Lactobacillus acidophilus were shown using clinical trials in humans (Fooks, 1999).  

2.5 Mechanism of action of probiotics 

Probiotic bacteria beneficially affect the individual by improving the properties of the 
indigenous microflora and its microintestinal balance (Betoret et al., 2003; Frost & Sullivan, 
2000; Matilla-Sandholm et al., 2002; Saarela et al., 2000). They compete with disease causing 
bacteria for villi attachment sites and nutrients (Chen & Yao, 2002). Probiotic bacterial 
cultures encourage growth of beneficial microorganisms and crowd out potentially harmful 
bacteria thereby reinforcing the body’s natural defence mechanisms (Saarela et al., 2000). 
They provide specific health benefits by modifying gut microflora, strengthening gut 
mucosal barrier, e.g. adherence of probiotics to the intestinal mucosa thereby preventing 
pathogen adherence, pathogen inactivation, modification of dietary proteins by intestinal 
microflora, modification of bacterial enzyme activity, and influence on gut mucosal 
permeability, and regulation of the immune system (Betoret et al., 2003; Krasaekoopt et al., 
2003; Salminen et al., 1998). 

The probiotic effect is accredited to their production of metabolic by-products such as acid, 
hydrogen peroxide, bacteriocins, e.g. lactocidin, and acidophilin that manifest antibiotic 
properties and inhibit the growth of a wide spectrum of pathogens and/or potential 
pathogens such as Escherichia coli, Klebsiella, Enterobacter, Pseudomonas, Salmonella, Serratia and 
Bacteroides (Chen & Yao, 2002; Krasaekoopt et al., 2003). Lactic acid bacteria inhibit growth of 
pathogenic microorganisms by producing short chain fatty acids such as acetic, propionic, 
butyric as well as lactic and formic acids which reduces intestinal pH. Lactic acid produced by 
bifidobacteria in substantial amounts has antimicrobial activity against yeasts, moulds and 
bacteria (Adams & Moss, 2000; Percival, 1997). These species are also active in reducing the 
faecal activity of enzymes implicated in the production of genotoxic metabolites such as β-
glucoronidase and glycolic acid hydroxylase (Collins & Hall, 1984; Mombelli & Gismondo, 
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2000). Probiotic organisms produce enzymes that help in digestion of proteins, fats and lactose 
(Frost & Sullivan, 2000). They also produce β-galactosidase, an enzyme that aid lactose 
intolerant individuals with breaking down or digestion of lactose (Krasaekoopt et al., 2003). 

Production of short chain fatty acids in the colon during fermentation by colonic microflora 
is the main process that prevents colorectal cancer (Holzapfel & Schillinger, 2002). Probiotic 
strains also reduce levels of some colonic enzymes such as glucoronidase, β-glucoronidase 
nitroreductase, azoreductase (Adams & Moss, 2000; Chen & Yao, 2002; Fooks et al., 1999; 
Gorbach, 2000) and glycoholic acid hydrolase. These enzymes convert procarcinogens to 
carcinogens such as nitrosamine or secondary bile acids (Chen & Yao, 2002). Low levels of 
these enzymes therefore decrease chances of cancer development in the colon (Gorbach, 
2000; Kasper, 1998). 

2.6 Methods for quantification of probiotic cultures 

The methods used for detection of viable probiotic cells include conventional plate counts 
(culture dependent) and molecular techniques (culture-independent). The culture 
dependent method has been criticized for underestimation of counts due to bacteria forming 
chains and/or clumping and unsuitability (inappropriateness) of media for growing of 
viable but non-culturable cells (Auty et al., 2001; Lahtinen et al., 2006; Veal et al., 2000). 
Isolation media used may be insufficiently selective, affecting the reproducibility of results 
(Roy, 2001). These limitations of plate counting techniques prompted the use of molecular 
techniques and other alternative methods (Vitali et al., 2003). New methods include 
molecular based techniques such as quantitative real-time polymerase chain reaction (PCR), 
fluorescent in situ hybridization (FISH) (Boulos et al., 1999; Veal et al., 2000), confocal 
scanning laser microscopy (CSLM) (Auty et al., 2001; Gardiner et al., 2000; Palencia et al., 
2008), flow cytometry (Alakomi et al., 2005) and microplate scale fluorochrome staining 
assay (Filoche et al., 2007; Mättö et al., 2006).  

Flow cytometry is a rapid and sensitive technique that measures physiological 
characteristics such as membrane integrity, enzyme activity, respiration, membrane 
potential and intracellular pH (Bunthof et al., 2001) of each cell individually (Bunthoff & 
Abee, 2002). Microplate scale fluorochrome staining assay is appropriate for assessing 
viability of fresh, freeze-dried and stressed cells. It can detect changes in the condition of 
probiotic cells earlier than can be done with conventional cultivation methods (Filoche et al., 
2007; Mättö et al., 2006).  

The fluorescence based molecular techniques are used in conjunction with viability staining 
techniques. A number of commercial techniques are available. LIVE/DEAD® BacLight™ 
and BD Cell viability assay kit (BD Biosciences, Oxford, UK) are some examples. 
LIVE/DEAD® BacLight consists of two nucleic acid stains SYTO® 9 and propidium iodide 
(PI). Green-fluorescent SYTO9 (excitation and emission maxima, 480 and 500 nm, 
respectively) penetrates both viable and nonviable cells. Red-fluorescent PI (excitation and 
emission maxima, 490 and 635 nm, respectively) penetrates cells with damaged cell 
membranes (Auty et al., 2001). The BD Cell viability assay kit (BD Biosciences, Oxford, UK) 
contains the stains, thiazole orange and propidium iodide (Doherty et al., 2009). Cells 
stained using these kits can also be assessed using microscopes, which will also distinguish 
between ‘live’ (e.g. green-stained) from ‘dead’ (e.g. red-stained) cells (Berney et al., 2007).  
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All the above mentioned methods have their own disadvantages. For example, the viability 
kits and real time PCR are based on bacterial DNA which is not only present in live cells but 
can also be retained by dead cells in significant amounts. Both PCR and FISH are not 
independent as they require determination of a standard curve which is determined most of 
the times using standard plate counts. PCR requires expensive reagents which cannot be 
afforded by everyone in the industry. Detection limits for PCR and FISH are relatively high, 
being about 104 cells/ml and 106 cells/ ml, respectively. FISH is based on detection of 16s 
rRNA whose presence is not a direct proof of metabolic activity but rather an indication of 
potential viability (Biggerstaff, 2006). Real-time PCR and FISH have a limitation whereby 
counts of bacteria decreased but PCR and FISH results remained higher over the 
experimental period. This is due to detection of high levels of rRNA and DNA in dead cells. 
The intensity of rRNA in dead cells may still be strong enough for visually counting 
(detection) though it is expected to decrease upon cell death. Thus, the RNA content of the 
cell detected by fluorescent probes cannot be regarded as reliable indicator of cellular 
viability (Vives-Rego et al., 2000). Also, real time PCR detects both viable and non-viable 
bacteria, thus does not provide information on the condition of the cells and results in an 
overestimation of metabolically active cells (Kramer et al., 2009; Masco et al., 2007).  

The appropriateness of PCR for quantification of viable cells can be improved by staining 
the samples with DNA binding dyes prior to DNA extraction and amplification. Treatment 
with DNA-binding dyes and subsequent PCR analysis uses membrane integrity as the 
criterion in determining viability of cells. Live cells are able to exclude DNA-binding dyes 
such as ethidium monoazide (EMA) and propidium monoazide (PMA), while dead cells or 
those whose membrane integrity has been compromised are able to pick-up these stains 
(Kramer et al., 2009). These dyes form covalent bonds with DNA upon exposure to visible 
bright light and thus inhibit subsequent PCR amplification. Only DNA from live cells with 
intact membranes is selectively amplified (Nocker et al., 2009).  

Despite some of its drawbacks, the plate count method is traditionally used to assess cell 
viability in probiotic preparations (Alakomi et al., 2005). Though plate counting is arduous 
and time consuming, no method has yet been found that completely replaces it. Therefore it 
is still being routinely used in assessing viability of probiotic cultures in various foods, often 
in conjunction with culture-independent methods (Lopez-Rubio et al., 2009; Masco et al., 
2005; Temmerman et al., 2003b).  

2.7 Probiotic challenges 

Commercially, viable probiotic strains are incorporated into fermented food products or are 
supplied as freeze-dried supplements or pharmaceutical preparations (Holzapfel & 
Schillinger, 2002). The basic requirement for probiotics is that products should contain 
sufficient numbers of microorganisms up to the expiry date (Fasoli et al., 2003). Thus, 
probiotics must contain specific strains and maintain certain numbers of live cells for them 
to produce health benefits in the host (Mattila-Sandholm et al., 2002). Different countries 
have decided on the minimum number of viable cells required in the probiotic product for it 
to be beneficial. In Australia, a minimum viable count of 106 organisms per gram should be 
available in fermented milk products at the end of the shelf life (Wahlqvist, 2002). However, 
according to Krasaekoopt et al. (2003), there are no specifications as to how many probiotics 
should be available in Australian fermented products. The same minimum count (106 
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organisms per gram) was approved by countries of MERCOSUR which includes Argentina, 
Paraguay, Brazil and Uruguay (Krasaekoopt et al., 2003). In products containing multiple 
probiotic organisms, at least a million of each of them per gram should be present to 
produce required beneficial effects (Wahlqvist, 2002). In Japan, a minimum of 107 viable cells 
per millilitre of fresh dairy product is required. The South African legislation states that 
functional foods containing probiotic bacteria must deliver 1 x 108 bacterial cells per day. A 
daily intake of 109 to 1010 cfu viable cells is considered the minimum dose shown to have 
positive effects on host health (Fasoli et al., 2003). This could be achieved by consuming 100 
g of a product containing between 106 and 107 viable cells g-1 daily (Boylston et al., 2004). 

Low viability of probiotic cultures in yoghurt has been reported (Kailasapathy & Rybka, 
1997; Lourens-Hattingh & Viljoen, 2001; Shah, 2000).  

Retention of viability of the probiotic bacteria presents a major marketing and technological 
challenge for application of probiotic cultures in functional foods (Desmond et al., 2002; 
Mattila-Sandholm et al., 2002). Many active cultures die during manufacturing, storage or 
transport of the finished product (Siuta-Cruce & Goulet, 2001) and also during the passage 
to the intestine (Sakai et al., 1987; Siuta-Cruce & Goulet, 2001; Park et al., 2002). Thus, the 
majority die even before the consumer receives any of the health benefits (Siuta-Cruce & 
Goulet, 2001). A serious problem of shelf instability had been encountered with dried 
cultures. Refrigerated products also have short lives due to negative effects of low 
temperature and formation of crystals on bacterial cells. The numbers of viable bacteria 
continually decrease with time during refrigerated storage (Porubcan et al., 1975). Market 
surveys have revealed much lower counts in the products even before the expiry date 
(Talwalkar et al., 2001). Shelf life for probiotics is thus unpredictable; hence, the industry has 
had difficulty backing up label claims (Siuta-Cruce & Goulet, 2001). Excesses of 50 to 200 % 
cells have been incorporated into products in an attempt to make-up for cells that die during 
storage. For example, in tablets containing dry cells, where the tablets are labelled as 
containing a certain minimum count of active cells per tablet, to be safe, the manufacturer 
must incorporate an excess of cells at the time the tablets are manufactured, thereby 
assuring that the labelling will remain accurate while the product is in stock by the retailers. 
This practice increases the cost and makes the use instructions inaccurate (Porubcan et al., 
1975). 

Probiotics, after surviving food processing, are upon consumption then exposed to 
conditions prevailing in the stomach and small intestine before they reach their site which is 
the colon (Siuta-Cruce & Goulet, 2001; Hansen et al., 2002; Lian et al., 2002). The microbes 
may die during their transit through the upper intestinal tract to the colon and therefore 
they may not be able to colonize the colon (Talwakar et al., 2001). They must therefore 
survive gastric acidity and bile salts which they encounter during their passage through the 
GIT (Hansen et al., 2002; Lian et al., 2002; Sakai et al., 1987; Siuta-Cruce & Goulet, 2001;). 
Their survival in the GI T depends on the strain and species-specific resistance to low pH 
(pH values ranging from 1.3 to 3.0) in gastric juice and to bile salts found in the small 
intestine (Hansen et al., 2002; Lian et al., 2002). 

Probiotic bacteria can only perform when they find adequate environmental conditions and 
when they are protected against stresses (e.g extreme temperatures, high pressure, shear 
forces) they encounter during their production at the industry level or in the GIT (gastric 
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All the above mentioned methods have their own disadvantages. For example, the viability 
kits and real time PCR are based on bacterial DNA which is not only present in live cells but 
can also be retained by dead cells in significant amounts. Both PCR and FISH are not 
independent as they require determination of a standard curve which is determined most of 
the times using standard plate counts. PCR requires expensive reagents which cannot be 
afforded by everyone in the industry. Detection limits for PCR and FISH are relatively high, 
being about 104 cells/ml and 106 cells/ ml, respectively. FISH is based on detection of 16s 
rRNA whose presence is not a direct proof of metabolic activity but rather an indication of 
potential viability (Biggerstaff, 2006). Real-time PCR and FISH have a limitation whereby 
counts of bacteria decreased but PCR and FISH results remained higher over the 
experimental period. This is due to detection of high levels of rRNA and DNA in dead cells. 
The intensity of rRNA in dead cells may still be strong enough for visually counting 
(detection) though it is expected to decrease upon cell death. Thus, the RNA content of the 
cell detected by fluorescent probes cannot be regarded as reliable indicator of cellular 
viability (Vives-Rego et al., 2000). Also, real time PCR detects both viable and non-viable 
bacteria, thus does not provide information on the condition of the cells and results in an 
overestimation of metabolically active cells (Kramer et al., 2009; Masco et al., 2007).  

The appropriateness of PCR for quantification of viable cells can be improved by staining 
the samples with DNA binding dyes prior to DNA extraction and amplification. Treatment 
with DNA-binding dyes and subsequent PCR analysis uses membrane integrity as the 
criterion in determining viability of cells. Live cells are able to exclude DNA-binding dyes 
such as ethidium monoazide (EMA) and propidium monoazide (PMA), while dead cells or 
those whose membrane integrity has been compromised are able to pick-up these stains 
(Kramer et al., 2009). These dyes form covalent bonds with DNA upon exposure to visible 
bright light and thus inhibit subsequent PCR amplification. Only DNA from live cells with 
intact membranes is selectively amplified (Nocker et al., 2009).  

Despite some of its drawbacks, the plate count method is traditionally used to assess cell 
viability in probiotic preparations (Alakomi et al., 2005). Though plate counting is arduous 
and time consuming, no method has yet been found that completely replaces it. Therefore it 
is still being routinely used in assessing viability of probiotic cultures in various foods, often 
in conjunction with culture-independent methods (Lopez-Rubio et al., 2009; Masco et al., 
2005; Temmerman et al., 2003b).  

2.7 Probiotic challenges 

Commercially, viable probiotic strains are incorporated into fermented food products or are 
supplied as freeze-dried supplements or pharmaceutical preparations (Holzapfel & 
Schillinger, 2002). The basic requirement for probiotics is that products should contain 
sufficient numbers of microorganisms up to the expiry date (Fasoli et al., 2003). Thus, 
probiotics must contain specific strains and maintain certain numbers of live cells for them 
to produce health benefits in the host (Mattila-Sandholm et al., 2002). Different countries 
have decided on the minimum number of viable cells required in the probiotic product for it 
to be beneficial. In Australia, a minimum viable count of 106 organisms per gram should be 
available in fermented milk products at the end of the shelf life (Wahlqvist, 2002). However, 
according to Krasaekoopt et al. (2003), there are no specifications as to how many probiotics 
should be available in Australian fermented products. The same minimum count (106 
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organisms per gram) was approved by countries of MERCOSUR which includes Argentina, 
Paraguay, Brazil and Uruguay (Krasaekoopt et al., 2003). In products containing multiple 
probiotic organisms, at least a million of each of them per gram should be present to 
produce required beneficial effects (Wahlqvist, 2002). In Japan, a minimum of 107 viable cells 
per millilitre of fresh dairy product is required. The South African legislation states that 
functional foods containing probiotic bacteria must deliver 1 x 108 bacterial cells per day. A 
daily intake of 109 to 1010 cfu viable cells is considered the minimum dose shown to have 
positive effects on host health (Fasoli et al., 2003). This could be achieved by consuming 100 
g of a product containing between 106 and 107 viable cells g-1 daily (Boylston et al., 2004). 

Low viability of probiotic cultures in yoghurt has been reported (Kailasapathy & Rybka, 
1997; Lourens-Hattingh & Viljoen, 2001; Shah, 2000).  

Retention of viability of the probiotic bacteria presents a major marketing and technological 
challenge for application of probiotic cultures in functional foods (Desmond et al., 2002; 
Mattila-Sandholm et al., 2002). Many active cultures die during manufacturing, storage or 
transport of the finished product (Siuta-Cruce & Goulet, 2001) and also during the passage 
to the intestine (Sakai et al., 1987; Siuta-Cruce & Goulet, 2001; Park et al., 2002). Thus, the 
majority die even before the consumer receives any of the health benefits (Siuta-Cruce & 
Goulet, 2001). A serious problem of shelf instability had been encountered with dried 
cultures. Refrigerated products also have short lives due to negative effects of low 
temperature and formation of crystals on bacterial cells. The numbers of viable bacteria 
continually decrease with time during refrigerated storage (Porubcan et al., 1975). Market 
surveys have revealed much lower counts in the products even before the expiry date 
(Talwalkar et al., 2001). Shelf life for probiotics is thus unpredictable; hence, the industry has 
had difficulty backing up label claims (Siuta-Cruce & Goulet, 2001). Excesses of 50 to 200 % 
cells have been incorporated into products in an attempt to make-up for cells that die during 
storage. For example, in tablets containing dry cells, where the tablets are labelled as 
containing a certain minimum count of active cells per tablet, to be safe, the manufacturer 
must incorporate an excess of cells at the time the tablets are manufactured, thereby 
assuring that the labelling will remain accurate while the product is in stock by the retailers. 
This practice increases the cost and makes the use instructions inaccurate (Porubcan et al., 
1975). 

Probiotics, after surviving food processing, are upon consumption then exposed to 
conditions prevailing in the stomach and small intestine before they reach their site which is 
the colon (Siuta-Cruce & Goulet, 2001; Hansen et al., 2002; Lian et al., 2002). The microbes 
may die during their transit through the upper intestinal tract to the colon and therefore 
they may not be able to colonize the colon (Talwakar et al., 2001). They must therefore 
survive gastric acidity and bile salts which they encounter during their passage through the 
GIT (Hansen et al., 2002; Lian et al., 2002; Sakai et al., 1987; Siuta-Cruce & Goulet, 2001;). 
Their survival in the GI T depends on the strain and species-specific resistance to low pH 
(pH values ranging from 1.3 to 3.0) in gastric juice and to bile salts found in the small 
intestine (Hansen et al., 2002; Lian et al., 2002). 

Probiotic bacteria can only perform when they find adequate environmental conditions and 
when they are protected against stresses (e.g extreme temperatures, high pressure, shear 
forces) they encounter during their production at the industry level or in the GIT (gastric 
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acids and bile salts) (Siuta-Cruce & Goulet, 2001). Factors affecting viability during storage 
such as temperature, moisture, light and air should also be taken into consideration 
(Percival, 1997; Mattila-Sandholm et al., 2002). Oxygen toxicity is another major problem in 
the survival of probiotic bacteria in dairy foods. High levels of oxygen in the product are 
detrimental to the viability of these anaerobic bacteria (Talwakar et al., 2001). 

Manufacturers of probiotics are facing the challenge that they should produce probiotic 
cultures that can survive for long periods, and are resistant to acidity in the upper intestinal 
tract so that they can reach the colon in high numbers to colonize the epithelium. Probiotic 
cultures should therefore be produced in a way that will protect these sensitive bacteria 
from unfavourable interactions with detrimental factors (Siuta-Cruce & Goulet, 2001). 

In view of the health benefits associated with probiotics, it is not surprising that there is 
increasing interest in their viability. Probiotics do not have a long shelf life in their active 
form. Refrigeration is required in most cases to maintain shelf life as high temperatures can 
destroy probiotic cultures (Saxelin et al., 1999). However, most probiotics still have a short 
shelf-life even under low temperature storage (Lee & Salminen, 1995). There is low recovery 
of viable bacteria in products claiming to contain probiotic bacteria (Hamilton-Miller et al., 
1999; Temmerman et al., 2003a).  

The preservation of these probiotic microorganisms presents a challenge because they are 
affected by exposure to temperature, oxygen and light (Bell, 2001; Chen et al., 2006). 
Survival of most bifidobacteria in most dairy products is poor due to low pH and/or 
exposure to oxygen (Gomes & Malcata, 1999). Naturally many LAB may excrete exo-
polysaccharides to protect themselves from harsh conditions but this is usually not enough 
to give them full protection (Shah, 2002). 

2.8 Methods for improving probiotic viability 

In view of the health benefits associated with probiotics, it is not surprising that there is an 
increasing interest in their viability. The common practice is storage at refrigerated 
temperatures to prolong their shelf life (Saxelin et al., 1999). Nevertheless, most of them still 
have a short shelf-life (Lee & Salminen, 1995). There is low recovery of viable bacteria in 
products claiming to contain probiotic bacteria (Hamilton-Miller et al., 1999; Temmerman et 
al., 2003a).  

Viability of probiotics is reduced as a result of their exposure to high temperature, oxygen, 
low pH and light (Bell, 2001; Chen et al., 2006; Gomes & Malcata, 1999). Naturally many 
LAB may excrete exo-polysaccharides (EPS) to protect themselves from harsh conditions. 
However, protection afforded by these EPS is not sufficient (Shah, 2002). As a result, 
researchers are continuously searching for ways to improve survival of probiotic cultures 
during processing, storage and GIT transit. Different approaches are used in an attempt to 
preserve viability of probiotic cultures. These include among others, pre-exposure of 
probiotic cultures to sub-lethal stresses (Desmond et al., 2002) and incorporation of micro-
nutrients such as peptides and amino acids (Shah, 2000). The disadvantage of pre-exposure 
to sublethal stresses is that it may result in significant decreases in cellular activity, cell yield 
and process volumetric productivity (Doleyres & Lacroix, 2005). Other alternative methods 
for improving probiotic viability are genetic modification (Sheehan et al., 2006; Sheehan et 
al., 2007; Sleator & Hill, 2007), immobilization (Doleyres et al., 2004), two-step fermentations, 
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use of oxygen-impermeable containers and microencapsulation (Özer et al., 2009). Of these 
techniques, microencapsulation is relatively new and has been investigated by various 
researchers.  

Microencapsulation is a process by which solids, liquids or gases are packaged into 
miniature, sealed microcapsules that can release their contents at controlled rates under 
influences of specified conditions (Anal et al., 2006; Anal & Singh, 2007). It stabilizes the 
probiotics, increases their survival during processing and storage, controls the oxidative 
reaction, ensures sustained or controlled release at a specific target site (both temporal and 
time-controlled release) and improves shelf life (Anal & Singh, 2007; Dembczynski & 
Jankowski, 2002). The encapsulated probiotics are released from the microparticles as a 
result of many factors such as changes in pH and/or temperature (Gibbs et al., 1999; 
Vasishtha, 2003). These changes may cause microcapsule walls to swell and rupture or 
dissolve (Franjione & Vasishtha, 1995; Brannon-Peppas, 1997).  

Microparticles reduce loss of probiotic cell viability by blocking reactive components such as 
atmospheric moisture, oxygen (Kim et al., 1988; Krasaekoopt et al., 2003; Reid, 2002; Siuta-
Cruise & Goulet, 2001; Vasishtha, 2003), high temperature, pressure, bacteriophage attack 
and cryoeffects (Krasaekoopt et al., 2003). Studies have indicated that probiotic cultures 
enclosed within solid fat microcapsules retain both their activity and vitality (Krasaekoopt et 
al., 2003).  

Methods of microencapsulation used in pharmaceutical and food industries are classified 
as either physical or chemical. Physical methods include pan coating, air-suspension 
coating, centrifugal extrusion, vibrational nozzle and spray drying (Anal & Singh, 2007), 
spray coating, annular jet, spinning disk, spray cooling, spray drying and spray chilling 
(Versic, 1988), extrusion coating, fluidized bed coating, liposome entrapment, 
coarcervation, inclusion complexation, centrifugal extrusion and rotational suspension 
separation (Vasishtha, 2003). Chemical methods include interfacial polymerization, in-situ 
polymerization, matrix polymerization(Vidhyalakshmi et al., 2009) and extrusion. 
Extrusion and emulsion techniques are the mostly commonly used methods (Krasaekoopt 
et al., 2003).  

There is a diversity of materials used for encapsulation of probiotics. These include among 
others, alginate (Chandramouli et al., 2004; Dembczynski & Jankowski, 2002; Hansen et al., 
2002; Krasaekoopt et al., 2003; Sultana et al., 2000), к-carrageenan, locust bean gum, cellulose 
acetate phthalate, chitosan, gelatin (Krasaekoopt et al., 2003), cellulose (Chan & Zhang, 
2002), pectin, whey protein (Guerin et al., 2003) and rennet (Heidibach et al., 2009). These 
materials are used either as supporting materials or gelling agents by different investigators.  

Although generally there are positive effects of microencapsulation, this method is not 
without disadvantages. Some types of the resulting microparticles may shrink and lose 
mechanical strength due to their sensitivity to acids (Sun & Griffiths, 2000), may present 
problems for large scale production, others require use of potassium ions that should not be 
taken in large amounts in diet, (Sun & Griffiths, 2000), some of the polysaccharides used are 
prohibited in specific foods in other countries (Picot & Lacroix, 2004). Additionally and 
possibly the key disadvantage, is that the mentioned microencapsulation methods use water 
and other organic solvents whose use is less favoured due to their high costs and concerns 
about their negative environmental impacts (Sihvonen et al., 1999).  
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acids and bile salts) (Siuta-Cruce & Goulet, 2001). Factors affecting viability during storage 
such as temperature, moisture, light and air should also be taken into consideration 
(Percival, 1997; Mattila-Sandholm et al., 2002). Oxygen toxicity is another major problem in 
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detrimental to the viability of these anaerobic bacteria (Talwakar et al., 2001). 
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tract so that they can reach the colon in high numbers to colonize the epithelium. Probiotic 
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from unfavourable interactions with detrimental factors (Siuta-Cruce & Goulet, 2001). 

In view of the health benefits associated with probiotics, it is not surprising that there is 
increasing interest in their viability. Probiotics do not have a long shelf life in their active 
form. Refrigeration is required in most cases to maintain shelf life as high temperatures can 
destroy probiotic cultures (Saxelin et al., 1999). However, most probiotics still have a short 
shelf-life even under low temperature storage (Lee & Salminen, 1995). There is low recovery 
of viable bacteria in products claiming to contain probiotic bacteria (Hamilton-Miller et al., 
1999; Temmerman et al., 2003a).  

The preservation of these probiotic microorganisms presents a challenge because they are 
affected by exposure to temperature, oxygen and light (Bell, 2001; Chen et al., 2006). 
Survival of most bifidobacteria in most dairy products is poor due to low pH and/or 
exposure to oxygen (Gomes & Malcata, 1999). Naturally many LAB may excrete exo-
polysaccharides to protect themselves from harsh conditions but this is usually not enough 
to give them full protection (Shah, 2002). 

2.8 Methods for improving probiotic viability 

In view of the health benefits associated with probiotics, it is not surprising that there is an 
increasing interest in their viability. The common practice is storage at refrigerated 
temperatures to prolong their shelf life (Saxelin et al., 1999). Nevertheless, most of them still 
have a short shelf-life (Lee & Salminen, 1995). There is low recovery of viable bacteria in 
products claiming to contain probiotic bacteria (Hamilton-Miller et al., 1999; Temmerman et 
al., 2003a).  

Viability of probiotics is reduced as a result of their exposure to high temperature, oxygen, 
low pH and light (Bell, 2001; Chen et al., 2006; Gomes & Malcata, 1999). Naturally many 
LAB may excrete exo-polysaccharides (EPS) to protect themselves from harsh conditions. 
However, protection afforded by these EPS is not sufficient (Shah, 2002). As a result, 
researchers are continuously searching for ways to improve survival of probiotic cultures 
during processing, storage and GIT transit. Different approaches are used in an attempt to 
preserve viability of probiotic cultures. These include among others, pre-exposure of 
probiotic cultures to sub-lethal stresses (Desmond et al., 2002) and incorporation of micro-
nutrients such as peptides and amino acids (Shah, 2000). The disadvantage of pre-exposure 
to sublethal stresses is that it may result in significant decreases in cellular activity, cell yield 
and process volumetric productivity (Doleyres & Lacroix, 2005). Other alternative methods 
for improving probiotic viability are genetic modification (Sheehan et al., 2006; Sheehan et 
al., 2007; Sleator & Hill, 2007), immobilization (Doleyres et al., 2004), two-step fermentations, 
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use of oxygen-impermeable containers and microencapsulation (Özer et al., 2009). Of these 
techniques, microencapsulation is relatively new and has been investigated by various 
researchers.  

Microencapsulation is a process by which solids, liquids or gases are packaged into 
miniature, sealed microcapsules that can release their contents at controlled rates under 
influences of specified conditions (Anal et al., 2006; Anal & Singh, 2007). It stabilizes the 
probiotics, increases their survival during processing and storage, controls the oxidative 
reaction, ensures sustained or controlled release at a specific target site (both temporal and 
time-controlled release) and improves shelf life (Anal & Singh, 2007; Dembczynski & 
Jankowski, 2002). The encapsulated probiotics are released from the microparticles as a 
result of many factors such as changes in pH and/or temperature (Gibbs et al., 1999; 
Vasishtha, 2003). These changes may cause microcapsule walls to swell and rupture or 
dissolve (Franjione & Vasishtha, 1995; Brannon-Peppas, 1997).  

Microparticles reduce loss of probiotic cell viability by blocking reactive components such as 
atmospheric moisture, oxygen (Kim et al., 1988; Krasaekoopt et al., 2003; Reid, 2002; Siuta-
Cruise & Goulet, 2001; Vasishtha, 2003), high temperature, pressure, bacteriophage attack 
and cryoeffects (Krasaekoopt et al., 2003). Studies have indicated that probiotic cultures 
enclosed within solid fat microcapsules retain both their activity and vitality (Krasaekoopt et 
al., 2003).  

Methods of microencapsulation used in pharmaceutical and food industries are classified 
as either physical or chemical. Physical methods include pan coating, air-suspension 
coating, centrifugal extrusion, vibrational nozzle and spray drying (Anal & Singh, 2007), 
spray coating, annular jet, spinning disk, spray cooling, spray drying and spray chilling 
(Versic, 1988), extrusion coating, fluidized bed coating, liposome entrapment, 
coarcervation, inclusion complexation, centrifugal extrusion and rotational suspension 
separation (Vasishtha, 2003). Chemical methods include interfacial polymerization, in-situ 
polymerization, matrix polymerization(Vidhyalakshmi et al., 2009) and extrusion. 
Extrusion and emulsion techniques are the mostly commonly used methods (Krasaekoopt 
et al., 2003).  

There is a diversity of materials used for encapsulation of probiotics. These include among 
others, alginate (Chandramouli et al., 2004; Dembczynski & Jankowski, 2002; Hansen et al., 
2002; Krasaekoopt et al., 2003; Sultana et al., 2000), к-carrageenan, locust bean gum, cellulose 
acetate phthalate, chitosan, gelatin (Krasaekoopt et al., 2003), cellulose (Chan & Zhang, 
2002), pectin, whey protein (Guerin et al., 2003) and rennet (Heidibach et al., 2009). These 
materials are used either as supporting materials or gelling agents by different investigators.  

Although generally there are positive effects of microencapsulation, this method is not 
without disadvantages. Some types of the resulting microparticles may shrink and lose 
mechanical strength due to their sensitivity to acids (Sun & Griffiths, 2000), may present 
problems for large scale production, others require use of potassium ions that should not be 
taken in large amounts in diet, (Sun & Griffiths, 2000), some of the polysaccharides used are 
prohibited in specific foods in other countries (Picot & Lacroix, 2004). Additionally and 
possibly the key disadvantage, is that the mentioned microencapsulation methods use water 
and other organic solvents whose use is less favoured due to their high costs and concerns 
about their negative environmental impacts (Sihvonen et al., 1999).  
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Progress towards elimination of use of organic solvents has been made with development of 
microencapsulation technique using supercritical technology (Moolman et al., 2006). This 
microencapsulation technique is based on the formation of an interpolymer complex 
between poly (vinyl pyrrolidone) (PVP) and poly (vinyl acetate-co-crotonic acid) (pVA-CA) 
in supercritical carbon dioxide (scCO2). A supercritical substance is neither a gas nor a liquid 
but possesses properties of both, making it unique (Moshashaee et al., 2000). Since 
supercritical fluids have a wide spectrum of solvent characteristics, they can be used as 
solvents in different techniques (Frederiksen et al., 1997). Microparticles produced using this 
method have suitable morphological characteristics, encapsulation efficiency and affords 
encapsulated probiotic cultures protection in simulated gastrointestinal fluids (Mamvura et 
al., 2011; Thantsha et al., 2009).  

2.9 Concerns about probiotics 

Although there are numerous advantages and health benefits associated with probiotics or 
probiotic food products, there are risks associated with probiotic therapy. These risks are 
mainly concerned with respect to safety in vulnerable target groups such as 
immunocompromised individuals (pregnant women, babies and the elderly) or critically ill 
or hospitalized patients (Boyle et al., 2006; Jankovic et al., 2010). 

Probiotic cultures are resistant to some antibiotics. There is concern about the possible 
transfer of antimicrobial resistance from probiotic strains to pathogenic bacteria in the gut. 
For example, many Lactobacillus strains are naturally resistant to vancomycin, which poses a 
potential threat of transfer of this resistance to other pathogenic bacteria such as 
Staphylococcus aureus. However, these vancomycin-resistant genes in lactobacilli are 
chromozomal and not readily transferred to other species. 

Another important area of concern is the risk of sepsis. There have been several reports of 
cases of Lactobacillus sepsis and other bacterial sepsis due to the intake of probiotic 
supplements (Boyle et al., 2006). One case included a 67 year-old man who was taking 
probiotic capsules daily for mitral regurgitation and developed Lactobacillus rhamnosus 
endocarditis after a dental procedure (Borriello et al., 2003; Mackay et al., 1999). In another 
case, a 4-month old infant with antibiotic-associated diarrhoea, who was given Lactobacillus 
rhamnosus after cardiac surgery, developed Lactobacillus endocarditis 3 weeks after 
Lactobacillus rhamnosus treatment (Boyle et al., 2006; Kunz et al., 2004). However, there have 
been no reports to date on the occurrence of Bifidobacterium sepsis. All cases of bacterial 
sepsis from the use of probiotics (Lactobacillus spp.) have occurred in immunocompromised 
individuals or patients who have a chronic disease or debilitation. No cases have been 
reported in healthy individuals (Boyle et al., 2006). There have also been several cases of 
fungemia associated with Saccharomyces boulardii. However, investigation of these cases 
revealed that the infection was due to contamination of inserted catheters. It is therefore 
now recommended that Saccharomyces boulardii probiotics be prepared in powdered form 
under stringent hygienic conditions to prevent contamination (Borriello et al., 2003; 
Salminen et al., 1998). There is a small risk of adverse metabolic effects from manipulation of 
the microbiota with the use of probiotics, although probiotic studies to date have not shown 
significant adverse effects on growth or nutrition (Boyle et al., 2006). A review of safety 
assessments of probiotics was recently published (Sanders et al., 2010). 
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3. Prebiotics 
Prebiotics are non-digestible food ingredients that beneficially affect the host by selectively 
stimulating the growth and/or activity of one or a limited number of colonic bacteria and 
thereby improve host health (Femia et al., 2002; Gibson & Roberfroid, 1995; Roberfroid, 
1998; Theuer et al., 1998; Tuohy et al., 2003; Young, 1998). Gibson et al. (2004) redefined 
them as ‘a selectively fermented ingredient that allows specific changes; both in the 
composition and/or activity in the gastrointestinal microflora that confers benefits to host 
well-being and health’. The refined definition takes into account both the microbial changes 
and the nutritional and physiological benefits attributed to prebiotics. Just like probiotics, 
they modulate the composition of the natural ecosystem though probiotics does so through 
introduction of exogenous bacteria into the colon (Bouhnik et al., 2004). Prebiotics pass 
through the upper GIT unfermented and are only utilized in the colon and are therefore 
called ‘colonic food’ (Roberfroid, 2000). Non-digestibility can be demonstrated in vitro by 
subjecting the carbohydrates to pancreatic and small intestinal enzymes. It can be shown in 
vivo on human subjects with an ileostomy (i.e people who have had their large intestine 
removed and have a stoma at the end of the ileum) (van Loo et al., 1999). Compounds that 
are not digested and absorbed by the host but are preferentially fermented by Bifidobacterium 
species in the colon are called ‘bifidogenic’ factors (Shah, 2007). Prebiotics are not readily 
digested by pathogenic bacteria (Annika et al., 2002; Farmer, 2002; Femia et al., 2002). They 
favour or promote growth of potentially health-promoting bacteria such as lactobacilli and 
bifidobacteria, thereby allowing them to be predominant (Bouhnik et al., 2004; Flamm et al., 
2001; Gibson et al., 1999; Roberfroid, 1998; Wang, 2009). This subsequently leads to 
predominant numbers of the stimulated endogenous bacteria in faeces as well (Femia et al., 
2002; Losada & Olleros, 2002). Scientific studies in Japan indicated that consumption of 
prebiotics increases the populations of bifidobacteria and other beneficial microorganisms 
even in the absence of probiotics in diet. The selective stimulation of growth of 
bifidobacteria by prebiotics is characterized by a substantial decrease in numbers of 
potentially pathogenic bacteria (Losada & Olleros, 2002).  

The following criteria are used for selection of a carbohydrate as a prebiotic: It must not be 
absorbed in the stomach or small intestine; It must be selectively fermented by the beneficial 
gut microflora; It should also stimulate the growth and/or activity of beneficial bacteria; Its 
fermentation should induce the beneficial luminal or systemic effects within the host; It 
must be resistant to gastric acidity and mammalian enzyme hydrolysis (Kolida, et al., 2002; 
Manning and Gibson, 2004). 

Classes of non-digestible oligosaccharides (NDOs) commercially available are cyclodextrins, 
fructooligosaccharides (FOS), gentiooligosaccharides, glycosylsucrose and isomaltulose (also 
known as palatinose). Other classes include lactulose, lactosucrose and maltooligosaccharides 
(Sako et al., 1999). NDOs such as inulin, fructooligosaccharide, lactulose and dietary fibre are 
common prebiotics (Davis & Milner, 2009). There are conflicting views on the prebiotic 
classification of resistant starch. Some researchers classify it as a prebiotic (Douglas & Sanders, 
2008) while others (Shah, 2004) differ, arguing that resistant starch is not digested by some 
beneficial bacteria, and therefore cannot be classified as a prebiotic. Inulin and FOS are the 
only NDOs that have been sufficiently studied to give adequate data to analyze their 
functional properties (Roberfroid, 2000). Galacto-oligosaccharides (GOS), gluco-
oligosaccharides, lactulose, isomalto-oligosaccharides, raffinose, transgalacto-oligosaccharides, 
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Progress towards elimination of use of organic solvents has been made with development of 
microencapsulation technique using supercritical technology (Moolman et al., 2006). This 
microencapsulation technique is based on the formation of an interpolymer complex 
between poly (vinyl pyrrolidone) (PVP) and poly (vinyl acetate-co-crotonic acid) (pVA-CA) 
in supercritical carbon dioxide (scCO2). A supercritical substance is neither a gas nor a liquid 
but possesses properties of both, making it unique (Moshashaee et al., 2000). Since 
supercritical fluids have a wide spectrum of solvent characteristics, they can be used as 
solvents in different techniques (Frederiksen et al., 1997). Microparticles produced using this 
method have suitable morphological characteristics, encapsulation efficiency and affords 
encapsulated probiotic cultures protection in simulated gastrointestinal fluids (Mamvura et 
al., 2011; Thantsha et al., 2009).  

2.9 Concerns about probiotics 

Although there are numerous advantages and health benefits associated with probiotics or 
probiotic food products, there are risks associated with probiotic therapy. These risks are 
mainly concerned with respect to safety in vulnerable target groups such as 
immunocompromised individuals (pregnant women, babies and the elderly) or critically ill 
or hospitalized patients (Boyle et al., 2006; Jankovic et al., 2010). 

Probiotic cultures are resistant to some antibiotics. There is concern about the possible 
transfer of antimicrobial resistance from probiotic strains to pathogenic bacteria in the gut. 
For example, many Lactobacillus strains are naturally resistant to vancomycin, which poses a 
potential threat of transfer of this resistance to other pathogenic bacteria such as 
Staphylococcus aureus. However, these vancomycin-resistant genes in lactobacilli are 
chromozomal and not readily transferred to other species. 

Another important area of concern is the risk of sepsis. There have been several reports of 
cases of Lactobacillus sepsis and other bacterial sepsis due to the intake of probiotic 
supplements (Boyle et al., 2006). One case included a 67 year-old man who was taking 
probiotic capsules daily for mitral regurgitation and developed Lactobacillus rhamnosus 
endocarditis after a dental procedure (Borriello et al., 2003; Mackay et al., 1999). In another 
case, a 4-month old infant with antibiotic-associated diarrhoea, who was given Lactobacillus 
rhamnosus after cardiac surgery, developed Lactobacillus endocarditis 3 weeks after 
Lactobacillus rhamnosus treatment (Boyle et al., 2006; Kunz et al., 2004). However, there have 
been no reports to date on the occurrence of Bifidobacterium sepsis. All cases of bacterial 
sepsis from the use of probiotics (Lactobacillus spp.) have occurred in immunocompromised 
individuals or patients who have a chronic disease or debilitation. No cases have been 
reported in healthy individuals (Boyle et al., 2006). There have also been several cases of 
fungemia associated with Saccharomyces boulardii. However, investigation of these cases 
revealed that the infection was due to contamination of inserted catheters. It is therefore 
now recommended that Saccharomyces boulardii probiotics be prepared in powdered form 
under stringent hygienic conditions to prevent contamination (Borriello et al., 2003; 
Salminen et al., 1998). There is a small risk of adverse metabolic effects from manipulation of 
the microbiota with the use of probiotics, although probiotic studies to date have not shown 
significant adverse effects on growth or nutrition (Boyle et al., 2006). A review of safety 
assessments of probiotics was recently published (Sanders et al., 2010). 

 
Probiotics – What They Are, Their Benefits and Challenges 33 

3. Prebiotics 
Prebiotics are non-digestible food ingredients that beneficially affect the host by selectively 
stimulating the growth and/or activity of one or a limited number of colonic bacteria and 
thereby improve host health (Femia et al., 2002; Gibson & Roberfroid, 1995; Roberfroid, 
1998; Theuer et al., 1998; Tuohy et al., 2003; Young, 1998). Gibson et al. (2004) redefined 
them as ‘a selectively fermented ingredient that allows specific changes; both in the 
composition and/or activity in the gastrointestinal microflora that confers benefits to host 
well-being and health’. The refined definition takes into account both the microbial changes 
and the nutritional and physiological benefits attributed to prebiotics. Just like probiotics, 
they modulate the composition of the natural ecosystem though probiotics does so through 
introduction of exogenous bacteria into the colon (Bouhnik et al., 2004). Prebiotics pass 
through the upper GIT unfermented and are only utilized in the colon and are therefore 
called ‘colonic food’ (Roberfroid, 2000). Non-digestibility can be demonstrated in vitro by 
subjecting the carbohydrates to pancreatic and small intestinal enzymes. It can be shown in 
vivo on human subjects with an ileostomy (i.e people who have had their large intestine 
removed and have a stoma at the end of the ileum) (van Loo et al., 1999). Compounds that 
are not digested and absorbed by the host but are preferentially fermented by Bifidobacterium 
species in the colon are called ‘bifidogenic’ factors (Shah, 2007). Prebiotics are not readily 
digested by pathogenic bacteria (Annika et al., 2002; Farmer, 2002; Femia et al., 2002). They 
favour or promote growth of potentially health-promoting bacteria such as lactobacilli and 
bifidobacteria, thereby allowing them to be predominant (Bouhnik et al., 2004; Flamm et al., 
2001; Gibson et al., 1999; Roberfroid, 1998; Wang, 2009). This subsequently leads to 
predominant numbers of the stimulated endogenous bacteria in faeces as well (Femia et al., 
2002; Losada & Olleros, 2002). Scientific studies in Japan indicated that consumption of 
prebiotics increases the populations of bifidobacteria and other beneficial microorganisms 
even in the absence of probiotics in diet. The selective stimulation of growth of 
bifidobacteria by prebiotics is characterized by a substantial decrease in numbers of 
potentially pathogenic bacteria (Losada & Olleros, 2002).  

The following criteria are used for selection of a carbohydrate as a prebiotic: It must not be 
absorbed in the stomach or small intestine; It must be selectively fermented by the beneficial 
gut microflora; It should also stimulate the growth and/or activity of beneficial bacteria; Its 
fermentation should induce the beneficial luminal or systemic effects within the host; It 
must be resistant to gastric acidity and mammalian enzyme hydrolysis (Kolida, et al., 2002; 
Manning and Gibson, 2004). 

Classes of non-digestible oligosaccharides (NDOs) commercially available are cyclodextrins, 
fructooligosaccharides (FOS), gentiooligosaccharides, glycosylsucrose and isomaltulose (also 
known as palatinose). Other classes include lactulose, lactosucrose and maltooligosaccharides 
(Sako et al., 1999). NDOs such as inulin, fructooligosaccharide, lactulose and dietary fibre are 
common prebiotics (Davis & Milner, 2009). There are conflicting views on the prebiotic 
classification of resistant starch. Some researchers classify it as a prebiotic (Douglas & Sanders, 
2008) while others (Shah, 2004) differ, arguing that resistant starch is not digested by some 
beneficial bacteria, and therefore cannot be classified as a prebiotic. Inulin and FOS are the 
only NDOs that have been sufficiently studied to give adequate data to analyze their 
functional properties (Roberfroid, 2000). Galacto-oligosaccharides (GOS), gluco-
oligosaccharides, lactulose, isomalto-oligosaccharides, raffinose, transgalacto-oligosaccharides, 
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xylo-oligosaccharides, soya bean oligosaccharides and oat β-glucans are considered as 
prebiotic candidates (Lomax & Calder, 2009). Other NGOs such as lactulose (Crittenden & 
Playne, 1996) and xylobiose (Vazquez et al., 2000) are also included in the prebiotic category. 
All the prebiotic candidates except maltooligosaccharides, glycosylsucrose and cyclodextrins 
are reported as being bifidogenic (Ziemer & Gibson, 1998).  

Prebiotics are found naturally in a number of materials. Honey, fruits and vegetables such 
as artichoke, asparagus, banana, barley, chicory, garlic, leeks, oats, onion, rye, soybeans, 
tomatoes and wheat are sources of non-digestible oligosaccharides, especially inulin (Davis 
& Milner, 2009; Femia et al., 2002; Losada & Olleros, 2002; Manning & Gibson, 2004; 
Mussatto & Mancilha, 2007; Sangeetha et al., 2005). They are also present in burdock, 
Chinese chives, garlic, graminae (fodder grass), pine, even bacteria and yeasts (Bengmark et 
al., 2001; Ziemer & Gibson, 1998). Honey and bamboo shoots are natural sources of 
isomaltulose (Lina et al., 2002). Raffinose and stachyose can be found in soyabeans and other 
leguminous seeds and pulses (Voragen, 1998). Milk is a good source of glycoproteins and 
oligosaccharides (lacto-N-tetraose and lacto-N-neotetraose), including those believed to be 
prebiotic (Alander et al., 2001; Newburg, 2000; Petschow & Talbott, 1991). Human milk 
contains more galactooligosaccharides than cow’s milk. Oligosaccharides can be found in 
levels as high as (12g/l), making them the third bulkiest constituent of human milk 
(Newburg et al., 2004). Taking foods containing prebiotic oligosaccharides is not enough for 
modulation of gut flora as they are present in only small concentrations in these foods. 
Instead, prebiotics are extracted from these foods and transferred into more commonly 
ingested foodstuffs like biscuits and other carbohydrate based materials (Taylor et al., 1999).  

These natural compounds can also be produced commercially through enzyme hydrolysis 
and extraction processes (Losada & Olleros, 2002; Mussatto & Mancilha, 2007; Sako et al., 
1999). The enzymes employed include β-D-fructofuranosidase or fructosyltransferase, which 
joins the fructose molecules by means of transfructosylation mechanisms (Losada & Olleros, 
2002). These mechanisms are employed for production of oligosaccharides with the 
exception of raffinose, soybean oligosaccharides and lactulose (Mussatto & Mancilha, 2007; 
Sako et al., 1999). Raffinose and soybean oligosaccharides are extracted directly from plant 
materials using solvents such as water, aqueous methanol or ethanol (Johansen et al., 1996; 
Mussatto & Mancilha, 2007). Lactulose is produced by enzymatic action of β-galactosidases 
(E.C 3.2.1.23) on lactose. The glucose moiety is converted to a fructose residue by alkali 
isomerization and the process results in a lactulose disaccharide (Villamiel et al., 2002). 
Inulin can also be extracted from chicory (Cichorium intybus) and then partially hydrolyzed 
to short-chain fructans (oligofructose) using inulase (E.C 3.2.1.7) or to long chain fructans by 
applying an industrial separation technique (Roberfroid, 2000). Additionally, inulin type 
fructans can be manufactured through transfer of fructosyl residue to and between sucrose 
molecules using fungal fructosyl transferases (E.C 2.4.1.9) (Cummings & Roberfroid, 1997). 
FOSs are manufactured from sucrose using the trans-fructosylation activity of β-
fructofuranosidase (E.C 3.2.1.26). Alternatively, FOS can are produced by controlled 
enzymatic hydrolysis of inulin (Crittenden & Playne, 1996; Frost & Sullivan, 2000). Lactose 
is also used in the industrial production of GOS through the transgalactosylation activity of 
β-galactosidases (Sako et al., 1999). The production of FOS and GOS requires high 
concentrations of the starting material for efficient transglycosylation (Park & Almeida, 
1991). GOS are synthesized from lactose syrup using the enzyme β-galactosidase (Frost & 
Sullivan, 2000; Gibson, 2004). They are neither hydrolyzed nor absorbed in the human 
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intestine and act as a substrate for bifidobacteria (Frost & Sullivan, 2000). Soy 
oligosaccharides are extracted directly from soybean whey. Their bifidogenecity has been 
confirmed in humans (Frost & Sullivan, 2000). 

3.1 Beneficial effects of prebiotics 

In the last decade there have been numerous investigations on the health-promoting effects 
of prebiotics. Bifidogenic oligosaccharides increase the level of nutrient supplementation 
and enhance nutrient solubility (Farmer, 2002). Some of these effects include better mineral 
absorption, alleviation of constipation and irritable bowel syndrome, protection against 
colon cancer, enhancement of the immune system, anticarcinogenic effects and lowering of 
cholesterol (Davis & Milner, 2009; Manning & Gibson, 2004; Tuohy et al., 2003; Venter, 
2007). Supplementation of diet with oligofructose and inulin-type oligosaccharides 
significantly lowers serum triglycerols and phospholipids. This hypotriacylyglycerolaemic 
effect could be caused by a decrease in the concentration of plasma very low-density 
lipoproteins (VLDL) (Delzenne et al., 1993; Fordaliso et al., 1995). Prebiotics acidifies colonic 
contents by increasing the concentration of short-chain carboxylic acids. They also aid in 
colonic absorption of minerals, particularly Mg2+ and Ca2+. Mineral absorption is promoted 
through establishment of an osmotic effect whereby entry of water into the colon increases 
dissolution of minerals (Roberfroid, 2000).  

Ingestion of prebiotics is also associated with relief of constipation due to faecal bulking and 
possible effects on intestinal motility, aiming at daily defecation. They suppress diarrhoea 
when it is associated with intestinal infections. They also reduce the risk of osteoporosis 
when improved bioavailability of calcium due to use of inulin-type fructans is followed by 
significant increase in bone density and bone mineral content. Prebiotics reduce the risk of 
obesity and possibly type-2 diabetes (van Loo et al., 1999). 

Most of the studies on prebiotic effects on bone development have been done on animal 
models, particularly rats (Scholz-Ahrens, 2007). In vivo studies carried out on humans 
showed that inulin and oligofructose increase the absorption of calcium but not iron, zinc or 
magnesium (Coudray et al., 1997). More research needs to be done to substantiate these 
claims, including that of bowel cancer prevention (Ziemer & Gibson, 1996). Studies that 
have been carried out on animal models so far have shown promise, though human studies 
are required (Reddy et al., 1997; Rowland et al., 1998). It is vital for studies conducted in 
vitro on prebiotic effects to be carried out in vivo in well-designed and reproducible 
experiments. 

Prebiotics, unlike probiotics, are not living organisms, and therefore they do not have 
survival problems both in the products and the gut (Frost & Sullivan, 2000). Prebiotics have 
an advantage over probiotics in that they are not affected by factors such as oxygen and heat 
in industrial applications. This attribute led to increased interest in their health issues (Kolita 
et al., 2002). Some commercially available prebiotic supplements are water-soluble. 
Solubility in water allows their possible incorporation in any type of food and also renders 
them undetectable once dissolved (Douglas & Sanders, 2008).  

However their excess levels can cause symptoms such as flatulence, bloating and diarrhoea. 
This may be caused by a change in osmotic potential or due to excessive fermentation. 
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Mussatto & Mancilha, 2007; Sangeetha et al., 2005). They are also present in burdock, 
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al., 2001; Ziemer & Gibson, 1998). Honey and bamboo shoots are natural sources of 
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FOSs are manufactured from sucrose using the trans-fructosylation activity of β-
fructofuranosidase (E.C 3.2.1.26). Alternatively, FOS can are produced by controlled 
enzymatic hydrolysis of inulin (Crittenden & Playne, 1996; Frost & Sullivan, 2000). Lactose 
is also used in the industrial production of GOS through the transgalactosylation activity of 
β-galactosidases (Sako et al., 1999). The production of FOS and GOS requires high 
concentrations of the starting material for efficient transglycosylation (Park & Almeida, 
1991). GOS are synthesized from lactose syrup using the enzyme β-galactosidase (Frost & 
Sullivan, 2000; Gibson, 2004). They are neither hydrolyzed nor absorbed in the human 
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intestine and act as a substrate for bifidobacteria (Frost & Sullivan, 2000). Soy 
oligosaccharides are extracted directly from soybean whey. Their bifidogenecity has been 
confirmed in humans (Frost & Sullivan, 2000). 

3.1 Beneficial effects of prebiotics 

In the last decade there have been numerous investigations on the health-promoting effects 
of prebiotics. Bifidogenic oligosaccharides increase the level of nutrient supplementation 
and enhance nutrient solubility (Farmer, 2002). Some of these effects include better mineral 
absorption, alleviation of constipation and irritable bowel syndrome, protection against 
colon cancer, enhancement of the immune system, anticarcinogenic effects and lowering of 
cholesterol (Davis & Milner, 2009; Manning & Gibson, 2004; Tuohy et al., 2003; Venter, 
2007). Supplementation of diet with oligofructose and inulin-type oligosaccharides 
significantly lowers serum triglycerols and phospholipids. This hypotriacylyglycerolaemic 
effect could be caused by a decrease in the concentration of plasma very low-density 
lipoproteins (VLDL) (Delzenne et al., 1993; Fordaliso et al., 1995). Prebiotics acidifies colonic 
contents by increasing the concentration of short-chain carboxylic acids. They also aid in 
colonic absorption of minerals, particularly Mg2+ and Ca2+. Mineral absorption is promoted 
through establishment of an osmotic effect whereby entry of water into the colon increases 
dissolution of minerals (Roberfroid, 2000).  

Ingestion of prebiotics is also associated with relief of constipation due to faecal bulking and 
possible effects on intestinal motility, aiming at daily defecation. They suppress diarrhoea 
when it is associated with intestinal infections. They also reduce the risk of osteoporosis 
when improved bioavailability of calcium due to use of inulin-type fructans is followed by 
significant increase in bone density and bone mineral content. Prebiotics reduce the risk of 
obesity and possibly type-2 diabetes (van Loo et al., 1999). 

Most of the studies on prebiotic effects on bone development have been done on animal 
models, particularly rats (Scholz-Ahrens, 2007). In vivo studies carried out on humans 
showed that inulin and oligofructose increase the absorption of calcium but not iron, zinc or 
magnesium (Coudray et al., 1997). More research needs to be done to substantiate these 
claims, including that of bowel cancer prevention (Ziemer & Gibson, 1996). Studies that 
have been carried out on animal models so far have shown promise, though human studies 
are required (Reddy et al., 1997; Rowland et al., 1998). It is vital for studies conducted in 
vitro on prebiotic effects to be carried out in vivo in well-designed and reproducible 
experiments. 

Prebiotics, unlike probiotics, are not living organisms, and therefore they do not have 
survival problems both in the products and the gut (Frost & Sullivan, 2000). Prebiotics have 
an advantage over probiotics in that they are not affected by factors such as oxygen and heat 
in industrial applications. This attribute led to increased interest in their health issues (Kolita 
et al., 2002). Some commercially available prebiotic supplements are water-soluble. 
Solubility in water allows their possible incorporation in any type of food and also renders 
them undetectable once dissolved (Douglas & Sanders, 2008).  

However their excess levels can cause symptoms such as flatulence, bloating and diarrhoea. 
This may be caused by a change in osmotic potential or due to excessive fermentation. 
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Undesirable effects occur when very high doses are ingested. This is advantageous as it 
allows a relatively broad “therapeutic window”, i.e. the dose above the minimal effective 
level (Holzapfel & Schillinger, 2002). However, FOSs are slightly laxative and produce 
flatulence when taken in high doses (Losada & Olleros, 2002). 

4. Synbiotics 
Synbiotics are preparations containing a mixture of a probiotic and a prebiotic, or a 
combination of probiotics and prebiotics (Davis & Milner, 2009; Holzapfel & Schillinger, 
2002; Touhy et al., 2003). These preparations aim to improve the viability of the proven 
probiotic in vivo as well as stimulate the indigenous gut microflora. They provide both the 
beneficial microbial culture and a specific substrate that can be readily available for 
fermentation by this culture (Gallaher & Khil, 1999). The presence of the readily fermentable 
substrate could enhance the survival of the probiotic. The prebiotic ingredient could also 
offer protection of probiotic against gastric acidity and proteolysis, probably through steric 
hindrance and coating of the probiotic.  

Synbiotic supplements available include combinations of bifidobacteria and FOS, 
Lactobacillus GG and inulin and a combination of bifidobacteria lactobacilli with either FOS 
or inulin. Fermented milks contain both live beneficial bacteria and fermentation products 
that may positively stimulate the intestinal microflora also fall within this category. 
Crittenden et al. (2006) encapsulated a B. infantis-FOS synbiotic within a film-forming 
protein-carbohydrate-oil emulsion to improve its survival and viability during non-
refrigerated storage and GIT transit. Gallaher et al. (1996) observed a comparable synbiotic 
effect with oligofructose and bifidobacteria. Lactobacilli/lacitol, and bifidobacteria/GOS 
combinations have also been tried as synbiotics in addition to bifidobacteria/FOS 
(Mountzouris et al., 2002). A well-known benefit of synbiotics is that they increase the 
persistence of the probiotic in the GIT (Tuohy et al., 2003). The use of synbiotics has not been 
extensively explored, though studies indicated positive results with regard to maintenance 
of gut microflora (Shimizu et al., 2009). Their possible use for prevention of allergic diseases 
is just an example of the studies that still needs to be covered (Johannsen & Prescott, 2009).  

5. Conclusion 
Probiotics are beneficial microorganism with a host of benefits for the consumer though 
some of these benefits still have to be confirmed using clinical trials. There is however still a 
problem of maintenance of viability of these cultures both in storage and in the 
gastrointestinal tract. The search for methods that can protect and retain viability of 
probiotic cultures is still on going. There are also concerns about the negative effects of 
probiotics on sensitive consumers but there is insufficient evidence to support the raised 
concerns. Prebiotics and synbiotics are alternative mechanisms for increasing the levels of 
beneficial microorganisms in the gut. 
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1. Introduction 
Researches concerning probiotics were initiated by a Russian scientist named Elie 
Metchnikoff. He emphasized the importance of Lactobacillus species and fermented milk 
products present in the gastrointestinal tract for a healthy and long life. The term 
"probiotics" was first introduced in 1953 by Werner Kollath, and he defined probiotics as 
microbially derived factors that stimulate the growth of other microorganisms. Afterwards, 
the term “probiotics” was defined by Roy Fuller in 1989 as a live microbial feed supplement 
which beneficially affects the host by improving its intestinal microbial balance. Fuller's 
definition emphasizes the requirement of viability for probiotics and introduces the aspect 
of a beneficial effect on the host. Although, this definition has been widely used by the 
entire scientific world, according to the currently adopted definition by FAO/WHO, 
probiotics are: "Live microorganisms confer a health benefit on the host when administered 
in adequate amounts” (FAO/WHO, 2001). 

The most frequently used probiotic microorganisms are Lactobacillus and Bifidobacterium 
species. However, there are also much more bacteria and some yeast species used as 
probiotic. Bacteria and yeast species, which are used commonly as probiotic, are listed by 
Heyman & Menard (2002) as below. Lactobacillus species: L. acidophilus, L. rhamnosus, L. 
gasseri, L. reuteri, L. bulgaricus, L plantarum, L. johnsonii, L. paracasei, L. casei, L. salivarius, L. 
lactis. Bifidobacterium species: B. bifidum, B. longum, B. breve, B. infantis, B. lactis, B. adolescentis. 
Other species: Streptococcus thermophilus, Escherichia coli, Bacillus cereus, Clostridium 
butyricum, Enterococcus faecalis, Enterococcus faecium. Yeast: Saccharomyces boulardii, 
Saccharomyces cerevisiae, VSL#3 (four strains of lactobacilli, three strains of bifidobacteria, 
one strain of Streptococcus salivarius sp. thermophilus). 

There is a mutual interaction between intestinal cells and microorganisms present in the 
gastrointestinal tract. Commensal microorganisms in the gastrointestinal tract have 
multidirectional effects on digestion, absorption and barrier function, secretory functions, or 
postnatal maturation of intestinal mucosa. Furthermore, it has been known that they change 
gene expression in intestinal cells (Hooper et al., 2001). The changes in the function of 
intestinal tract (e.g. the increase of motility, or disruption of carbohydrate digestion) also 
affect bacteria population and colonization. 
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of a beneficial effect on the host. Although, this definition has been widely used by the 
entire scientific world, according to the currently adopted definition by FAO/WHO, 
probiotics are: "Live microorganisms confer a health benefit on the host when administered 
in adequate amounts” (FAO/WHO, 2001). 

The most frequently used probiotic microorganisms are Lactobacillus and Bifidobacterium 
species. However, there are also much more bacteria and some yeast species used as 
probiotic. Bacteria and yeast species, which are used commonly as probiotic, are listed by 
Heyman & Menard (2002) as below. Lactobacillus species: L. acidophilus, L. rhamnosus, L. 
gasseri, L. reuteri, L. bulgaricus, L plantarum, L. johnsonii, L. paracasei, L. casei, L. salivarius, L. 
lactis. Bifidobacterium species: B. bifidum, B. longum, B. breve, B. infantis, B. lactis, B. adolescentis. 
Other species: Streptococcus thermophilus, Escherichia coli, Bacillus cereus, Clostridium 
butyricum, Enterococcus faecalis, Enterococcus faecium. Yeast: Saccharomyces boulardii, 
Saccharomyces cerevisiae, VSL#3 (four strains of lactobacilli, three strains of bifidobacteria, 
one strain of Streptococcus salivarius sp. thermophilus). 

There is a mutual interaction between intestinal cells and microorganisms present in the 
gastrointestinal tract. Commensal microorganisms in the gastrointestinal tract have 
multidirectional effects on digestion, absorption and barrier function, secretory functions, or 
postnatal maturation of intestinal mucosa. Furthermore, it has been known that they change 
gene expression in intestinal cells (Hooper et al., 2001). The changes in the function of 
intestinal tract (e.g. the increase of motility, or disruption of carbohydrate digestion) also 
affect bacteria population and colonization. 
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Probiotics are widely used for the promotion and improvement of health in humans and in 
animal species. Probiotics have been used as a biologically active substance in a large extend 
of pathologic conditions ranging from antibiotic-associated or travelers’  diarrhea, irritable 
bowel syndrome (IBS), and lactose intolerance to dental caries, ulcers due to Helicobacter 
pylori, hepatic encephalopathy, intestinal motility disorders and neonatal necrotizing 
enterocolitis (Deshpande et al., 2011). It has been used as a growth, or production 
performance promoter in poultry species or farm animals. There are also numerous 
scientific reports about the interaction between probiotics and immune system. On the other 
hand, the effects of probiotics on digestive physiology and intestinal tract morphology have 
not been documented sufficiently. Therefore, the objective of this chapter is to assess the 
effects of probiotics on gastrointestinal physiology and morphology in human and animal 
models. The effects of probiotics on digestive and absorptive function of the intestine, 
expression of brush border enzymes and nutrient transport systems have been investigated 
in this chapter. The relationship between probiotics and gut motility or transit time of 
gastrointestinal content has also been highlighted. The effects of probiotics on 
morphological characteristics and the proliferation capacity of crypt and villus epithelium 
have been focused and in addition, the effects of probiotic on enteric nervous system have 
been evaluated. Finally, impact of the probiotics on the physical and functional barrier of 
gastrointestinal tract has been evaluated in this chapter.  

2. The effects of probiotics on intestinal morphology and cell proliferation 
To investigate the effects of microorganisms on the development of digestive tract, generally 
animal models are used. Because, obtaining and examining intestinal mucosal samples of 
people are technically more difficult. The morphological parameters such as length of villi, 
depth of crypt, villi/crypt proportion, and surface area of villi are used to investigate the 
effects of microorganisms on intestinal morphology and cell proliferation. The height of villi 
and the depth of crypt are considered as the indicators of intestinal functions.  

In the comparative studies conducted on germ free and conventional animals it has been 
determined that microorganisms located to digestive tract during the postnatal period 
caused to decreased villi length and increased crypt depth in conventional animals i.e. in pig 
(Willing & Van Kessel, 2007), in rat (Ishikawa et al., 1999) and in birds (Furuse & Okumura, 
1994). However, it has been also reported that there is no difference between germ-free and 
conventional animals regarding development of villi (Sharma et al., 1995). It has been 
determined that length of villi is higher in gnotobiotic animal models as in germ-free 
animals compared to conventional animals (Herich et al., 2004). The effects of probiotics 
have been investigated by inoculating probiotics to germ free animals or supplementing 
conventional animals with probiotics. 

2.1 Villus height 

Willing & Van Kessel (2007) have reported that villus height was increased in gnotobiotic 
piglets inoculated Lactobacillus fermentum (monoassociated with Lactobacillus fermentum) and 
Di Giancamillo et al. (2008) also has reported increase in villus height in piglets 
supplemented with Pediococcus acidilactici. Yang et al. (2009) have investigated intestinal 
tract morphology of mice supplemented orally high, low and moderate doses of 
Bifidobacterium adolescentis BBMN23 and Bifidobacterium adolescentis BBMN68 after 2 and 4 
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weeks of application. Villus height was longer in low dose group compared to those of 
controls, but moderate and high doses did not affect it after two weeks. However after 4 
weeks, villus height increased in all groups supplemented with probiotic. Similarly villus 
height increase has been reported in studies conducted on birds as an animal model (Samli 
et al., 2007; Awad et al., 2010).  

Effects of the probiotic on villus height may change depending on the species of 
microorganism or probiotic. For example, villus height in duodenum and ileum increased 
but did not changed in jejunum of broiler chicks supplemented with Pediococcus acidlactici as 
probiotic (Taheri et al., 2010). On the other hand Günal et al. (2006) reported that villus 
height of jejunum and ileum increased in broiler chicks applied multi-microbe probiotic 
product. Segmental differences were also found in comparative studies conducted on germ 
free and conventional animals. Shirkey et al. (2006) have reported that villus height was the 
longest in jejunum of pigs supplemented with Lactobacillus fermentum. On the other hand 
Shurson et al. (1990) reported that germ-free pigs had longer ileal and duodenal villi, but 
shorter jejunal villi compared with their conventional counterparts. Saccharomyces boulardii is 
one of the yeast that has been using as probiotic. It has been determined that there was no 
significance change in villus height or crypt depth of intestinal biopsy samples obtained 
from volunteers who were supplemented with Saccharomyces boulardii for 14 days (Buts et 
al., 2002). However, another yeast species (Saccharomyces cerevisiae) was reported to 
increased villus height of ileum in birds (Zhang et al., 2005). Meslin and Sacquet (1984) who 
investigated microvilli on the surface of enterocytes reported that the microvilli were 
significantly shorter in all small intestinal regions when the micro flora was present. The 
decrease in microvillus length (due to the presence of micro flora) in germ free rat, was 5% 
in the duodenum, 9% in the jejunum and 18% in the ileum. Because increased villus height 
leads to increased surface area at the same time, digestion and absorption of disaccharides 
and dipeptides are promoted. In addition, it was indicated that longer villi are correlated 
with activation of cell mitosis (Samanya & Yamauchy, 2002). 

2.2 Crypt depth 

The data related to effects of probiotics on crypt depth are inconsistent. Probably there are 
variations depending on the species, the dose or the application of used probiotic. Yang et 
al. (2009) have reported that crypt depth decreased in mice supplemented with moderate 
and high doses of probiotic (Bifidobacterium adolescentis BBMN23) for 2 weeks, but on the 
contrary it was increased in low dose probiotic supplemented group compared to controls. 
However after 4 weeks of application, increased crypt depth has been reported in moderate 
and high doses groups. Willing & Van Kessel (2007) have reported that crypt depth was 
increased in piglets inoculated with Lactobacillus fermentum (monoassociated with 
Lactobacillus fermentum) compared to conventional animals. Similarly, increased crypt depth 
in duodenum, jejunum and ileum of chicks supplemented with Bacillus subtilis has been 
found (Pelicano et al., 2005).  

Scharek et al. (2005) have reported that there was no significant change in the crypt depth in 
proximal jejunum of pigs supplemented with Enterococcus faecium 68. Similarly, it has been 
stated that crypt depth didn’t change in duodenum, but decreased in ileum of broiler chicks 
supplemented with Lactobacillus sp (Awad et al., 2009). In addition, it has been reported that 
crypt depth was not changed in broiler chicks supplemented with Saccharomyces cerevisiae 
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Probiotics are widely used for the promotion and improvement of health in humans and in 
animal species. Probiotics have been used as a biologically active substance in a large extend 
of pathologic conditions ranging from antibiotic-associated or travelers’  diarrhea, irritable 
bowel syndrome (IBS), and lactose intolerance to dental caries, ulcers due to Helicobacter 
pylori, hepatic encephalopathy, intestinal motility disorders and neonatal necrotizing 
enterocolitis (Deshpande et al., 2011). It has been used as a growth, or production 
performance promoter in poultry species or farm animals. There are also numerous 
scientific reports about the interaction between probiotics and immune system. On the other 
hand, the effects of probiotics on digestive physiology and intestinal tract morphology have 
not been documented sufficiently. Therefore, the objective of this chapter is to assess the 
effects of probiotics on gastrointestinal physiology and morphology in human and animal 
models. The effects of probiotics on digestive and absorptive function of the intestine, 
expression of brush border enzymes and nutrient transport systems have been investigated 
in this chapter. The relationship between probiotics and gut motility or transit time of 
gastrointestinal content has also been highlighted. The effects of probiotics on 
morphological characteristics and the proliferation capacity of crypt and villus epithelium 
have been focused and in addition, the effects of probiotic on enteric nervous system have 
been evaluated. Finally, impact of the probiotics on the physical and functional barrier of 
gastrointestinal tract has been evaluated in this chapter.  

2. The effects of probiotics on intestinal morphology and cell proliferation 
To investigate the effects of microorganisms on the development of digestive tract, generally 
animal models are used. Because, obtaining and examining intestinal mucosal samples of 
people are technically more difficult. The morphological parameters such as length of villi, 
depth of crypt, villi/crypt proportion, and surface area of villi are used to investigate the 
effects of microorganisms on intestinal morphology and cell proliferation. The height of villi 
and the depth of crypt are considered as the indicators of intestinal functions.  

In the comparative studies conducted on germ free and conventional animals it has been 
determined that microorganisms located to digestive tract during the postnatal period 
caused to decreased villi length and increased crypt depth in conventional animals i.e. in pig 
(Willing & Van Kessel, 2007), in rat (Ishikawa et al., 1999) and in birds (Furuse & Okumura, 
1994). However, it has been also reported that there is no difference between germ-free and 
conventional animals regarding development of villi (Sharma et al., 1995). It has been 
determined that length of villi is higher in gnotobiotic animal models as in germ-free 
animals compared to conventional animals (Herich et al., 2004). The effects of probiotics 
have been investigated by inoculating probiotics to germ free animals or supplementing 
conventional animals with probiotics. 

2.1 Villus height 

Willing & Van Kessel (2007) have reported that villus height was increased in gnotobiotic 
piglets inoculated Lactobacillus fermentum (monoassociated with Lactobacillus fermentum) and 
Di Giancamillo et al. (2008) also has reported increase in villus height in piglets 
supplemented with Pediococcus acidilactici. Yang et al. (2009) have investigated intestinal 
tract morphology of mice supplemented orally high, low and moderate doses of 
Bifidobacterium adolescentis BBMN23 and Bifidobacterium adolescentis BBMN68 after 2 and 4 
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weeks of application. Villus height was longer in low dose group compared to those of 
controls, but moderate and high doses did not affect it after two weeks. However after 4 
weeks, villus height increased in all groups supplemented with probiotic. Similarly villus 
height increase has been reported in studies conducted on birds as an animal model (Samli 
et al., 2007; Awad et al., 2010).  

Effects of the probiotic on villus height may change depending on the species of 
microorganism or probiotic. For example, villus height in duodenum and ileum increased 
but did not changed in jejunum of broiler chicks supplemented with Pediococcus acidlactici as 
probiotic (Taheri et al., 2010). On the other hand Günal et al. (2006) reported that villus 
height of jejunum and ileum increased in broiler chicks applied multi-microbe probiotic 
product. Segmental differences were also found in comparative studies conducted on germ 
free and conventional animals. Shirkey et al. (2006) have reported that villus height was the 
longest in jejunum of pigs supplemented with Lactobacillus fermentum. On the other hand 
Shurson et al. (1990) reported that germ-free pigs had longer ileal and duodenal villi, but 
shorter jejunal villi compared with their conventional counterparts. Saccharomyces boulardii is 
one of the yeast that has been using as probiotic. It has been determined that there was no 
significance change in villus height or crypt depth of intestinal biopsy samples obtained 
from volunteers who were supplemented with Saccharomyces boulardii for 14 days (Buts et 
al., 2002). However, another yeast species (Saccharomyces cerevisiae) was reported to 
increased villus height of ileum in birds (Zhang et al., 2005). Meslin and Sacquet (1984) who 
investigated microvilli on the surface of enterocytes reported that the microvilli were 
significantly shorter in all small intestinal regions when the micro flora was present. The 
decrease in microvillus length (due to the presence of micro flora) in germ free rat, was 5% 
in the duodenum, 9% in the jejunum and 18% in the ileum. Because increased villus height 
leads to increased surface area at the same time, digestion and absorption of disaccharides 
and dipeptides are promoted. In addition, it was indicated that longer villi are correlated 
with activation of cell mitosis (Samanya & Yamauchy, 2002). 

2.2 Crypt depth 

The data related to effects of probiotics on crypt depth are inconsistent. Probably there are 
variations depending on the species, the dose or the application of used probiotic. Yang et 
al. (2009) have reported that crypt depth decreased in mice supplemented with moderate 
and high doses of probiotic (Bifidobacterium adolescentis BBMN23) for 2 weeks, but on the 
contrary it was increased in low dose probiotic supplemented group compared to controls. 
However after 4 weeks of application, increased crypt depth has been reported in moderate 
and high doses groups. Willing & Van Kessel (2007) have reported that crypt depth was 
increased in piglets inoculated with Lactobacillus fermentum (monoassociated with 
Lactobacillus fermentum) compared to conventional animals. Similarly, increased crypt depth 
in duodenum, jejunum and ileum of chicks supplemented with Bacillus subtilis has been 
found (Pelicano et al., 2005).  

Scharek et al. (2005) have reported that there was no significant change in the crypt depth in 
proximal jejunum of pigs supplemented with Enterococcus faecium 68. Similarly, it has been 
stated that crypt depth didn’t change in duodenum, but decreased in ileum of broiler chicks 
supplemented with Lactobacillus sp (Awad et al., 2009). In addition, it has been reported that 
crypt depth was not changed in broiler chicks supplemented with Saccharomyces cerevisiae 
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yeast (Zhang et al., 2005). Increased crypt depth indicates that both mucosal secretion 
(Chiou et al., 1996) and cell turnover are high (Yason et al., 1987).  

2.3 Villus height/crypt depth ratio 

In studies conducted on germ free animals it has been determined that the villus 
height/crypt depth ratio is higher in germ free animals than conventional animals 
(Heneghan et al., 1984). Awad et al. (2010) have reported that villus height to crypt depth 
ratio increased in duodenum and ileum of chicks supplemented with Lactobacillus sp. 
Similarly, supplementation of multi-microbe probiotic product has been reported to cause 
increased villus height to crypt depth ratio in duodenum and ileum (Kim et al., 2011). It has 
been indicated that, increased villus height to crypt depth ratio are directly correlated with 
an increased epithelial turnover (Fan et al., 1997). Therefore, it may be concluded that 
bacteria used as probiotic positively affect development of intestinal epithelia.  

2.4 Villus surface area 

The effects of probiotics on villus surface area may change depending on the segment which 
bacteria colonized. For example, jejunum villus surface area increased, but duodenum or 
ileum surface area did not affected in chicks supplemented with probiotic containing 
Lactobacillus acidophilus, Lactobacillus casei, Bifidobacterium bifidum, and Enterococcus faecium 
species (Smirnov et al., 2005). Similarly Samanya and Yamauchy (2002) have reported that 
Bacillus subtilis natto increased villus surface dose dependently but this increase varied 
between different segments. Increased surface area allows for increased intestinal absorptive 
area. Increased absorptive area is useful because digested nutrients pass into the villi 
through diffusion, so effectiveness of diffusion increases. 

2.5 Cell proliferation, migration and turnover 

Proliferation, migration, number and apoptosis of cells in intestinal tract are affected by 
secreted molecules or fermented products of microorganisms in digestive tract.  

It has been determined that cell count and mitotic index in intestinal villus and crypt was 
higher in gnotobiotic rats mono-associated with Lactobacillus rhamnousus GG compared to 
germ-free or conventional animals (Banasaz et al., 2002). Probiotics both increase cells in 
intestinal mucosa and affect the migration of cells in crypt to the tip of villus. Canonici et al. 
(2011) have revealed by in vitro and in vivo studies that Saccharomyces boulardii accelerates 
migration of intestinal enterocytes through crypt-villus axis by activating α2β1 integrin 
collagen receptor. Because of this effect, Saccharomyces boulardii accelerates the repair of 
intestinal epithelium damage.  

Results related to the effects of probiotics on the proliferation of intestinal epithelium cells 
are controversial. Mogilner et al. (2007) have reported that Lactobacillus GG’ did not affect 
proliferation of enterocytes in rats with short bowel syndrome. Similarly, it has been 
reported that Saccharomyces boulardii did not affect proliferation of enterocytes (Canonici et 
al., 2011). However Ichikawa et al. (1999) have suggested that Clostridium butyricum and 
Lactobacillus casei had tropic effect on digestive tract by enhancing proliferation of intestinal 
epithelial cells. It has been reported that probiotics increased the production of short-chain 
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fatty acids (SCFA) (Sakata et al., 1999). Investigators have suggested that proliferative effects 
of probiotics on intestinal epithelial cells are based on the probiotic induced increased SCFA 
production. In the same way, Di Giancamillo et al. (2008) have reported that enterocyte 
proliferation increased in piglets supplemented with Pediococcus acidilactici. 

Mogilner et al. (2007) have reported that there was a decrease in enterocyte death via 
apoptosis in rats with short bowel syndrome supplemented with Lactobacillus GG. 

It has been suggested that bacteria used as probiotic affect functions and counts of the goblet 
cells in intestinal mucosa other than enterocytes. Because the mucus secreted by goblet cells 
is one of the factors composing intestinal barrier, it has significance on the prevention of 
pathogen invasion in digestive tract.  

Gauffin Cano et al. (2002) reported an increase in the number of goblet cells after the 
administration of the probiotic strain Lactobacillus casei CRL 431 in a malnourished mouse 
model. In addition there is ample evidence that intestinal microbiota affect goblet cell 
dynamics, including mucus secretion and composition either directly by the secretion of 
bioactive factors or indirectly by the activation of host immune cells (Sharma et al., 1995). 

3. The effect of probiotics on the motility of the gastrointestinal tract 
Either gastrointestinal motility or the kinetic of its content is one of the most important 
variations providing gastrointestinal tract’s comfort. The changes in motility can make 
symptoms varying from constipation to diarrhea come into being (Ohashi & Ushida, 2009). 
The interest to probiotics, due to their motility regulatory effects, is rising in functional 
gastrointestinal disorders. 

The influence of microorganisms on intestinal motility was reported for the first time by 
Abraham and Bishop. These researchers observed that both small and large intestinal transit 
time and gastric emptying decreased in germ-free animals (Abraham & Bishop, 1967). 
Husebye et al. (1994) detected that phase-3 intervals in migrating motor complex (MMC) in 
germ-free animals were extended. In addition, they noticed that the motility became normal 
when specific pathogen free bacteria were inoculated in these animals’ intestines. They also 
noticed that the motility of intestines became normal when probiotics were inoculated 
instead of doing so with commensal bacteria. 

Actually gastrointestinal motility and microorganisms in the tracts are mutually influencing 
each other. The presence or the absence of the motility affects microorganisms’ colonization 
and also the motility is being altered in case the microorganisms are lacking. Both migrating 
motor complex in stomach and the one way peristaltic movements in small intestine 
influence the colonization in the area (Quigley, 2011). Thus the decrease of intestinal motility 
causes small intestinal bacterial overgrowth (SIBO).  

In addition to commensal bacteria in gastrointestinal tract, those used as probiotic were also 
detected to be influencing the motility (Williams et al., 2010). Diverse researches related to 
the subject in both human and animal models were conducted. Massi et al. (2006), observed 
in vitro the influence of probiotics on motility in ileum and proximal colon segments isolated 
from guinea pigs. They realized that Lactobacillus and cytoplasmic extract obtained from 
Bifidobacterium caused a contraction in ileum and a relaxation in proximal colon. They 
claimed that the extract mentioned above does not exert its effect via muscarinic receptors 
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yeast (Zhang et al., 2005). Increased crypt depth indicates that both mucosal secretion 
(Chiou et al., 1996) and cell turnover are high (Yason et al., 1987).  

2.3 Villus height/crypt depth ratio 

In studies conducted on germ free animals it has been determined that the villus 
height/crypt depth ratio is higher in germ free animals than conventional animals 
(Heneghan et al., 1984). Awad et al. (2010) have reported that villus height to crypt depth 
ratio increased in duodenum and ileum of chicks supplemented with Lactobacillus sp. 
Similarly, supplementation of multi-microbe probiotic product has been reported to cause 
increased villus height to crypt depth ratio in duodenum and ileum (Kim et al., 2011). It has 
been indicated that, increased villus height to crypt depth ratio are directly correlated with 
an increased epithelial turnover (Fan et al., 1997). Therefore, it may be concluded that 
bacteria used as probiotic positively affect development of intestinal epithelia.  

2.4 Villus surface area 

The effects of probiotics on villus surface area may change depending on the segment which 
bacteria colonized. For example, jejunum villus surface area increased, but duodenum or 
ileum surface area did not affected in chicks supplemented with probiotic containing 
Lactobacillus acidophilus, Lactobacillus casei, Bifidobacterium bifidum, and Enterococcus faecium 
species (Smirnov et al., 2005). Similarly Samanya and Yamauchy (2002) have reported that 
Bacillus subtilis natto increased villus surface dose dependently but this increase varied 
between different segments. Increased surface area allows for increased intestinal absorptive 
area. Increased absorptive area is useful because digested nutrients pass into the villi 
through diffusion, so effectiveness of diffusion increases. 

2.5 Cell proliferation, migration and turnover 

Proliferation, migration, number and apoptosis of cells in intestinal tract are affected by 
secreted molecules or fermented products of microorganisms in digestive tract.  

It has been determined that cell count and mitotic index in intestinal villus and crypt was 
higher in gnotobiotic rats mono-associated with Lactobacillus rhamnousus GG compared to 
germ-free or conventional animals (Banasaz et al., 2002). Probiotics both increase cells in 
intestinal mucosa and affect the migration of cells in crypt to the tip of villus. Canonici et al. 
(2011) have revealed by in vitro and in vivo studies that Saccharomyces boulardii accelerates 
migration of intestinal enterocytes through crypt-villus axis by activating α2β1 integrin 
collagen receptor. Because of this effect, Saccharomyces boulardii accelerates the repair of 
intestinal epithelium damage.  

Results related to the effects of probiotics on the proliferation of intestinal epithelium cells 
are controversial. Mogilner et al. (2007) have reported that Lactobacillus GG’ did not affect 
proliferation of enterocytes in rats with short bowel syndrome. Similarly, it has been 
reported that Saccharomyces boulardii did not affect proliferation of enterocytes (Canonici et 
al., 2011). However Ichikawa et al. (1999) have suggested that Clostridium butyricum and 
Lactobacillus casei had tropic effect on digestive tract by enhancing proliferation of intestinal 
epithelial cells. It has been reported that probiotics increased the production of short-chain 
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fatty acids (SCFA) (Sakata et al., 1999). Investigators have suggested that proliferative effects 
of probiotics on intestinal epithelial cells are based on the probiotic induced increased SCFA 
production. In the same way, Di Giancamillo et al. (2008) have reported that enterocyte 
proliferation increased in piglets supplemented with Pediococcus acidilactici. 

Mogilner et al. (2007) have reported that there was a decrease in enterocyte death via 
apoptosis in rats with short bowel syndrome supplemented with Lactobacillus GG. 

It has been suggested that bacteria used as probiotic affect functions and counts of the goblet 
cells in intestinal mucosa other than enterocytes. Because the mucus secreted by goblet cells 
is one of the factors composing intestinal barrier, it has significance on the prevention of 
pathogen invasion in digestive tract.  

Gauffin Cano et al. (2002) reported an increase in the number of goblet cells after the 
administration of the probiotic strain Lactobacillus casei CRL 431 in a malnourished mouse 
model. In addition there is ample evidence that intestinal microbiota affect goblet cell 
dynamics, including mucus secretion and composition either directly by the secretion of 
bioactive factors or indirectly by the activation of host immune cells (Sharma et al., 1995). 

3. The effect of probiotics on the motility of the gastrointestinal tract 
Either gastrointestinal motility or the kinetic of its content is one of the most important 
variations providing gastrointestinal tract’s comfort. The changes in motility can make 
symptoms varying from constipation to diarrhea come into being (Ohashi & Ushida, 2009). 
The interest to probiotics, due to their motility regulatory effects, is rising in functional 
gastrointestinal disorders. 

The influence of microorganisms on intestinal motility was reported for the first time by 
Abraham and Bishop. These researchers observed that both small and large intestinal transit 
time and gastric emptying decreased in germ-free animals (Abraham & Bishop, 1967). 
Husebye et al. (1994) detected that phase-3 intervals in migrating motor complex (MMC) in 
germ-free animals were extended. In addition, they noticed that the motility became normal 
when specific pathogen free bacteria were inoculated in these animals’ intestines. They also 
noticed that the motility of intestines became normal when probiotics were inoculated 
instead of doing so with commensal bacteria. 

Actually gastrointestinal motility and microorganisms in the tracts are mutually influencing 
each other. The presence or the absence of the motility affects microorganisms’ colonization 
and also the motility is being altered in case the microorganisms are lacking. Both migrating 
motor complex in stomach and the one way peristaltic movements in small intestine 
influence the colonization in the area (Quigley, 2011). Thus the decrease of intestinal motility 
causes small intestinal bacterial overgrowth (SIBO).  

In addition to commensal bacteria in gastrointestinal tract, those used as probiotic were also 
detected to be influencing the motility (Williams et al., 2010). Diverse researches related to 
the subject in both human and animal models were conducted. Massi et al. (2006), observed 
in vitro the influence of probiotics on motility in ileum and proximal colon segments isolated 
from guinea pigs. They realized that Lactobacillus and cytoplasmic extract obtained from 
Bifidobacterium caused a contraction in ileum and a relaxation in proximal colon. They 
claimed that the extract mentioned above does not exert its effect via muscarinic receptors 
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since its effect was not inhibited by atropine. Yet, its mechanism is not fully elucidated so far 
(Waller et al., 2011). 

The motility-probiotic relationship in humans was both in healthy individuals and in case of 
different diseases evaluated despite of technical difficulties. Indrio et al. (2008) who 
observed the connection between gastric emptying and the probiotics determined that 
gastric emptying time in infants being given Lactobacillus reuteri was significantly rapid 
compared to those in placebo group. Cherbut et al. (1997) noticed that the motility of 
terminal colon rises while sleeping in humans supplemented with Lactobacillus casei. 
Marteau et al. (2002) reported Bifidobacterium lactus strain DN 173010 to reduce colonic 
transit time in healthy female individuals. Waller et al. (2011) explained that whole gut 
transit time (WGTT) decreased in a dose-dependent manner in male and females obtaining 
different doses of Bifidobacterium lactis HN019 during 14 days.  

Indrio et al. (2009) observing electrical activity that forms motility reported that the 
percentage of propagation (the electric activity turning into peristaltic movement) was 
higher in infants to which Lactobacillus reuteri was given compared to those in placebo 
group. 

Lots of diseases such as irritable bowel syndrome (IBS) causing gastrointestinal dysfunction, 
also influence digestive tract motility or its motor activity. Probiotics are used in treatment 
of motoric function disorders seen in such diseases’ post infective periods. For example post 
infective period hyper contractility was observed to be present in digestive tract of mice 
infected with Trchinella spiralis. It has been observed that the hyper contractility in mice 
given Lactobacillus paracasei NCC2461 specifically weakened (Verdu et al., 2004). In the same 
way delayed gastric emptying was observed in mice infected via Helicobacter pylori. Gastric 
functions were detected to be normalized in the same mice following probiotic treatment 
with  Lactobacillus rhamnosus R0011 and Lactobacillus helvaticus R0052 (Verdu et al., 2008). 
Agrawal et al. (2009) reported that both colonic and orocecal transit were accelerated when 
fermented milk product containing Bifidobactreium lactis DN-173010 were given to patients 
suffering from irritable bowel syndrome presented with abdominal distension and 
constipation and also that this was making the case symptoms’ influences to be diminished. 
Intestinal transit time was detected to be lengthened in diseases representing with digestive 
tract functional disorders such as IBS. Even the mechanism that lies beneath is not fully 
elucidated; it was estimated to be related to the imbalance in intestinal micro flora due to the 
illness itself. 

The effects of probiotics on intestinal tract are being influenced by diverse factors. The 
motility in intestinal tract was acclaimed to be possibly specific to the type of the probiotic 
used (Husebye et al., 2001). Either the physiologic situation of the human or the animal is 
another factor affecting the motility. For example it was detected that in elderly people, 
Bifidobacterium DN 173010 reduces oro-fecal transit time while the same bacteria accelerates 
only colonic transit time in healthy volunteers. In addition, its effects in males were 
established to differ from that in females (Meance et al., 2001). 

3.1 The mechanism of action 

The mechanism lying beneath the effects of probiotics on motility are not fully elucidated. 
Yet the probable influence mechanisms can be divided into three headlines; 1) Products 

 
The Impact of Probiotics on the Gastrointestinal Physiology 57 

secreted by bacteria or final products formed at the end of fermentation 2) Influence of 
microorganisms on intestinal neuroendocrine factors 3) Influence of mediators secreted due 
to gastrointestinal tract’s immune reaction (Barbara et al., 2005). 

The stimulation of colonic motility via the rise of fecal bacterial mass,  the stimulated 
cholecystokinin and deconjugated or dehydroxylated bile salts is considered to be a part of 
other mechanisms. Some probiotics such as Bifidiobacteium lactis HN019 stimulate the 
production of lactic acid bacteria in the environment. As a consequence of lactic acid 
bacteria production, WGTT time decreases while peristaltic accelerates owing to the 
reduction of the intestinal content pH (Salminen et al., 1997). 

A high number of gas occurring due to the digestion of indigested carbohydrates by colonic 
microbiota influences intestinal motility. Yet different influences may occur in motility 
related to the gas type formed. For example, when methane producing bacteria in intestinal 
flora multiplies, compared to the effects of those releasing hydrogen, intestinal transit time 
increases, motor activity is directly inhibited, and on the contrary  non propulsive and 
segmental contractions increase (Pimentel et al., 2006). 

Short chain fatty acid (SCFA) appearing as an outcome of carbohydrate or lipid 
fermentation by probiotics is one of the most important final products influencing 
gastrointestinal motility. Cherbut et al. (1997) observing the influence of SCFA on motility 
detected that SCFA showed contractile activity via enteric cholinergic reflex in low 
concentrations (0.1 to 10 mmol/L). Nevertheless this was also detected to be a temporary 
effect. SCFA in high concentrations (100 mmol/L) was observed to inhibit colonic 
contraction (Sakata, 1987). McManus et al. (2002) reported that SCFA inhibits peristaltic 
activity while it stimulates the tonic activity in the large intestine of dogs. It exerts this effect 
by influencing Ca+2 influx to gastrointestinal smooth muscle cells. Besides colonic motility 
SCFA was also determined to influence upper part of digestive tract, to cause relaxation in 
both lower esophageal sphincter and proximal stomach and also it decreases gastric 
emptying time. It was explained that it showed this effect via hormonal way with the use of 
polypeptide YY (Labayen et al., 2001). 

In addition, probiotics affect the motility in an indirect way by influencing some 
inflammatory mediators’ expression occurring during the disease that alters gastrointestinal 
tract functions. For example, Lactobacillus paracasei weaken the hyper contractility rising in 
the post infective period of diseases by increasing the expression of COX-2 being one of the 
inflammatory mediators (Verdu et al., 2004). Mediators such as TGF-β and prostaglandin 
E(2) released during gastrointestinal diseases damage both enteric nervous system and 
interstitial cells of cajal. Disorders in the motility occur since the neuronal structures 
mentioned above regulate intestinal tract motility. Probiotics given in post infective period 
normalize the motility as they accelerate the healing of damaged cells in enteric nervous 
system (Indrio et al., 2008). 

4. Effects of probiotics on pancreatic digestive enzymes 
There is only limited research on the effects of probiotics on pancreatic digestive enzymes 
such as amylase, lipase, trypsin, chymotrypsin, although there are few publication related to 
effects of probiotics on mucosal digestive enzymes. The relation between microorganisms of 
intestinal tract and pancreatic enzymes has been investigated in some studies using germ-
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since its effect was not inhibited by atropine. Yet, its mechanism is not fully elucidated so far 
(Waller et al., 2011). 

The motility-probiotic relationship in humans was both in healthy individuals and in case of 
different diseases evaluated despite of technical difficulties. Indrio et al. (2008) who 
observed the connection between gastric emptying and the probiotics determined that 
gastric emptying time in infants being given Lactobacillus reuteri was significantly rapid 
compared to those in placebo group. Cherbut et al. (1997) noticed that the motility of 
terminal colon rises while sleeping in humans supplemented with Lactobacillus casei. 
Marteau et al. (2002) reported Bifidobacterium lactus strain DN 173010 to reduce colonic 
transit time in healthy female individuals. Waller et al. (2011) explained that whole gut 
transit time (WGTT) decreased in a dose-dependent manner in male and females obtaining 
different doses of Bifidobacterium lactis HN019 during 14 days.  

Indrio et al. (2009) observing electrical activity that forms motility reported that the 
percentage of propagation (the electric activity turning into peristaltic movement) was 
higher in infants to which Lactobacillus reuteri was given compared to those in placebo 
group. 

Lots of diseases such as irritable bowel syndrome (IBS) causing gastrointestinal dysfunction, 
also influence digestive tract motility or its motor activity. Probiotics are used in treatment 
of motoric function disorders seen in such diseases’ post infective periods. For example post 
infective period hyper contractility was observed to be present in digestive tract of mice 
infected with Trchinella spiralis. It has been observed that the hyper contractility in mice 
given Lactobacillus paracasei NCC2461 specifically weakened (Verdu et al., 2004). In the same 
way delayed gastric emptying was observed in mice infected via Helicobacter pylori. Gastric 
functions were detected to be normalized in the same mice following probiotic treatment 
with  Lactobacillus rhamnosus R0011 and Lactobacillus helvaticus R0052 (Verdu et al., 2008). 
Agrawal et al. (2009) reported that both colonic and orocecal transit were accelerated when 
fermented milk product containing Bifidobactreium lactis DN-173010 were given to patients 
suffering from irritable bowel syndrome presented with abdominal distension and 
constipation and also that this was making the case symptoms’ influences to be diminished. 
Intestinal transit time was detected to be lengthened in diseases representing with digestive 
tract functional disorders such as IBS. Even the mechanism that lies beneath is not fully 
elucidated; it was estimated to be related to the imbalance in intestinal micro flora due to the 
illness itself. 

The effects of probiotics on intestinal tract are being influenced by diverse factors. The 
motility in intestinal tract was acclaimed to be possibly specific to the type of the probiotic 
used (Husebye et al., 2001). Either the physiologic situation of the human or the animal is 
another factor affecting the motility. For example it was detected that in elderly people, 
Bifidobacterium DN 173010 reduces oro-fecal transit time while the same bacteria accelerates 
only colonic transit time in healthy volunteers. In addition, its effects in males were 
established to differ from that in females (Meance et al., 2001). 

3.1 The mechanism of action 

The mechanism lying beneath the effects of probiotics on motility are not fully elucidated. 
Yet the probable influence mechanisms can be divided into three headlines; 1) Products 
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secreted by bacteria or final products formed at the end of fermentation 2) Influence of 
microorganisms on intestinal neuroendocrine factors 3) Influence of mediators secreted due 
to gastrointestinal tract’s immune reaction (Barbara et al., 2005). 

The stimulation of colonic motility via the rise of fecal bacterial mass,  the stimulated 
cholecystokinin and deconjugated or dehydroxylated bile salts is considered to be a part of 
other mechanisms. Some probiotics such as Bifidiobacteium lactis HN019 stimulate the 
production of lactic acid bacteria in the environment. As a consequence of lactic acid 
bacteria production, WGTT time decreases while peristaltic accelerates owing to the 
reduction of the intestinal content pH (Salminen et al., 1997). 

A high number of gas occurring due to the digestion of indigested carbohydrates by colonic 
microbiota influences intestinal motility. Yet different influences may occur in motility 
related to the gas type formed. For example, when methane producing bacteria in intestinal 
flora multiplies, compared to the effects of those releasing hydrogen, intestinal transit time 
increases, motor activity is directly inhibited, and on the contrary  non propulsive and 
segmental contractions increase (Pimentel et al., 2006). 

Short chain fatty acid (SCFA) appearing as an outcome of carbohydrate or lipid 
fermentation by probiotics is one of the most important final products influencing 
gastrointestinal motility. Cherbut et al. (1997) observing the influence of SCFA on motility 
detected that SCFA showed contractile activity via enteric cholinergic reflex in low 
concentrations (0.1 to 10 mmol/L). Nevertheless this was also detected to be a temporary 
effect. SCFA in high concentrations (100 mmol/L) was observed to inhibit colonic 
contraction (Sakata, 1987). McManus et al. (2002) reported that SCFA inhibits peristaltic 
activity while it stimulates the tonic activity in the large intestine of dogs. It exerts this effect 
by influencing Ca+2 influx to gastrointestinal smooth muscle cells. Besides colonic motility 
SCFA was also determined to influence upper part of digestive tract, to cause relaxation in 
both lower esophageal sphincter and proximal stomach and also it decreases gastric 
emptying time. It was explained that it showed this effect via hormonal way with the use of 
polypeptide YY (Labayen et al., 2001). 

In addition, probiotics affect the motility in an indirect way by influencing some 
inflammatory mediators’ expression occurring during the disease that alters gastrointestinal 
tract functions. For example, Lactobacillus paracasei weaken the hyper contractility rising in 
the post infective period of diseases by increasing the expression of COX-2 being one of the 
inflammatory mediators (Verdu et al., 2004). Mediators such as TGF-β and prostaglandin 
E(2) released during gastrointestinal diseases damage both enteric nervous system and 
interstitial cells of cajal. Disorders in the motility occur since the neuronal structures 
mentioned above regulate intestinal tract motility. Probiotics given in post infective period 
normalize the motility as they accelerate the healing of damaged cells in enteric nervous 
system (Indrio et al., 2008). 

4. Effects of probiotics on pancreatic digestive enzymes 
There is only limited research on the effects of probiotics on pancreatic digestive enzymes 
such as amylase, lipase, trypsin, chymotrypsin, although there are few publication related to 
effects of probiotics on mucosal digestive enzymes. The relation between microorganisms of 
intestinal tract and pancreatic enzymes has been investigated in some studies using germ-
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free animals. It has been indicated that the bacterial status altered preferentially the exocrine 
pancreatic function. The specific activities of amylase, trypsin and carboxypeptidase-A were 
lower in germ-free than in conventional rats (Lhoste et al., 1996). How microorganisms in 
digestive tract affect secretion of pancreatic enzymes has not been determined. However 
hormones which stimulate enzyme secretion in pancreas such as enteroglucagon, gastrin or 
pancreatic polypeptide have been reported to be lower in germ-free animals compared to 
conventional animals (Goodlad et al., 1989). Decreased pancreatic enzymes in germ-free 
animals may be explained by this report. Moreover the cecal micro flora may also affect the 
pancreas via its metabolites. In fact, SCFA can stimulate amylase release from the rat 
pancreas directly (Ohbo et al., 1996).  

Matur et al. (2007) have been reported that chymotrypsin levels decreased but amylase, 
lipase and trypsin levels did not changed in pancreas of broiler chicks which were 
supplemented with Enterrococcius facium NCIMB10415. In addition, intestinal tract 
enzyme activities were reported to be lower in animals supplemented with probiotics 
than those of control animals in the same study. The researchers have suggested that the 
relevant probiotics may affect the biosynthesis of pancreatic enzymes or their secretion to 
small intestines, although the mechanism underlying this effect has not been fully 
elucidated yet.  

Microorganisms in digestive tract may also affect digestive enzyme activities indirectly. 
Drouault et al. (2002) have reported that Lactobacillus lactis produces lipase and this lipase 
ameliorated steatorrhea in pigs fed on high lipid meal. 

4.1 Probiotic application in diseases related to digestive enzyme deficiencies 

Sucrase deficiency, also known as sucrase-isomaltase deficiency, is the most common 
disaccharidase deficiency in human. It is a genetic disorder and causes to malabsorption of 
sucrose in diet and consequently to accumulation of hydrogen in the colon, swelling, 
diarrhea and abdominal cramps (Rolfe, 2000). Saccharomyces cerevisiae expresses significant 
sucrase and some isomaltase activity, and it has been proposed to improve malabsorption in 
patients with sucrase-isomaltase deficiency (Harms et al., 1987). Similarly Treem et al. (1993) 
have reported that the liquid preparation which is a by-product of the manufacture of 
baker's yeast reduced breath hydrogen excretion in patients with congenital sucrase-
isomaltase deficiency that were given a sucrose load and allowed most patients to consume 
a sucrose-containing diet. 

4.2 Lactase deficiency 

Lactase insufficiency means that the concentration of the lactose cleaving enzyme β-
galactosidase, also called lactase, in the brush border membrane of the mucosa of the small 
intestine is too small. Lactase deficiency is a very common condition characterized with 
lactose malabsorption in the intestinal mucosa. High concentrations of lactase enzyme are 
physiologically present in neonates. In the post weaning period, an irreversible reduction of 
its activity occurs in human (Montalto et al., 2006), and in mammalian animal species 
(Batchelor et al., 2011). Secondary lactase deficiency can be seen any condition that damages 
the small intestinal epithelial cells or significantly increases the gastrointestinal transit time. 
Thus, secondary hypolactasia is transient and reversible (Montalto et al., 2006).  
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It has been observed that patients with lactose maldigestion had higher lactose tolerance 
when eating fermented dairy products such as yogurt and could easily digest them 
compared to milk. There are two mechanisms lying beneath this situation. First, β-
galactosidase is released from bacteria in yogurt after digested by bile acids. Second, 
delaying gastric emptying and slowing intestinal transit times prolong the action of residual 
β-galactosidase in the small intestine and decrease the osmotic load of the lactose (Marteau 
et al., 2001). Ojetti et al. (2010) were investigated hydrogen breath excretion and 
gastrointestinal symptoms as indicators of lactose intolerance in patients. They have 
reported that hydrogen excretion decreased and clinical symptoms improved in the group 
given Lactobacillus reuteri compared to those of placebo group. De Vrese et al. (2001) tested 
whether live bacteria in the fermented or non-fermented milk product are a prerequisite for 
enhanced lactose cleavage by microbial β-galactosidase. They found that lactose digestion in 
lactose malabsorbers and gastrointestinal well-being can be significantly improved if a milk 
product contains active microbial β-galactosidase. The bacteria need not to be alive but 
intact cell walls are required to act as a mechanical protection of the enzyme during gastric 
passage. 

5. The effect of probiotics on the absorptive function of the intestine 
5.1 Sodium and chloride absorptions 

It has been determined that two carrier proteins play a role in the sodium absorption; 
“sodium hydrogen exchanger-2” (NHE-2) and NHE-3 which are the members of “solute 
carrier family-9” (SLC9) (Malakooti et al., 2011). While NHE-2 is expressed mostly in colon, 
NHE-3 is expressed mainly in ileum (Dudeja et al., 1996). The carrier proteins “down 
regulated in adenoma” (DRA) and putative anion transporter-1 (PAT-1) from SLC26 gene 
family have a role in chloride absorption. While PAT-1 is mainly expressed in small 
intestines, DRA is more expressed in colon than small intestines (Wang et al., 2002).  

Probiotics such as Lactobacillus are used as a treatment support in diseases especially 
characterized by fluid loss in children. It has been determined that probiotics reduce sodium 
chloride and fluid loss in these diseases (Raheja et al., 2010). Furthermore it has been 
reported that Saccharomyces boulardii increases chloride net absorption from jejunum and 
descending colon in vitro (Krammer & Karbash, 1993). 

To investigate the molecular mechanisms underlying the effects of probiotics on electrolyte 
and water absorption from intestinal tract, some in vivo and in vitro studies have been 
carried on. Human colon adenocarcinoma cell (Caco-2) has been used extensively as a 
model cell in vitro experiments subjected intestinal epithelium. Borthakur et al. (2008) 
reported that DRA activity increased in Caco-2 cells after short term Lactobacillus acidophilus 
application and this will cause chloride absorption eventually. Lactobacillus acidophilus was 
reported to cause this effect by increasing DRA expression in apical membranes of epithelial 
cells. However, it has been determined that total DRA amount in the cell did not changed, 
only DRA expression on the surface increased and this effect was caused via phosphatidyl- 
inositol 3-kinase pathway. It has been also considered that some soluble substances secreted 
by Lactobacillus acidophilus revealed this effect. 

Bacteria present in the intestines are consistently interacting with epithelial cells. Therefore, 
it has been determined that, while Lactobacillus acidophilus increase DRA mRNA expression 
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free animals. It has been indicated that the bacterial status altered preferentially the exocrine 
pancreatic function. The specific activities of amylase, trypsin and carboxypeptidase-A were 
lower in germ-free than in conventional rats (Lhoste et al., 1996). How microorganisms in 
digestive tract affect secretion of pancreatic enzymes has not been determined. However 
hormones which stimulate enzyme secretion in pancreas such as enteroglucagon, gastrin or 
pancreatic polypeptide have been reported to be lower in germ-free animals compared to 
conventional animals (Goodlad et al., 1989). Decreased pancreatic enzymes in germ-free 
animals may be explained by this report. Moreover the cecal micro flora may also affect the 
pancreas via its metabolites. In fact, SCFA can stimulate amylase release from the rat 
pancreas directly (Ohbo et al., 1996).  

Matur et al. (2007) have been reported that chymotrypsin levels decreased but amylase, 
lipase and trypsin levels did not changed in pancreas of broiler chicks which were 
supplemented with Enterrococcius facium NCIMB10415. In addition, intestinal tract 
enzyme activities were reported to be lower in animals supplemented with probiotics 
than those of control animals in the same study. The researchers have suggested that the 
relevant probiotics may affect the biosynthesis of pancreatic enzymes or their secretion to 
small intestines, although the mechanism underlying this effect has not been fully 
elucidated yet.  

Microorganisms in digestive tract may also affect digestive enzyme activities indirectly. 
Drouault et al. (2002) have reported that Lactobacillus lactis produces lipase and this lipase 
ameliorated steatorrhea in pigs fed on high lipid meal. 

4.1 Probiotic application in diseases related to digestive enzyme deficiencies 

Sucrase deficiency, also known as sucrase-isomaltase deficiency, is the most common 
disaccharidase deficiency in human. It is a genetic disorder and causes to malabsorption of 
sucrose in diet and consequently to accumulation of hydrogen in the colon, swelling, 
diarrhea and abdominal cramps (Rolfe, 2000). Saccharomyces cerevisiae expresses significant 
sucrase and some isomaltase activity, and it has been proposed to improve malabsorption in 
patients with sucrase-isomaltase deficiency (Harms et al., 1987). Similarly Treem et al. (1993) 
have reported that the liquid preparation which is a by-product of the manufacture of 
baker's yeast reduced breath hydrogen excretion in patients with congenital sucrase-
isomaltase deficiency that were given a sucrose load and allowed most patients to consume 
a sucrose-containing diet. 

4.2 Lactase deficiency 

Lactase insufficiency means that the concentration of the lactose cleaving enzyme β-
galactosidase, also called lactase, in the brush border membrane of the mucosa of the small 
intestine is too small. Lactase deficiency is a very common condition characterized with 
lactose malabsorption in the intestinal mucosa. High concentrations of lactase enzyme are 
physiologically present in neonates. In the post weaning period, an irreversible reduction of 
its activity occurs in human (Montalto et al., 2006), and in mammalian animal species 
(Batchelor et al., 2011). Secondary lactase deficiency can be seen any condition that damages 
the small intestinal epithelial cells or significantly increases the gastrointestinal transit time. 
Thus, secondary hypolactasia is transient and reversible (Montalto et al., 2006).  
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It has been observed that patients with lactose maldigestion had higher lactose tolerance 
when eating fermented dairy products such as yogurt and could easily digest them 
compared to milk. There are two mechanisms lying beneath this situation. First, β-
galactosidase is released from bacteria in yogurt after digested by bile acids. Second, 
delaying gastric emptying and slowing intestinal transit times prolong the action of residual 
β-galactosidase in the small intestine and decrease the osmotic load of the lactose (Marteau 
et al., 2001). Ojetti et al. (2010) were investigated hydrogen breath excretion and 
gastrointestinal symptoms as indicators of lactose intolerance in patients. They have 
reported that hydrogen excretion decreased and clinical symptoms improved in the group 
given Lactobacillus reuteri compared to those of placebo group. De Vrese et al. (2001) tested 
whether live bacteria in the fermented or non-fermented milk product are a prerequisite for 
enhanced lactose cleavage by microbial β-galactosidase. They found that lactose digestion in 
lactose malabsorbers and gastrointestinal well-being can be significantly improved if a milk 
product contains active microbial β-galactosidase. The bacteria need not to be alive but 
intact cell walls are required to act as a mechanical protection of the enzyme during gastric 
passage. 

5. The effect of probiotics on the absorptive function of the intestine 
5.1 Sodium and chloride absorptions 

It has been determined that two carrier proteins play a role in the sodium absorption; 
“sodium hydrogen exchanger-2” (NHE-2) and NHE-3 which are the members of “solute 
carrier family-9” (SLC9) (Malakooti et al., 2011). While NHE-2 is expressed mostly in colon, 
NHE-3 is expressed mainly in ileum (Dudeja et al., 1996). The carrier proteins “down 
regulated in adenoma” (DRA) and putative anion transporter-1 (PAT-1) from SLC26 gene 
family have a role in chloride absorption. While PAT-1 is mainly expressed in small 
intestines, DRA is more expressed in colon than small intestines (Wang et al., 2002).  

Probiotics such as Lactobacillus are used as a treatment support in diseases especially 
characterized by fluid loss in children. It has been determined that probiotics reduce sodium 
chloride and fluid loss in these diseases (Raheja et al., 2010). Furthermore it has been 
reported that Saccharomyces boulardii increases chloride net absorption from jejunum and 
descending colon in vitro (Krammer & Karbash, 1993). 

To investigate the molecular mechanisms underlying the effects of probiotics on electrolyte 
and water absorption from intestinal tract, some in vivo and in vitro studies have been 
carried on. Human colon adenocarcinoma cell (Caco-2) has been used extensively as a 
model cell in vitro experiments subjected intestinal epithelium. Borthakur et al. (2008) 
reported that DRA activity increased in Caco-2 cells after short term Lactobacillus acidophilus 
application and this will cause chloride absorption eventually. Lactobacillus acidophilus was 
reported to cause this effect by increasing DRA expression in apical membranes of epithelial 
cells. However, it has been determined that total DRA amount in the cell did not changed, 
only DRA expression on the surface increased and this effect was caused via phosphatidyl- 
inositol 3-kinase pathway. It has been also considered that some soluble substances secreted 
by Lactobacillus acidophilus revealed this effect. 

Bacteria present in the intestines are consistently interacting with epithelial cells. Therefore, 
it has been determined that, while Lactobacillus acidophilus increase DRA mRNA expression 
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in epithelial cells of colon by transcriptional mechanisms, it is not effective in jejunum and 
ileum during its long-term applications. DRA is primary chloride transporter in colon, 
therefore significance of probiotics in chloride and water absorption has been proved 
(Binder & Mehta, 1989; Raheja et al., 2009). There is a limited knowledge on the molecular 
mechanisms underlying the effects of probiotics on sodium absorption. It is well known that 
probiotics produce short chain fatty acids. The short chain fatty acids increase the 
expression of NHE-3 which plays a main role in the absorption of sodium from ileum (Kiela 
et al., 2007).  

5.2 Na+-coupled glucose absorption 

Glucose is absorbed from intestinal brush border membrane by mainly sodium-dependent 
glucose co-transporters 1 (SGLT-1) and glucose transporter 2 (GLUT-2) (Shimizu et al., 
2000). Absorption rate of the intestinal glucose depends on the SGLT-1 affinity and density 
in the membrane. High affinity SGLT-1 is primary transporter for glucose absorption.  

It has been reported that sodium coupled glucose absorption increased in small intestines of 
pigs treated with Saccharomyces boulardii or Bacillus cereus var. toyoi (Breves et al., 2000). It has 
been also determined that Enterococcus faecium NCIMB 10415 used as a probiotic caused an 
increase in intestinal transport and barrier function and glucose absorption (Lodeman et al., 
2006). Similarly, sodium coupled D-glucose absorption increase has been reported in rats 
orally applied Saccharomyces boulardii (Buts et al., 1999).  

The mechanism underlying the sodium coupled glucose absorption increasing effect of 
probiotics in intestinal epithelium cells has not been fully defined. However it has been 
suggested that specific and non-specific mechanisms may be effective. It may be a non-
specific reason such as an increase in the absorptive surface or in affinity of transporters to 
substrates due to probiotics. On the other hand Rooj et al. (2010) have reported that 
supernatant obtained from lactobacilli increased the glucose transport in Caco-2 cells non-
genomically and undefined metabolites produced by the probiotic caused this effect. This 
researchers have suggested that the metabolites produced by the probiotic cause to 
expression of cytosolic transporters in brush border membranes of enterocytes or to 
activation of transporters which were already in the membrane.  

Although it has been suggested that probiotics affect intestinal glucose transport by non-
genomic responses, SGLT-1 expression increases in rats applied Saccharomyces boulardii 
(Buts, 2009). Therefore, it is considered that the probiotics may be effective by changing gene 
expression via transcriptional or post translational mechanisms.  

5.3 Calcium absorption 

It has been reported that probiotics increase the calcium absorption from intestinal tract. 
However mechanisms underlying the increasing absorption are not fully elucidated and 
more than one mechanism may be considered (Gilman et al., 2006). Fermentation products 
occurred as a result of probiotics’ activity may increase the absorption surface by 
accelerating proliferation in enterocytes (Scholz-Ahrens at al., 2007). Furthermore short 
chained fatty acids and the other products produced by the bacteria decrease the pH of 
intestines microenvironment. Therefore, calcium solubility increases and this may be related 
to increased calcium absorption (Gilman et al., 2006; Scholz-Ahrens at al., 2007). Tang et al. 
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(2007) reported that fermenting calcium-fortified soymilk with some Lactobacillus species can 
potentially enhance the calcium bioavailability. 

Brassart & Yey (1998) have determined that 7 Lactobacillus species, which were tested in 
vitro, increased the transepithelial calcium transport in Caco-2 monolayer cells. Gilman & 
Cashman (2006) have reported that the transepithelial calcium transport did not change in 
Caco-2 monolayer cells treated by Lactobacillus salivatorius (UCC 118) and Bifidobacterium 
infantis (UCC 35624), however UCC 118 increased calcium uptake after 24 hours. Although 
the differences between the results of these studies have not exactly clarified, it has been 
suggested that the differences may be due to the different adheration of used bacteria to 
epithelial cells (Gilman & Cashman, 2006). Intestinal calcium absorption increasing effect of 
probiotics may be also related to increased expression of calcium channels in intestinal 
mucosa. Vinderola et al. (2007) observed that supernatant from milk fermented by 
Lactobacillus helveticus R389 enhanced expression of TRPV6 channels in the duodenum. 
Enhanced expression Ca+2 channels indicate an improved capacity for dietary Ca+2 uptake. 

5.4 The effects of probiotics on cholesterol absorption 

Cholesterol entered the body via food or re-absorbed from the bile secretion to the blood, is 
primary factor for heart and vascular diseases. Hypercholesterolemia is one of the most 
significant risk factor for the cardio-vascular diseases. It has been determined that various 
probiotic species decrease the serum cholesterol levels in human (Larkin et al., 2009), 
experimental animals (Park et al., 2007) or farm animals (Özcan et al., 2003; Strompfova et 
al., 2006). However hypocholesterolemic effect of probiotics depends on the species of the 
bacteria. This hypocholesterolemic effect has been suggested to be caused by more than one 
mechanism. For example lactic acid bacteria exert hypocholesterolemic effect by assimilating 
endogenous or exogenous originated cholesterol in intestinal tract or deconjugating bile 
acids (Gilliland et al., 1990). In addition, it has been reported that cholesterol and free bile 
acids bound to the cellular surface of microorganism or co-precipitate with free bile acids by 
probiotics (Guo & Zhang, 2010).  

The recent researches have revealed that probiotics affect gene expression of carrier proteins 
which are responsible for cholesterol absorption. The protein called Niemann-Pick C1-like 1 
(NPC1L1) which is abundantly expressed on the surface of enterocytes, plays a key role on 
the absorption of cholesterol from intestines. Reduction or inhibition of expression levels of 
this protein leads to a decrease in plasma cholesterol levels. The probiotic Lactobacillus 
acidophilus (American type culture collection) ATCC 4356 reduced NPCIL-1 gene expression 
and inhibited the cellular uptake of micellar cholesterol in Caco-2 cells. Soluble effector 
molecules secreted by ATCC 4356 were shown to be responsible for the decrease in NPC1L-
1. Furthermore, ATCC 4356 mediated this effect partly through the liver X receptors (LXR) 
(Huang & Zheng, 2010).  

6. Probiotics and enteric nervous system 
Enteric nervous system (ENS), which is located in the wall of the digestive tract, is a neural 
network called as second brain that is consisted of sensory neurons, motor neurons, inter 
neurons and glial cells. It regulates complicated reflexes, motility and secretory functions of 
digestive tract. Although it is connected to central nervous system, ENS can regulate the 
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in epithelial cells of colon by transcriptional mechanisms, it is not effective in jejunum and 
ileum during its long-term applications. DRA is primary chloride transporter in colon, 
therefore significance of probiotics in chloride and water absorption has been proved 
(Binder & Mehta, 1989; Raheja et al., 2009). There is a limited knowledge on the molecular 
mechanisms underlying the effects of probiotics on sodium absorption. It is well known that 
probiotics produce short chain fatty acids. The short chain fatty acids increase the 
expression of NHE-3 which plays a main role in the absorption of sodium from ileum (Kiela 
et al., 2007).  

5.2 Na+-coupled glucose absorption 

Glucose is absorbed from intestinal brush border membrane by mainly sodium-dependent 
glucose co-transporters 1 (SGLT-1) and glucose transporter 2 (GLUT-2) (Shimizu et al., 
2000). Absorption rate of the intestinal glucose depends on the SGLT-1 affinity and density 
in the membrane. High affinity SGLT-1 is primary transporter for glucose absorption.  

It has been reported that sodium coupled glucose absorption increased in small intestines of 
pigs treated with Saccharomyces boulardii or Bacillus cereus var. toyoi (Breves et al., 2000). It has 
been also determined that Enterococcus faecium NCIMB 10415 used as a probiotic caused an 
increase in intestinal transport and barrier function and glucose absorption (Lodeman et al., 
2006). Similarly, sodium coupled D-glucose absorption increase has been reported in rats 
orally applied Saccharomyces boulardii (Buts et al., 1999).  

The mechanism underlying the sodium coupled glucose absorption increasing effect of 
probiotics in intestinal epithelium cells has not been fully defined. However it has been 
suggested that specific and non-specific mechanisms may be effective. It may be a non-
specific reason such as an increase in the absorptive surface or in affinity of transporters to 
substrates due to probiotics. On the other hand Rooj et al. (2010) have reported that 
supernatant obtained from lactobacilli increased the glucose transport in Caco-2 cells non-
genomically and undefined metabolites produced by the probiotic caused this effect. This 
researchers have suggested that the metabolites produced by the probiotic cause to 
expression of cytosolic transporters in brush border membranes of enterocytes or to 
activation of transporters which were already in the membrane.  

Although it has been suggested that probiotics affect intestinal glucose transport by non-
genomic responses, SGLT-1 expression increases in rats applied Saccharomyces boulardii 
(Buts, 2009). Therefore, it is considered that the probiotics may be effective by changing gene 
expression via transcriptional or post translational mechanisms.  

5.3 Calcium absorption 

It has been reported that probiotics increase the calcium absorption from intestinal tract. 
However mechanisms underlying the increasing absorption are not fully elucidated and 
more than one mechanism may be considered (Gilman et al., 2006). Fermentation products 
occurred as a result of probiotics’ activity may increase the absorption surface by 
accelerating proliferation in enterocytes (Scholz-Ahrens at al., 2007). Furthermore short 
chained fatty acids and the other products produced by the bacteria decrease the pH of 
intestines microenvironment. Therefore, calcium solubility increases and this may be related 
to increased calcium absorption (Gilman et al., 2006; Scholz-Ahrens at al., 2007). Tang et al. 
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(2007) reported that fermenting calcium-fortified soymilk with some Lactobacillus species can 
potentially enhance the calcium bioavailability. 

Brassart & Yey (1998) have determined that 7 Lactobacillus species, which were tested in 
vitro, increased the transepithelial calcium transport in Caco-2 monolayer cells. Gilman & 
Cashman (2006) have reported that the transepithelial calcium transport did not change in 
Caco-2 monolayer cells treated by Lactobacillus salivatorius (UCC 118) and Bifidobacterium 
infantis (UCC 35624), however UCC 118 increased calcium uptake after 24 hours. Although 
the differences between the results of these studies have not exactly clarified, it has been 
suggested that the differences may be due to the different adheration of used bacteria to 
epithelial cells (Gilman & Cashman, 2006). Intestinal calcium absorption increasing effect of 
probiotics may be also related to increased expression of calcium channels in intestinal 
mucosa. Vinderola et al. (2007) observed that supernatant from milk fermented by 
Lactobacillus helveticus R389 enhanced expression of TRPV6 channels in the duodenum. 
Enhanced expression Ca+2 channels indicate an improved capacity for dietary Ca+2 uptake. 

5.4 The effects of probiotics on cholesterol absorption 

Cholesterol entered the body via food or re-absorbed from the bile secretion to the blood, is 
primary factor for heart and vascular diseases. Hypercholesterolemia is one of the most 
significant risk factor for the cardio-vascular diseases. It has been determined that various 
probiotic species decrease the serum cholesterol levels in human (Larkin et al., 2009), 
experimental animals (Park et al., 2007) or farm animals (Özcan et al., 2003; Strompfova et 
al., 2006). However hypocholesterolemic effect of probiotics depends on the species of the 
bacteria. This hypocholesterolemic effect has been suggested to be caused by more than one 
mechanism. For example lactic acid bacteria exert hypocholesterolemic effect by assimilating 
endogenous or exogenous originated cholesterol in intestinal tract or deconjugating bile 
acids (Gilliland et al., 1990). In addition, it has been reported that cholesterol and free bile 
acids bound to the cellular surface of microorganism or co-precipitate with free bile acids by 
probiotics (Guo & Zhang, 2010).  

The recent researches have revealed that probiotics affect gene expression of carrier proteins 
which are responsible for cholesterol absorption. The protein called Niemann-Pick C1-like 1 
(NPC1L1) which is abundantly expressed on the surface of enterocytes, plays a key role on 
the absorption of cholesterol from intestines. Reduction or inhibition of expression levels of 
this protein leads to a decrease in plasma cholesterol levels. The probiotic Lactobacillus 
acidophilus (American type culture collection) ATCC 4356 reduced NPCIL-1 gene expression 
and inhibited the cellular uptake of micellar cholesterol in Caco-2 cells. Soluble effector 
molecules secreted by ATCC 4356 were shown to be responsible for the decrease in NPC1L-
1. Furthermore, ATCC 4356 mediated this effect partly through the liver X receptors (LXR) 
(Huang & Zheng, 2010).  

6. Probiotics and enteric nervous system 
Enteric nervous system (ENS), which is located in the wall of the digestive tract, is a neural 
network called as second brain that is consisted of sensory neurons, motor neurons, inter 
neurons and glial cells. It regulates complicated reflexes, motility and secretory functions of 
digestive tract. Although it is connected to central nervous system, ENS can regulate the 
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function of its target organ without input from the central nervous system (CNS) (Gershon, 
2005).  

There is a mutual communication between CNS and microorganisms in the digestive tract. 
The central nervous system affects microorganisms by chancing motility, secretion, and 
permeability of digestive tract or via various mediators that are secreted by neuro-endocrine 
cells (Barbara et al., 2005). Microorganisms in the digestive tract affect functions of ENS and 
CNS via direct or indirect mechanisms. Microorganisms both affect development of sensory 
and motor neurons and induce plasticity.  

Microorganisms in intestines communicate with nervous system via epithelial cells, various 
receptors or cells in lamina propria. Enterochromaffin cells play a key role in this 
communication. They function such as a transducer and provide a link between intestinal 
lumen and ENS (Indrio & Neu, 2011).  

Effects of microorganisms in intestinal tract on nervous system occur via more than one 
mechanism. They affect development of sensory and motor neurons in gut by secreted 
substances or fermented products. For example SCFA, which is a fermented product of 
microorganisms in digestive tract, may affect motor activity in digestive tract (Soret et al., 
2010). Furthermore, certain mediators secreted by immune cells which are activated by 
microorganisms in intestinal tract are effective on the regulation of ENS. Because, enteric 
neurons have receptors which are responsive to immune cells secreted mediators. For 
example, secretion of substances such as histamine, interleukin-6, leukotrienes, 5-
hydroxytryptamine, platelet activating factor, mast cell proteases, adenosine, interleukin-1β, 
prostaglandins as a result of stimulation of mast cells affect functions of ENS by connecting 
to the receptors on the neurons of ENS (Wood, 2007). 

Bacteria including probiotics can be considered as a chemical factory producing biologically 
active substance such as neurotransmitters and neuromodulators (Wang et al., 2010). It has 
been determined that Lactobacillus and Bifidobacterium produce GABA, Escherichia, Bacillus 
and Saccharomyces produce norepinephrine, Candida, Streptococcus, Escherichia and 
Enterococcus produce serotonin, Bacillus produce dopamine, Lactobacillus produce 
acetylcholine (Lyt, 2011). 

It has been determined that Lactobacillus reuteri increases the excitability of myenteric AH 
cells in rats by inhibiting calcium dependent potassium channels (Kunze et al., 2009). The 
same researches have also reported that activity of ENS was inhibited as a result of the effect 
of Lactobacillus reuteri on AH cells (Whang et al., 2010). Because ENS depresses intestines 
motility, inhibition of ENS causes an increase in motility.  

Probiotics reveal their effects by changing neuro-chemical characteristics of enteric neurons. 
Kamm et al. (2004) have reported that the numbers of neurons containing calbidin, which is 
a multiple calcium binding protein, decreased in jejunum of pigs supplemented with 
Sacharomyces boulardii. Similarly Giancamillo et al. (2010) have reported that the density of 
galaninergic and calcitonin gene-related peptide (CGRP) positive neurons increased in 
submucosal plexus of ileum of Pediococcus acidilactici treated pigs. Galanin is effective on 
peristaltic activity, secretion, blood flow and eating behaviors, and CGRP is effective on the 
modulation of sensory functions and the regulation of activity of smooth muscle. 
Furthermore, the same researchers have determined that density of glial cells in ileums’ 
inner and outer sub mucosal plexus was increased in Pediococcus acidilactici treated pigs.  
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Probiotics have been used in the treatments of neuromotoric and sensory functional 
disorders of digestive tract since their effects on ENS have been revealed. For example, it has 
been reported that functional disorders such as delayed gastric emptying, increased visceral 
perception and abnormal feeding pattern which occurs in mice due to Helikobacter infection, 
were treated by supplementation of Lactobacillus rhamnosus R0011 and Lactobacillus helveticus 
R0052 (Verdu et al., 2008). 

Probiotics in digestive tract affect central nervous system by both ENS and parasympathetic 
fibers that innervates digestive tract. However this effect is probably species specific. For 
example, Lactobacillus reuteri changes mRNA expressions of GABAA and GABAB receptors 
in central nervous system. The changes in these receptors have found to be related with 
anxious and depressive-like behaviors (Cryan & O’Mahony, 2011). Similarly it has been 
reported that Bifidobacterium longum has anxiolytic effect and decreases the excitability of 
ENS (Bercik et al., 2011). 

7. The effect of probiotics on the intestinal barrier functions 
Intestinal barrier is a morphologic and physiologic structure placed between tissues and 
intestinal lumen which is known as external environment and it ensures continuing of 
events such as absorption and secretion between them. Intestinal lumen consists of 
microclimate on epithelial cells and lamina propria under epithelium. It regulates nutrients 
absorption, water and ion fluxes, and represents the first defensive barrier against toxins 
and enteric pathogens. Intestinal barrier consists of internal and external layers; the internal 
layer includes intestinal epithelial cells and tight junctions (TJ), the external layer includes 
bacteria and a mucus layer (Catalioto et al., 2011). 

The intestinal epithelium is formed by a monolayer epithelial cells, the spaces between 
epithelial cells is sealed by tight junctions. Tight junctions are specific structures comprised 
of transmembrane proteins. Microclimate consists of unstirred water layer, glycocalyx, and 
mucus layer. Lamina propria is a layer existed under epithelial cells. In this layer there are 
cells of innate and acquired immunity secreting immunoglobulins and cytokines which are 
substantial for intestinal barrier.  

Proper intestinal barrier function is essential for maintaining optimal health and balance 
throughout the body. The epithelium of the intestinal mucosa prevents the passage of 
commensal and pathogenic microorganisms. Therefore, it is the first line of defense against 
luminal antigens and toxins. An impairment of this intestinal barrier is critical for 
pathogenesis of several diseases such as inflammatory bowel disease, celiac disease 
(Chichlowski et al., 2008) and atopic dermatitis (Rosenfeldt et al., 2004). 

Development of physical and functional intestinal barrier begins during embryonic 
period. In human, enterocytes appear in intestinal mucosa at 8th weeks, and TJ appear at 
10th weeks of pregnancy. Functional immune barrier becomes functional after the 
formation of panet cells at 12th weeks. In this period, panet cells produce antimicrobial 
defensins and lysozymes. Mucins, which start to be expressed at 6.5th weeks of pregnancy 
and increase in time, constitute functional barrier. Although the development of intestinal 
barrier begins at prenatal period, it continues through postnatal period (Patel & Lin, 
2010). Because, intestinal barrier is not yet fully developed in preterm infants, aberrant 
inflammatory and apoptotic responses to bacteria may occur. When premature infants 
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function of its target organ without input from the central nervous system (CNS) (Gershon, 
2005).  

There is a mutual communication between CNS and microorganisms in the digestive tract. 
The central nervous system affects microorganisms by chancing motility, secretion, and 
permeability of digestive tract or via various mediators that are secreted by neuro-endocrine 
cells (Barbara et al., 2005). Microorganisms in the digestive tract affect functions of ENS and 
CNS via direct or indirect mechanisms. Microorganisms both affect development of sensory 
and motor neurons and induce plasticity.  

Microorganisms in intestines communicate with nervous system via epithelial cells, various 
receptors or cells in lamina propria. Enterochromaffin cells play a key role in this 
communication. They function such as a transducer and provide a link between intestinal 
lumen and ENS (Indrio & Neu, 2011).  

Effects of microorganisms in intestinal tract on nervous system occur via more than one 
mechanism. They affect development of sensory and motor neurons in gut by secreted 
substances or fermented products. For example SCFA, which is a fermented product of 
microorganisms in digestive tract, may affect motor activity in digestive tract (Soret et al., 
2010). Furthermore, certain mediators secreted by immune cells which are activated by 
microorganisms in intestinal tract are effective on the regulation of ENS. Because, enteric 
neurons have receptors which are responsive to immune cells secreted mediators. For 
example, secretion of substances such as histamine, interleukin-6, leukotrienes, 5-
hydroxytryptamine, platelet activating factor, mast cell proteases, adenosine, interleukin-1β, 
prostaglandins as a result of stimulation of mast cells affect functions of ENS by connecting 
to the receptors on the neurons of ENS (Wood, 2007). 

Bacteria including probiotics can be considered as a chemical factory producing biologically 
active substance such as neurotransmitters and neuromodulators (Wang et al., 2010). It has 
been determined that Lactobacillus and Bifidobacterium produce GABA, Escherichia, Bacillus 
and Saccharomyces produce norepinephrine, Candida, Streptococcus, Escherichia and 
Enterococcus produce serotonin, Bacillus produce dopamine, Lactobacillus produce 
acetylcholine (Lyt, 2011). 

It has been determined that Lactobacillus reuteri increases the excitability of myenteric AH 
cells in rats by inhibiting calcium dependent potassium channels (Kunze et al., 2009). The 
same researches have also reported that activity of ENS was inhibited as a result of the effect 
of Lactobacillus reuteri on AH cells (Whang et al., 2010). Because ENS depresses intestines 
motility, inhibition of ENS causes an increase in motility.  

Probiotics reveal their effects by changing neuro-chemical characteristics of enteric neurons. 
Kamm et al. (2004) have reported that the numbers of neurons containing calbidin, which is 
a multiple calcium binding protein, decreased in jejunum of pigs supplemented with 
Sacharomyces boulardii. Similarly Giancamillo et al. (2010) have reported that the density of 
galaninergic and calcitonin gene-related peptide (CGRP) positive neurons increased in 
submucosal plexus of ileum of Pediococcus acidilactici treated pigs. Galanin is effective on 
peristaltic activity, secretion, blood flow and eating behaviors, and CGRP is effective on the 
modulation of sensory functions and the regulation of activity of smooth muscle. 
Furthermore, the same researchers have determined that density of glial cells in ileums’ 
inner and outer sub mucosal plexus was increased in Pediococcus acidilactici treated pigs.  
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Probiotics have been used in the treatments of neuromotoric and sensory functional 
disorders of digestive tract since their effects on ENS have been revealed. For example, it has 
been reported that functional disorders such as delayed gastric emptying, increased visceral 
perception and abnormal feeding pattern which occurs in mice due to Helikobacter infection, 
were treated by supplementation of Lactobacillus rhamnosus R0011 and Lactobacillus helveticus 
R0052 (Verdu et al., 2008). 

Probiotics in digestive tract affect central nervous system by both ENS and parasympathetic 
fibers that innervates digestive tract. However this effect is probably species specific. For 
example, Lactobacillus reuteri changes mRNA expressions of GABAA and GABAB receptors 
in central nervous system. The changes in these receptors have found to be related with 
anxious and depressive-like behaviors (Cryan & O’Mahony, 2011). Similarly it has been 
reported that Bifidobacterium longum has anxiolytic effect and decreases the excitability of 
ENS (Bercik et al., 2011). 

7. The effect of probiotics on the intestinal barrier functions 
Intestinal barrier is a morphologic and physiologic structure placed between tissues and 
intestinal lumen which is known as external environment and it ensures continuing of 
events such as absorption and secretion between them. Intestinal lumen consists of 
microclimate on epithelial cells and lamina propria under epithelium. It regulates nutrients 
absorption, water and ion fluxes, and represents the first defensive barrier against toxins 
and enteric pathogens. Intestinal barrier consists of internal and external layers; the internal 
layer includes intestinal epithelial cells and tight junctions (TJ), the external layer includes 
bacteria and a mucus layer (Catalioto et al., 2011). 

The intestinal epithelium is formed by a monolayer epithelial cells, the spaces between 
epithelial cells is sealed by tight junctions. Tight junctions are specific structures comprised 
of transmembrane proteins. Microclimate consists of unstirred water layer, glycocalyx, and 
mucus layer. Lamina propria is a layer existed under epithelial cells. In this layer there are 
cells of innate and acquired immunity secreting immunoglobulins and cytokines which are 
substantial for intestinal barrier.  

Proper intestinal barrier function is essential for maintaining optimal health and balance 
throughout the body. The epithelium of the intestinal mucosa prevents the passage of 
commensal and pathogenic microorganisms. Therefore, it is the first line of defense against 
luminal antigens and toxins. An impairment of this intestinal barrier is critical for 
pathogenesis of several diseases such as inflammatory bowel disease, celiac disease 
(Chichlowski et al., 2008) and atopic dermatitis (Rosenfeldt et al., 2004). 

Development of physical and functional intestinal barrier begins during embryonic 
period. In human, enterocytes appear in intestinal mucosa at 8th weeks, and TJ appear at 
10th weeks of pregnancy. Functional immune barrier becomes functional after the 
formation of panet cells at 12th weeks. In this period, panet cells produce antimicrobial 
defensins and lysozymes. Mucins, which start to be expressed at 6.5th weeks of pregnancy 
and increase in time, constitute functional barrier. Although the development of intestinal 
barrier begins at prenatal period, it continues through postnatal period (Patel & Lin, 
2010). Because, intestinal barrier is not yet fully developed in preterm infants, aberrant 
inflammatory and apoptotic responses to bacteria may occur. When premature infants 
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treated with probiotics, bacteria used as probiotic easily pass lamina propria and trigger 
immune reaction there. 

It has been determined by in vivo and in vitro studies that probiotics strengthen intestinal 
barrier. This effect occurs through species specific various mechanisms. These mechanisms 
are the inhibition of apoptosis of epithelial cells, the regulation of TJ proteins expression and 
the distribution, prevention of attachments of pathogens to mucosa, and the regulation of 
mucus secretion.  

7.1 Tight junction protein expression 

The intestinal bacteria or probiotics change the expression and distribution of TJ proteins 
(Mennigen & Bruewe, 2009). Several studies investigated the effects of different probiotics 
on TJ protein expression and distribution under pathological conditions. Occludin is an 
integral plasma-membrane protein located at the TJs. Zonula occludens-1 (ZO-1) is a 
peripheral membrane protein and it is found to be associated with the cytoplasmic surfaces 
of TJs (Gottardi et al., 1996). Probiotic bacteria Streptococcus thermophilus and Lactobacillus 
acidophilus prevent the reduction in phosphorylation of occludin and zonula occludens-1 
(ZO-1) caused by enteroinvasive Escherichia coli (EIEC) infection (Resta-Lenert & Barrett, 
2003). Re-distribution of ZO-1 protein has been observed after epithelial cells were treated 
by a pathologic bacterium Salmonella dublin. However, treatment of epithelial cells with 
multi-microbe probiotic product VSL#3 prevented the redistribution of ZO-1 (Ng et al., 
2009). 

7.2 Epithelial adherence and pathogen exclusion 

Many intestinal bacteria can adhere to the outer mucus layer to form a biofilm on their 
surface (Guarner & Malageda, 2003). This is an important mechanism for intestinal barrier. 
Three different situations in favor of the host and against pathogens should be considered. 
One of them is exclusion of pathogens by probiotics competitively. The second is the 
prevention of pathogen adhesion. And the third is displacement of adhered pathogen. 
Sherman et al. (2005) have reported that Lactobacillus rhamnosus and acidophilus could adhere 
to intestinal epithelial cells in vitro and pre-treatment of these probiotic strains reduced the 
binding of EPEC and EHEC. Additionally, Lactobacillus strains can directly compete with 
other pathogens, such as Salmonella species, for binding sites on human mucins or Caco-2 
cell surfaces. It has been observed that the mentioned probiotics can also displace bound 
pathogens, although more slowly and to a lesser extent (Lee et al., 2003). There is a 
competition between pathogens and probiotics for sources of nutrients as well as a 
competition for adherence to mucosa or displacement from mucosa. This competition is 
useful for exclusion of pathogens and for strengthening intestinal barrier.  

7.3 Mucus secretion 

It has been reported by in vivo and in vitro studies that certain bacteria contribute to 
strengthen mucosal barrier by increasing mucus secretion. Mattar et al. (2002) reported that 
Lactobacillus casei GG increased mucin expression in the human intestinal cell lines Caco-2 
(MUC2) and HT29 (MUC2 and MUC3), thus blocking pathogenic Escherichia coli invasion 
and adherence. Additionally, Otte & Podolsky (2004) observed that VSL#3 increased 
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expression of MUC2, MUC3 in HT29 cells. Probiotics induce this mucus expression 
increasing effect by modifying gene expressions. For example, it has been observed that 
MUC2 and MUC3 mRNA expressions were increased after incubation of epithelial cells 
with Lactobacillus plantarum 299v (Mack et al., 1999). Similarly Caballero-Franco et al. (2007) 
have reported that basal luminal mucin content increased by 60% in Wistar rats that were 
orally administered the probiotic mixture VSL#3 on a daily basis for seven days. In addition, 
they exposed isolated rat colonic loops to the VSL#3 probiotic formula, which significantly 
stimulated colonic mucin (MUC) secretion and MUC2 gene. 

Probiotics also contributes to strengthening of intestinal barrier with some mechanisms 
other than above mentioned ones. For example, Polyphosphate (poly-P) is produced by 
probiotics and it is a bioactive molecule that induced cytoprotective heat shock protein 
through activation of the integrin–p38 mitogen-activated protein kinase pathway, and it 
prevents oxidant-induced intestinal barrier weakening. Furthermore, poly-P ameliorated 
epithelial injury (Segawa et al., 2011). It has been reported that multi-microbe probiotic 
product VSL#3 normalized monolayer permeability and conductance in stimulated tissues, 
thus strengthened barrier integrity (Madsen et al., 2001). It has been determined that 
Lactobacillus rhamnousus GG prevented cytokine induced apoptosis in young adult mouse 
colon cell model (YAMC) and human colonic epithelial carcinoma cell line (HT29) (Yan & 
Polk, 2002).  
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treated with probiotics, bacteria used as probiotic easily pass lamina propria and trigger 
immune reaction there. 

It has been determined by in vivo and in vitro studies that probiotics strengthen intestinal 
barrier. This effect occurs through species specific various mechanisms. These mechanisms 
are the inhibition of apoptosis of epithelial cells, the regulation of TJ proteins expression and 
the distribution, prevention of attachments of pathogens to mucosa, and the regulation of 
mucus secretion.  

7.1 Tight junction protein expression 

The intestinal bacteria or probiotics change the expression and distribution of TJ proteins 
(Mennigen & Bruewe, 2009). Several studies investigated the effects of different probiotics 
on TJ protein expression and distribution under pathological conditions. Occludin is an 
integral plasma-membrane protein located at the TJs. Zonula occludens-1 (ZO-1) is a 
peripheral membrane protein and it is found to be associated with the cytoplasmic surfaces 
of TJs (Gottardi et al., 1996). Probiotic bacteria Streptococcus thermophilus and Lactobacillus 
acidophilus prevent the reduction in phosphorylation of occludin and zonula occludens-1 
(ZO-1) caused by enteroinvasive Escherichia coli (EIEC) infection (Resta-Lenert & Barrett, 
2003). Re-distribution of ZO-1 protein has been observed after epithelial cells were treated 
by a pathologic bacterium Salmonella dublin. However, treatment of epithelial cells with 
multi-microbe probiotic product VSL#3 prevented the redistribution of ZO-1 (Ng et al., 
2009). 

7.2 Epithelial adherence and pathogen exclusion 

Many intestinal bacteria can adhere to the outer mucus layer to form a biofilm on their 
surface (Guarner & Malageda, 2003). This is an important mechanism for intestinal barrier. 
Three different situations in favor of the host and against pathogens should be considered. 
One of them is exclusion of pathogens by probiotics competitively. The second is the 
prevention of pathogen adhesion. And the third is displacement of adhered pathogen. 
Sherman et al. (2005) have reported that Lactobacillus rhamnosus and acidophilus could adhere 
to intestinal epithelial cells in vitro and pre-treatment of these probiotic strains reduced the 
binding of EPEC and EHEC. Additionally, Lactobacillus strains can directly compete with 
other pathogens, such as Salmonella species, for binding sites on human mucins or Caco-2 
cell surfaces. It has been observed that the mentioned probiotics can also displace bound 
pathogens, although more slowly and to a lesser extent (Lee et al., 2003). There is a 
competition between pathogens and probiotics for sources of nutrients as well as a 
competition for adherence to mucosa or displacement from mucosa. This competition is 
useful for exclusion of pathogens and for strengthening intestinal barrier.  

7.3 Mucus secretion 

It has been reported by in vivo and in vitro studies that certain bacteria contribute to 
strengthen mucosal barrier by increasing mucus secretion. Mattar et al. (2002) reported that 
Lactobacillus casei GG increased mucin expression in the human intestinal cell lines Caco-2 
(MUC2) and HT29 (MUC2 and MUC3), thus blocking pathogenic Escherichia coli invasion 
and adherence. Additionally, Otte & Podolsky (2004) observed that VSL#3 increased 
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expression of MUC2, MUC3 in HT29 cells. Probiotics induce this mucus expression 
increasing effect by modifying gene expressions. For example, it has been observed that 
MUC2 and MUC3 mRNA expressions were increased after incubation of epithelial cells 
with Lactobacillus plantarum 299v (Mack et al., 1999). Similarly Caballero-Franco et al. (2007) 
have reported that basal luminal mucin content increased by 60% in Wistar rats that were 
orally administered the probiotic mixture VSL#3 on a daily basis for seven days. In addition, 
they exposed isolated rat colonic loops to the VSL#3 probiotic formula, which significantly 
stimulated colonic mucin (MUC) secretion and MUC2 gene. 

Probiotics also contributes to strengthening of intestinal barrier with some mechanisms 
other than above mentioned ones. For example, Polyphosphate (poly-P) is produced by 
probiotics and it is a bioactive molecule that induced cytoprotective heat shock protein 
through activation of the integrin–p38 mitogen-activated protein kinase pathway, and it 
prevents oxidant-induced intestinal barrier weakening. Furthermore, poly-P ameliorated 
epithelial injury (Segawa et al., 2011). It has been reported that multi-microbe probiotic 
product VSL#3 normalized monolayer permeability and conductance in stimulated tissues, 
thus strengthened barrier integrity (Madsen et al., 2001). It has been determined that 
Lactobacillus rhamnousus GG prevented cytokine induced apoptosis in young adult mouse 
colon cell model (YAMC) and human colonic epithelial carcinoma cell line (HT29) (Yan & 
Polk, 2002).  
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1. Introduction 
At birth, the gastrointestinal tract of any animals is sterile, and it is rapidly colonized by 
bacteria from the mother and the environment. This colonization by the gut microbiota 
plays an important role in intestinal tract maturation of newborn (in terms of anatomy, 
digestive physiology, and immunology) (Hooper 2004). After this colonization, considering 
healthy human individuals, the gastrointestinal tract harbors 10 or more times as many 
microbes than there are eukaryotic cells (1014 viable cells for indigenous microbiota/1013 
body cells).These microorganisms, altogether weighing approximately 1.5 kg, can be 
considered as a complementary major organ, responsible for three main functions: 
colonization resistance, immunomodulation, and nutritional contribution (Hayashi et al., 
2002; Zoetendal et al., 2011). Colonization resistance inhibits the installation of exogenous 
microorganisms as well as the uncontrolled multiplication of microorganisms belonging to 
the indigenous microbiota. Immunomodulation maintains the immune system under a 
watchful state, which permits a faster but adequate response in the case of infectious 
aggression. Nutritional contribution furnishes complementary sources of vitamins, 
enzymes, and energy substrates (volatile fatty acids). 

Unfortunately, several factors can disturb both the initial colonization and posterior 
maintenance of the gut microbiota, leading to a microbial ecosystem with beneficial 
functions transitorily or irreversibly less efficient. As examples, the type of delivery 
(cesarean or natural) or the reduction of mother-child contacts (premature baby in an 
incubator or in an intensive care unit) interfere with the supply of microorganisms necessary 
for post-natal colonization. Additionally, the alimentation (breast- or formula-fed) and the 
ingestion of antibacterial drugs may be other factors that modify the normal sequence of 
colonization (Harmsen et al., 2000; Bonnemaison et al., 2003; Westerbeek et al., 2006; Chen et 
al., 2007). Once installed, the beneficial functions of the microbiota are very powerful but 
also fragile and can be disturbed by ingestion of drugs (especially antibiotics), drastic 
changes in diet or stress. In view of what was presented above, the importance of a correct 
initial colonization and a subsequent preservation of the gut microbiota is evident to obtain 
optimal functions from this microbial ecosystem. When disturbances of the indigenous 
microbiota functions are forecasted or installed, you should think about the possibility of 
compensating failures of these functions. In this sense, probiotics can be considered as 
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biotherapeutics to be used in microbial ecosystems during the installation phase 
(colonization of the newborn), or with installed (treatment) or forecasted disturbances 
(prophylaxis). 

Probiotics have been defined in a joint meeting of the Food and Agriculture 
Organization/World Health Organization as "live microorganisms which when 
administered in adequate amounts confer a benefit to host health" (WHO / FAO, 2002). The 
objective of its use is to install, enhance or compensate the functions of the indigenous 
microbiota inhabiting the digestive tract or other body surfaces. The suggestion of using 
fermented food to obtain some benefits for the health is not new. It was mentioned in the 
Persian version of the Old Testament (Genesis 18:8) that "Abraham attributed his longevity 
to the consumption of sour milk." Later in 76 BC Pline, a Roman historian, recommended 
the use of fermented milk products for the treatment of gastroenteritis (Schrezenmeir & de 
Vres, 2001). However, a scientific approach, recognizing the beneficial role of certain 
microorganisms has been only applied in the first decades of the twentieth century with the 
suggestion of the use of Lactobacillus (Elie Metchnikoff attributing the longevity of Bulgarian 
populations to the yogurt consumption in 1907), Bifidobacterium ( Henri Tissier observing a 
higher presence of bifidobacteria in the feces of healthy breast-fed children in 1906) and 
Saccharomyces boulardii (Henri Boulard noting the use of a tropical fruit colonized by this 
yeast to treat diarrhea by local populations in Eastern Orient during a cholera outbreak in 
1920) to prevent or treat gastrointestinal disorders (Shortt, 1999). The probiotics most often 
used at the moment are bacteria producing lactic acid (Lactobacillus, Bifidobacterium) and 
yeasts (Saccharomyces boulardii).  

Many health benefits have been related to human and animal intake of probiotic. Several 
studies have supplied clinical evidences of the benefits generated by probiotics, as for 
example in diarrhea treatment (Billooet al., 2006; De Vrese & Marteau, 2007), lactose 
intolerance (He et al., 2008), irritable bowel syndrome (De Vrese et al., 2001; Nagala & 
Routray, 2011), allergies (Jain et al., 2010), cancer (Chen et al., 2009) and 
hypercholesterolemia (Baroutkoub, 2010). According to recent meta-analysis based on well 
conducted clinical trials with probiotics, a clear protective effect was evident, which did not 
vary significantly between products containing S. boulardii, Lactobacillus rhamnosus GG, L. 
acidophilus, L. bulgaricus, L. casei, Bifidobacterium longum, B. bifidum var. infantis and B. 
animalis var. lactis (Sazawal et al., 2006). 

Probiotics have also received special attention by animal nutrition researchers who search 
for alternatives to the use of traditional growth promoters (antibiotics). Therefore, the use of 
probiotics is seen more and more as an alternative to the use of antibiotics in animal 
production, and many scientific works show the beneficial effects of supplementation with 
probiotic strains in diets fed to chicken, swine, cattle and fish (Veizaj-Delia, 2010; Soleimani 
et al., 2010; Ignatova, 2009; Aly et al., 2008). Therefore, this chapter will approach action 
mechanisms and the effects on health of probiotics for human and animal use. 

1.1 Mechanisms of action 

The potential mechanisms by which probiotic agents might exert their protective effect 
include: antagonism by the production of substances that inhibit or kill the pathogen 
(Servin, 2004); competition with the pathogen for adhesion sites or nutritional sources 
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(Servin & Coconnier, 2003; Momose et al., 2008); immunomodulation of the host (Ezendam 
et al, 2006); and inactivation of microbial toxin (Brandão et al., 1998). Other mechanisms by 
which probiotics may exert protection is through a recuperation of mucosal barrier function 
when disturbed (Penna et al., 2008), trapping pathogens on their surface (Martins et al, 2010; 
Martins et al, 2011) and stimulating mucus production (Caballero-Franco et al., 2007). 

According to De Vrese & Marteau (2007), mechanism and efficiency of probiotic effect 
depend mainly on the interactions between probiotic microorganisms and microbiota of the 
host or with imunocompetent cell of the intestinal mucous.  

Althought they had not been completely elucidated, the classical mechanisms of action of 
bacteria used as probiotics are described as: i) competition for bound sites: also known as 
“competitive exclusion”, where bacteria of probiotics are linked to the bound site in the 
intestinal mucosa, making a physical barrier, impeding the bound by pathogenic bacteria; ii) 
production of anti-bacterial substances: bacteria of probiotics synthetize compounds as for 
example bacteriocins, hydrogen peroxide, which has antibacterial action, mainly in relation 
to pathogenic bacteria, in addition to the production of organic acid which reduced pH in 
the gastrointestinal tract, preventing growth of many pathogens and development of certain 
species of Lactobacillus; iii) competition for nutrients: shortage of available nutrients which 
can be used by pathogenic bacteria is a limiting factor for their maintenance; iv) stimulus to 
the immune system: some bacteria of the probiotics are directly linked to the stimuli of 
immune response by increasing antibodies production, activation of macrophages, T cells 
proliferation and interferon production (Fuller, 1992; Jin et al., 1997).  

Action mechanism of yeasts still needs studies for their evidencing. A probable mechanism 
of action of yeast is related to total (in vitro) or partial inhibition of pathogenic 
microorganisms. Dead yeasts contain in their walls important quantities of polysaccharides 
and proteins able to act positively in the immune system and on nutrient absorption. 
Moreover, yeasts produce nutritive metabolites in the digestive tract which increase animal 
performance, in addition of having minerals (Mn, Co, Zn) and vitamins (A, B12, D3) which 
improve action of beneficial microorganisms (Hill et al., 2006). 

Although some mechanisms had been suggested on the action of probiotics, they are not 
completely clarified, but it is known that they inhibit growth of pathogenic microorganism 
by producing antimicrobial compounds; they compete with pathogens for adhesion sites 
and nutrients; and they model immune system of the host (Oelschlaeger, 2010). In the 
present, a more complete view on the possible mechanisms of action are been studied, based 
mainly on the manipulation of normal microbiota.  

The composition of human microbiota has about 10 - 100 trillion members and varies within 
the gut and among individuals (Zoetendal et al., 2011; Hayashi et al., 2002). These members 
belong mainly to the dominant bacteria, but there are also representatives from Archaea 
(Eckburg et al., 2003), Eukarya, and viruses, including bacteriophages (Breitbart et al., 2003). 
Intestinal microbiota plays a fundamental role in maintaining immune homeostasis which, 
in other words, involves minimizing the adverse health effects of intestinal microbiota, such 
as shifts in microbial community structure, changes in the diet of the host or overt 
pathogenic challenge (Hooper & Macpherson, 2010). 

According to Sonnenburg, et al. (2006) some evidences show that by manipulating the 
microbiota with probiotics could influence the host health and probiotic bacteria could be 
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biotherapeutics to be used in microbial ecosystems during the installation phase 
(colonization of the newborn), or with installed (treatment) or forecasted disturbances 
(prophylaxis). 
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(Servin & Coconnier, 2003; Momose et al., 2008); immunomodulation of the host (Ezendam 
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present, a more complete view on the possible mechanisms of action are been studied, based 
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The composition of human microbiota has about 10 - 100 trillion members and varies within 
the gut and among individuals (Zoetendal et al., 2011; Hayashi et al., 2002). These members 
belong mainly to the dominant bacteria, but there are also representatives from Archaea 
(Eckburg et al., 2003), Eukarya, and viruses, including bacteriophages (Breitbart et al., 2003). 
Intestinal microbiota plays a fundamental role in maintaining immune homeostasis which, 
in other words, involves minimizing the adverse health effects of intestinal microbiota, such 
as shifts in microbial community structure, changes in the diet of the host or overt 
pathogenic challenge (Hooper & Macpherson, 2010). 
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microbiota with probiotics could influence the host health and probiotic bacteria could be 
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used as a therapeutic strategy to improve human health. The precise mechanisms 
influencing the crosstalk between the microbe and the host are still unclear but there are 
evidences suggesting that bacteria in the gut could modulate the functioning of the immune 
system at systemic and mucosal levels (Ng et al., 2009). 

2. Effect of probiotics on human health 
2.1 Probiotic selection 

Requirements that a probiotic organism should meet are the following: resistance to gastric 
acidity, resistance to bile and pancreatic enzymes; adherence to intestinal mucosa cells; 
colonization capacity; keep itself alive for a long time during transportation, storage, so they 
can effectively colonize the host; production of antimicrobial substances against pathogenic 
bacteria and absence of translocation (Capriles et al., 2005). 

For a microorganism be used as a probiotic, it is necessary its isolation, characterization and 
assessments which will prove its probiotic efficiency (Figure 1).  

 
Fig. 1. Probiotic selection chart. 

Firstly, a microorganism source have to be selected (for example: digestive tract of health 
animals or other niches such as flowers, decomposing fruits). Then, the microorganisms 
which are intended to work with are isolated and identified through selective culture media. 
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Afterwards, a new culture is prepared only with the target colonies for in vivo assessment 
(pathogen inhibition, target species pathogenicity; resistance to host conditions; among 
others). If there are no restriction to the use of the target species, experiments with in vivo 
supplementation at big and small scale are carried out to check if there are real benefits to 
the host. Finally, the probiotic which presented significant satisfactory results can be 
commercially produced and used.  

2.2 Prevention or reduction of diarrhea symptoms 

One of the main applications of probiotic microorganisms is at preventing or in the 
treatment of gastrointestinal disturbances. In a clinical trial carried out with children 
hospitalized for acute rotavirus diarrhea, three treatments were assessed. The first group of 
children received oral rehydration therapy plus placebo; the second group was submitted to 
oral rehydration plus Saccharomyces boulardii treatment and the third group received oral 
rehydration and a compound containing Lactobacillus acidophilus, Lactobacillus rhamnosus, 
Bifidobacterium longum e Saccharomyces boulardii. Mean duration of diarrhea was shorter for 
the children who received the treatment with Saccharomyces boulardii strain (58 hours) and 
for the children who received the compound with for different microorganism strains (60 
hours), when compared to the control group (84.5 hours) (Grandy et al., 2010). In Brazil, a 
double-blind, placebo controlled trial showed that protection against diarrhea (32.2% 
reduction in diarrhea during the first year of life) was obtained by oral inoculation with a 
single dose of plasmid-free human Escherichia coli EMO soon after birth (Figueiredo et al., 
2001). 

Treatment with antibiotics can cause an unbalance in the indigenous microbiota, increasing 
concentration of pathogenic microorganisms and toxin production, promoting diarrhea 
symptoms (Vasiljevic & Shah, 2008). A significant effect was observed in a study carried out 
with patients who presented diarrhea caused by antibiotics, in which intake of a probiotic 
drink containing L. casei, L. bulgaricus e S. thermophilus reduced the incidence of diarrhea 
(Hickson et al., 2007). In a double-blind, formula controlled trial performed in Brazil, a milk 
lyophilized formulation supplemented with B. bifidum and S. thermophilus was compared 
with another without supplementation for the prevention of antibiotic-associated diarrhea 
in children 6 to 36 months old. The authors observed a significant reduction of diarrhea 
frequency in children treated with the probiotic formula (16% of 80 patients) when 
compared to the control group (31% of 77 patients) (Corrêa et al., 2005). In another double-
blind, placebo controlled trial also performed in Brazil, the treatment with a lyophilized 
preparation of S. boulardii in children with acute diarrhea was evaluated and a reduction in 
duration of rotavirus diarrhea was observed in the group treated with the probiotic yeast 
(Corrêa et al., 2011). Other examples of clinical trials related to prevention or shortening of 
diarrhea symptoms by using probiotics are summarized in Table 1.  

2.3 Irritable bowel syndrome 

Irritable bowel syndrome is a diseased characterized by abdominal pain, diarrhea, 
constipation and mucus secretion along with feces (Vahedi et al., 2010). Although many 
physiopathology factors had been correlated to the cause of this disease, in the last years, 
researchers have considered feed intolerance and unbalance of intestinal microbiota as the 
main factors responsible for symptoms of the irritable bowel syndrome. Probiotics are a  
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Afterwards, a new culture is prepared only with the target colonies for in vivo assessment 
(pathogen inhibition, target species pathogenicity; resistance to host conditions; among 
others). If there are no restriction to the use of the target species, experiments with in vivo 
supplementation at big and small scale are carried out to check if there are real benefits to 
the host. Finally, the probiotic which presented significant satisfactory results can be 
commercially produced and used.  

2.2 Prevention or reduction of diarrhea symptoms 

One of the main applications of probiotic microorganisms is at preventing or in the 
treatment of gastrointestinal disturbances. In a clinical trial carried out with children 
hospitalized for acute rotavirus diarrhea, three treatments were assessed. The first group of 
children received oral rehydration therapy plus placebo; the second group was submitted to 
oral rehydration plus Saccharomyces boulardii treatment and the third group received oral 
rehydration and a compound containing Lactobacillus acidophilus, Lactobacillus rhamnosus, 
Bifidobacterium longum e Saccharomyces boulardii. Mean duration of diarrhea was shorter for 
the children who received the treatment with Saccharomyces boulardii strain (58 hours) and 
for the children who received the compound with for different microorganism strains (60 
hours), when compared to the control group (84.5 hours) (Grandy et al., 2010). In Brazil, a 
double-blind, placebo controlled trial showed that protection against diarrhea (32.2% 
reduction in diarrhea during the first year of life) was obtained by oral inoculation with a 
single dose of plasmid-free human Escherichia coli EMO soon after birth (Figueiredo et al., 
2001). 

Treatment with antibiotics can cause an unbalance in the indigenous microbiota, increasing 
concentration of pathogenic microorganisms and toxin production, promoting diarrhea 
symptoms (Vasiljevic & Shah, 2008). A significant effect was observed in a study carried out 
with patients who presented diarrhea caused by antibiotics, in which intake of a probiotic 
drink containing L. casei, L. bulgaricus e S. thermophilus reduced the incidence of diarrhea 
(Hickson et al., 2007). In a double-blind, formula controlled trial performed in Brazil, a milk 
lyophilized formulation supplemented with B. bifidum and S. thermophilus was compared 
with another without supplementation for the prevention of antibiotic-associated diarrhea 
in children 6 to 36 months old. The authors observed a significant reduction of diarrhea 
frequency in children treated with the probiotic formula (16% of 80 patients) when 
compared to the control group (31% of 77 patients) (Corrêa et al., 2005). In another double-
blind, placebo controlled trial also performed in Brazil, the treatment with a lyophilized 
preparation of S. boulardii in children with acute diarrhea was evaluated and a reduction in 
duration of rotavirus diarrhea was observed in the group treated with the probiotic yeast 
(Corrêa et al., 2011). Other examples of clinical trials related to prevention or shortening of 
diarrhea symptoms by using probiotics are summarized in Table 1.  

2.3 Irritable bowel syndrome 

Irritable bowel syndrome is a diseased characterized by abdominal pain, diarrhea, 
constipation and mucus secretion along with feces (Vahedi et al., 2010). Although many 
physiopathology factors had been correlated to the cause of this disease, in the last years, 
researchers have considered feed intolerance and unbalance of intestinal microbiota as the 
main factors responsible for symptoms of the irritable bowel syndrome. Probiotics are a  
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Author (year) Assessed probiotic Results 

Figueiredo et al. (2001) Escherichia coli EMO 

Protection against diarrhea 
during the first year of life was 
obtained by oral inoculation of 
Escherichia coli EMO soon after 
birth 

Billoo et al. (2006) Saccharomyces boulardii 
The use of S. boulardii reduced 
frequency and duration of acute 
diarrhea in children 

Giralt et al. (2007) Lactobacillus casei DN-114 001 

L. casei DN-114 001 did not 
reduced 
radiation-induced diarrhea 
incidence 

Corrêa et al. (2005) Bifidobacterium bifidum + 
Streptococcus thermophilus 

Use of lyophilized milk 
supplemented with 
Bifidobacterium and Streptococcus 
reduced antibiotic-associated 
diarrhea in hospitalized infants 

Beausoleil et al. (2007) Lactobacillus acidophilus + 
Lactobacillus casei 

Addition of Lactobacillus strains in 
the fermented milk was effective 
in the prevention of antibiotic-
associated diarrhea 

Table 1. Clinical trials on the use of probiotics in the treatment of diaheia 

good alternative for the treatment of this syndrome inasmuch as the use of probiotic may 
lead to an unbalance of intestinal microbiota, making the carrier more susceptible to the 
disease (Rolfe, 2000). 

Nagala & Routray (2010) studied the effect of a probiotic supplement containing 
Lactobacillus acidophilus, Bifidobacterium bifidum, B. longum and B. lactis, on patients with 
irritable bowel syndrome. It was observed a significant improvement after two months of 
the treatment, with 84% of the patients showing improvement in abdominal pain, 73.9% in 
bloating, 88% in flatulence, 90.9% in diarrhea and 86.9% in constipation.  

2.4 Bowel inflammatory disease 

Inflammatory bowel disease involves two subtypes: ulcerative colitis and Crohn’s disease. 
Ulcerative colitis is determined by a continuous inflammation, which starts in the rectum 
and it is restricted to colon, whereas inflammation from Crohn’s disease can occur in any 
region of the gastrointestinal tract (Bousvaros et al., 2007; Mack, 2011). 

The non-pathogenical strain E. coli Nissle 1917 showed to be efficient in the Crohn’s disese 
maintenance therapy. This microorganism was able to adhere to intestinal epithelial cells in 
addition to its inhibitory effect observed against pathogenic strains isolated from patients 
with the disease (Boudeau et al., 2003). 
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A study conducted by Furrie et al. (2005) pointed the efficiency of Bifidobacterium longum 
associated to inulin-oligofructose prebiotic in the treatment of ulcerative colitis. The 
treatment resulted in an improvement of the full clinical appearance in patients who 
received this therapy.  

2.5 Hypercholesterolemia 

Saturated fat rich diets can increase serum cholesterol rates, which is one of the main risk 
factor for cardiovascular disease (Vasiljevic & Shah, 2008). Many studies have been carried 
out on the hypocholesterolemic activity of non-pathogenic bacteria through mechanism of 
hydrolysis of biliar salt (Pereira et al., 2003; Noriega et al., 2006; Parvez et al., 2006; Nguyen 
et al., 2007). 

Baroutkoub et al. (2010) observed that consumption of probiotic yogurt with Lactobacillus 
acidophilus and Bifidobacteria cepas by people with hypercholesterolemia resulted in the 
reduction of total cholesterol and LDL (Low Density Lipoproteins: it is believed they are the 
harmful class to human beings) and in the increase of good cholesterol, HDL (High Density 
Lipoproteins: it is believed that they are able to absorb cholesterol crystals which are 
deposited in arteries/veins wall, therefore delaying arteriosclerotic process) in the blood.  

Despite the great number of studies, reduction of serum cholesterol effect by probiotics is 
not considered an established effect, yet. Thus, new clinical trials controlled by placebo 
should be carried out to prove the efficiency of those microorganisms.  

2.6 Cancer control 

The fight against cancer is one of the biggest challenges faced by humanity. According to 
some authors, consumption of probiotic-supplemented products can prevent and even 
suppress tumor growth. According to Ma et al. (2010), Bacillus polyfermenticus was able to 
suppress in vitro and in vivo growth of cancer cells, suggesting that such microorganism 
can be used to prevent colon cancer development. Probiotic strains of E. faecium RM11 and 
L. fermentum RM28, isolated from fermented-milk were also shown to have antiproliferative 
properties against colon cancer cells, suggesting that such microorganisms can be used as an 
alternative to colon cancer (Thirabunyanon et al., 2009). 

It was observed in volunteer subjects who received Lactobacillus rhamnosus LC705 and 
Propionibacterium freudenreichii a reduction of intestinal absorption of aflatoxin B1, a toxin 
correlated to the high liver cancer index. Therefore, probiotic supplementation can be 
effective in preventing development of liver cancer and other types of cancer caused by 
environmental factors (El-Nezami et al., 2006). 

2.7 Allergy 

Probiotics are able to reduce in vitro various inflammatory cytokines and intestinal 
permeability, which are effects considered beneficial in allergic conditions. In addition, gut 
microbiota of atopic patients seems quite different, with an increase in clostridia and a 
decrease of bifidobacteria when compared to microbiota of non-atopic individuals. Studies 
have been performed to evaluate the effectiveness of probiotics in food allergy, atopic 
eczema and rhinitis (Michail et al., 2006).  
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disease (Rolfe, 2000). 

Nagala & Routray (2010) studied the effect of a probiotic supplement containing 
Lactobacillus acidophilus, Bifidobacterium bifidum, B. longum and B. lactis, on patients with 
irritable bowel syndrome. It was observed a significant improvement after two months of 
the treatment, with 84% of the patients showing improvement in abdominal pain, 73.9% in 
bloating, 88% in flatulence, 90.9% in diarrhea and 86.9% in constipation.  

2.4 Bowel inflammatory disease 

Inflammatory bowel disease involves two subtypes: ulcerative colitis and Crohn’s disease. 
Ulcerative colitis is determined by a continuous inflammation, which starts in the rectum 
and it is restricted to colon, whereas inflammation from Crohn’s disease can occur in any 
region of the gastrointestinal tract (Bousvaros et al., 2007; Mack, 2011). 

The non-pathogenical strain E. coli Nissle 1917 showed to be efficient in the Crohn’s disese 
maintenance therapy. This microorganism was able to adhere to intestinal epithelial cells in 
addition to its inhibitory effect observed against pathogenic strains isolated from patients 
with the disease (Boudeau et al., 2003). 
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A study conducted by Furrie et al. (2005) pointed the efficiency of Bifidobacterium longum 
associated to inulin-oligofructose prebiotic in the treatment of ulcerative colitis. The 
treatment resulted in an improvement of the full clinical appearance in patients who 
received this therapy.  

2.5 Hypercholesterolemia 

Saturated fat rich diets can increase serum cholesterol rates, which is one of the main risk 
factor for cardiovascular disease (Vasiljevic & Shah, 2008). Many studies have been carried 
out on the hypocholesterolemic activity of non-pathogenic bacteria through mechanism of 
hydrolysis of biliar salt (Pereira et al., 2003; Noriega et al., 2006; Parvez et al., 2006; Nguyen 
et al., 2007). 

Baroutkoub et al. (2010) observed that consumption of probiotic yogurt with Lactobacillus 
acidophilus and Bifidobacteria cepas by people with hypercholesterolemia resulted in the 
reduction of total cholesterol and LDL (Low Density Lipoproteins: it is believed they are the 
harmful class to human beings) and in the increase of good cholesterol, HDL (High Density 
Lipoproteins: it is believed that they are able to absorb cholesterol crystals which are 
deposited in arteries/veins wall, therefore delaying arteriosclerotic process) in the blood.  

Despite the great number of studies, reduction of serum cholesterol effect by probiotics is 
not considered an established effect, yet. Thus, new clinical trials controlled by placebo 
should be carried out to prove the efficiency of those microorganisms.  

2.6 Cancer control 

The fight against cancer is one of the biggest challenges faced by humanity. According to 
some authors, consumption of probiotic-supplemented products can prevent and even 
suppress tumor growth. According to Ma et al. (2010), Bacillus polyfermenticus was able to 
suppress in vitro and in vivo growth of cancer cells, suggesting that such microorganism 
can be used to prevent colon cancer development. Probiotic strains of E. faecium RM11 and 
L. fermentum RM28, isolated from fermented-milk were also shown to have antiproliferative 
properties against colon cancer cells, suggesting that such microorganisms can be used as an 
alternative to colon cancer (Thirabunyanon et al., 2009). 

It was observed in volunteer subjects who received Lactobacillus rhamnosus LC705 and 
Propionibacterium freudenreichii a reduction of intestinal absorption of aflatoxin B1, a toxin 
correlated to the high liver cancer index. Therefore, probiotic supplementation can be 
effective in preventing development of liver cancer and other types of cancer caused by 
environmental factors (El-Nezami et al., 2006). 

2.7 Allergy 

Probiotics are able to reduce in vitro various inflammatory cytokines and intestinal 
permeability, which are effects considered beneficial in allergic conditions. In addition, gut 
microbiota of atopic patients seems quite different, with an increase in clostridia and a 
decrease of bifidobacteria when compared to microbiota of non-atopic individuals. Studies 
have been performed to evaluate the effectiveness of probiotics in food allergy, atopic 
eczema and rhinitis (Michail et al., 2006).  
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The administration of Lactobacillus GG in pregnant women, nursing mothers and babies in 
the first months of life was associated with a decrease in the occurrence of topic eczema in 
children at risk of developing allergies compared to a placebo group at the end of a year of 
life (Kalliomäki et al., 2003). Another two controlled studies showed improvement of atopic 
dermatitis in children after use of L. rhamnosus and L. reuteri, and children with atopic 
eczema and allergy to cow's milk responded more effectively to a hydrolyzed formula 
supplemented with Lactobacillus GG (Majamaa et al., 1997; Rosenfeldt et al., 2003). These 
results are promising for the use of probiotics in allergies, but more studies are needed to 
confirm this property. 

3. Probiotics for animal use 
The use of growth promoters permit to improve animal performance. Initially, a great 
variety of antibiotic function substances, particularly penicillin and tetraclines, were used to 
improve performance of birds, swines and cattle. The use of antibiotics as feed additive 
showed great benefices to animal production, mainly expressed in an improvement of 
weight gain and feed conversion. Antibiotics were used for many years, but they are being 
banned from animal production activities especially because of risks presented by resistant 
bacteria, which can result in problems to animal and human health. Therefore, probiotics are 
receiving special attention by animal nutrition researchers, who search for alternatives to the 
traditional use of growth promoters.  

Probiotics have been incorporated through diets, with the objective to keep intestinal 
microbiota balance of animals, preventing digestive tract diseases, improving feed 
digestibility, leading to a greater use of nutrients and improving animal performance 
(Fuller, 1992). 

Overall, effects of probiotic addition tend to be more outstanding in inadequate production 
conditions or in stress conditions, in which microbiota are unbalanced, especially in young 
animals. The most commonly highlighted factors among those previously cited are: 
temperature below or above thermal comfort zone; presence of pathogens; deficient sanitary 
conditions; management stressing conditions; change in feeding; weaning; transportation; 
high stock density; post-antibiotics treatment; sudden environment change. Regarding the 
results obtained in experiments with probiotics, those can be affected by factors as for 
example: type of probiotic microorganism; method and administered amount; host 
condition; intestinal microbiota condition; age of the animal. 

3.1 Probiotic in aquaculture 

Probiotics in aquatic organisms can act similarly to terrestrial animals. However, the 
relationship between aquatic animals and cultivation environment is much more complex 
than that involving terrestrial animals. Because of this closer relationship between animal 
and cultivation environment, the traditional definition of probiotics is insufficient for 
aquaculture. Therefore, Verschuere et al. (2000) suggest a broader definition: “it is a 
microbial supplement with living microorganisms, with beneficial effects on the host, by 
modifying its microbial community associated with the host or its cultivation 
environment, by ensuring improved use of the artificial feed or its nutritional value, by 
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enhancing the host response towards diseases and by improving the quality of its ambient 
environment.”  

Microorganisms in the aquatic environment are in direct contact with the outer part of the 
animals, as for example gills and with the supplied feed, with easy access to the digestive 
tract of the animal. Among those microorganism present in the aquatic environment are the 
potentially pathogenic ones, which are opportunists, that is, they take advantage of some 
stress situation of the animal (high density, deficient feeding), causing infections, which can 
worse animal performance and even death. Vibrio sp., Plesiomonas shigelloides, in addition to 
Aeromonas sp. are the main agents causing death in aquaculture, and they can also cause 
feed infections in human beings. Thus, the objective of using probiotics by aquatic 
organisms is not only the direct beneficial to the animal but also its effect in the environment 
(Verschuere et al., 2000).  

The interaction between environment and host in an aquatic environment is complex. 
Microorganism in the water influence host intestinal microbiota and vice-versa. Makridis et 
al. (2000) showed that supply of the bacteria strains through the feed and direct in the 
cultivation water, in turbot (Scophthalmus maximus) larvae incubators, promoted their 
maintenance in the environment, and they also promoted colonization of the digestive tract 
of the larvae.  

Changes in the salinity, temperature, dissolved oxygen variations, alter conditions of the 
environment, which are propitious to different organism, with consequent changes in the 
dominant species, which may lead to a efficacy loss of the product. Thus, addition of a 
probiotic into the cultivation water must be constant, because the medium conditions 
undergo periodical changes. So, when choosing the pro biot to be used in aquaculture, 
variety of the microorganism present in the medium must be taken into account.  

Intensive cultivation systems use high stock densities, among other stressing factors (for 
example: management), which result in low growth rates and feeding efficiency, a 
fragility in the immune system, making those animals susceptible to the presence of 
opportunist pathogens present in the cultivation environment. Thus, the effect of the 
probiotics on the immune system has led to a great number of studies with results 
beneficial to the health of aquatic organisms, although the way they act have not been 
clarified, yet. Gram et al. (1999) showed that the use of Pseudomonas fluorescens AH2 as 
probiotic, reduced mortality of rainbow trout (Oncorhynchus mykiss) juveniles exposed to 
Vibrio anguillarum. The joint administration of Lactobacillus fructivorans and Lactobacillus 
plantarum through live or dry feeding promoted colonization in intestine of sea bream 
(Spaurus aurata) larvae and the reduction of animal mortality during larva culture and 
nursery (Carnevali et al., 2004). Kumar et al. (2006) observed a greater survival in Labeo 
rohita carp fed Bacillus subtilis, submitted to intraperitoneal injection with Aeromonas 
hydrophila. 

Regarding cultivated shrimp, bacterial illness are considered the greatest mortality cause in 
larvae. The administration of a bacterium mixture (Bacillus sp. e Vibrio sp.) influenced 
positively survival and presented protection effect against Vibrio harveyi and the white spot 
virus (Balcázar et al., 2006). In the clam Argopecten purpuratus, an Alteromonas haloplanktis, 
able to reduce larva mortality when submitted to challenge with Vibrio anguillarum, was 
isolated (Riquelme et al., 1996). 
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The administration of Lactobacillus GG in pregnant women, nursing mothers and babies in 
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Probiotics can also be used to promote growth in aquatic organisms, either by a direct help 
in nutrient absorption or by supplying them. Lara-Flores et al. (2003) concluded that the use 
of Saccharomyces cerevisiae yeast as probiotic for Nile tilapia (Oreochromis niloticus) alevino as 
growth promoter, resulted in a greater growth and feed efficiency, suggesting that yeast is a 
proper growth promoter in the tilapia farming. Lin et al. (2004) used Bacillus sp. in the diet 
of shrimp Litopenaeus vannamei improving feed digestibility indices. Ziaei-Nejad et al. (2006) 
added probiotic Bacillus sp. in the cultivation of shrimp Fenneropenaeus indicus larvae and 
observed that in addition to the increase of survival, there was an increase in the activity of 
enzymes lipase, protease and amylase in the digestive tract of shrimp, which may stimulate 
the better use of the artificial feed.  

However, addition of probiotics Bacillus subtilis at different doses (2.5; 5.0 and 10 g kg-1 of 
diet) in diets for bullfrog (Lithobates catesbeianus) with initial weight of 3.13g did not improve 
weight gain, apparent feed conversion and survival when compared to control treatment 
(without addition of probiotic), but the immunostimulatory effect was evidenced through 
the increase of phagocytic capacity in the animals (França et al., 2008).  

Another aspect of using probiotics in aquaculture is the improvement of the water quality in 
culture ponds. Reduction on nitrogen and phosphate compounds in the water used in 
Litopenaeus vannamei shrimp cultivation was observed when commercial probiotics were 
added into the water (Wang et al., 2005). Similarly, it was observed an improvement in the 
water used for cultivation of Penaeus monodon shrimp when Bacillus sp. was used as 
probiotic (Dalmin et al., 2001). 

The conditions in which animal are submitted during cultivation can influence directly 
efficiency of probiotics. Thus, when they are not submitted to stressing situations, the 
obtained results many times do not show significant effect of probiotics on animal 
performance, so, more scientific studies should be conducted to know better interactions 
between those factors with the animals.  

3.2 Probiotics in poultry production 

The objective of using probiotics in poultry production is to improve performance in broiler 
chickens and to increase egg production in laying hens in addition to reduce intestinal 
colonization by pathogens as Salmonella sp. the main genus of bacteria identified in 
gastrointestinal tract of birds are: Bacillus, Bifidobacterium, Clostridium, Enterobacter, 
Lactobacillus, Fusobacterium, Escherichia, Enterococcus and Streptococcus. 

The starting point in the use of probiotics in birds was set by Nurmi & Rantala (1973), who 
observed that when intestinal content of the healthy adult birds were orally administrated to 
birds at one day of age, it changed their sensitivity to Salmonella sp. in poultry production, 
manners of probiotic administration to birds more commonly observed are: by the feeds, by 
drinking water, by pulverization on the birds, inoculation via cloaca or in embryonated eggs 
(in ovo), among others, and the manner of administration has effect on intestinal colonization 
capacity.  

Except if submitted to stress situation, bacteria which colonize gastrointestinal tract of the 
birds since their birth, tend to remain there for the rest of their lives. Therefore, in ovo 
inoculation is an aspect of using probiotics for birds. In ovo inoculation of probiotics 
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Lactobacillus casei, Lactobacillus plantarum and Enterococcus faecium at 106 UFC egg-1, at 16 days 
of incubation and the performance of challenge of chicks at one day of age via stomach with 
13.6 x 106 UFC mL-1 of Salmonella enteritidis, improved performance of animals fed probiotics 
when compared to control treatment (Leandro et al., 2004). Moreover, in the same 
experiment, authors observed that from 7 to 21 days of age, Salmonella sp. was identified 
only in challenged animals which were not fed probiotic. It is suggested that probiotic 
avoided bacterium colonization in the gastrointestinal tract of the birds.  

In chicks emerging from incubators, pH concentration and the presence of volatile fatty 
acids, which are one of the main protection barriers of the animal organism, are not 
sufficiently chemically to avoid that pathogens enter in their organism. Moreover, the small 
variety of the birds’ intestinal microbiota in this phase is considered as a limiting factor for 
the digestion and for the possibility of intestinal colonization by enteric pathogens. Thus, 
probiotic supplementation seems to be a beneficial action for the animal performance and 
health of birds from commercial incubators.  

An efficient immune response is related to the presence of immunomodulaters in the diet, 
which will act by reducing immune stress and then reducing nutrient mobilization to 
activities which are not related with production (meat or eggs), permitting in addition to a 
greater survival in stress situations, the non-harmful effect on animal performance.  

The use of yeast Saccharomyces boulardii in the diet for broiler chickens reduced the level of 
Salmonella sp. from 53.3% to 40.0% at stress conditions in transportation to slaughter (Line et 
al., 1998). The used of yeast Saccharomyces cerevisiae var. chromium reduced negative effects of 
caloric stress on broiler chickens (Guo & Liu, 1997). 

The results of studies with probiotics in poultry production have been showed to be rather 
contradictory regarding to its efficiency. Not always are positive results observed by using 
probiotics. Those vary with age of the animal, type of probiotic used, viability of the 
microorganisms, storage conditions, level and manner of administration, in addition to the 
low challenge in relation to the experimental condition concerned to sanity, management 
and other stressful conditions. Some researchers have stated that the addition of probiotics 
into the diet did not improve animal performance in broiler chickens. Estrada et al. (2001) 
observed that the administration of Bifidobacterium bifidum did not alter significantly animal 
growth. But, according to Zulkifli et al. (2000), even by observing an increase in the feed 
intake, there was no reduction in feed efficiency in broiler chickens when Lactobacillus sp. 
was administered in the diet.  

On the other hand, several studies have shown extremely interesting results on adition of 
probiotics into diets for broiler chickens. The addition of Bacillus subtilis into the diet 
increased weight gain and feed conversion (Fritts et al., 2000). The addition of Lactobacillus 
increased weight gain and improved feed conversion of supplemented animals (Kalavathi et 
al., 2003). The use of yeast Saccharomyces boulardii in Salmonella enteritidis infected broiler 
chickens improved feed efficiency by 10% when compared to control treatment, and by 12% 
in animals supplemented with Bacillus cereus var. toyoii (Gil de los Santos, 2004). 

Concerning to carcass quality of broiler chickens, the beneficial effect of probiotic use was 
also observed. The addition of Lactobacillus acidophilus e Streptococcus faecium reduced 
plasma protein concentration, levels of total cholesterol and HDL in addition to an increase 
in the protein content of probiotic supplemented animals (Pietras, 2001). 
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3.3 Probiotics in swine farming 

The bacteria usually found in the gastrointestinal tract of swine are: Bacteroides rumnicola, 
B. uniformis, B. succinogenes, Butyruvibrio fibrisalvens, Clostridium perfringens, 
Escherichia coli, Eubacterium aerofaciens, Lactobacillus acidophilus, L. casei, L. fermentum, 
Peptostreptococcus productis, Selenomonas ruminantium, Streptococcus salivarius and the 
yeast found are: Saccharomyces cerevisiae and Candida sp. (Russel, 1979). 

By evaluating the balance between beneficial and pathogenic bacteria in the intestinal 
epithelium of swines in normal conditions, Robinson et al. (1984) found Lactobacillus 
acidophilus in 11.9%, Streptococcus faecium in 54,4% and Escherichia coli in less than 1%. When 
there were intestinal disorders, reduction of L. acidophilus and S. faecium up to 6% was 
observed, resulting in an increase of E. coli to 14%.  

Regarding microbiota in the gastrointestinal tract, it is found two critical moments in the 
swine farming, which are birth and weaning. Piglets are born without microbiological 
contamination, but in a short time, gastrointestinal tract is mostly colonized by Lactobacillus, 
Bifidobacterium and Bacteroides, and less by potentially pathogenic organism as for example 
Escherichia coli, Enterococcus, Clostridium and Staphylococcus. After weaning, there is a drop in 
lactic bacteria population, so population of pathogenic organism increases (for example: E. 
coli). These pathogenic microorganisms can be adhered to the intestinal epithelium, then 
they multiply, unbalancing intestinal microbiota, causing post-weaning diarrhea.  

Administration of Lactobacillus sp. as probiotic for piglets during a six-week period 
increased its presence in the intestine and reduced Pseudomonas sp. and Clostridium 
perfringens, in addition to reduce intestinal pH, although effect on weight gain and apparent 
feed conversion had not been observed, compared to the control group (Tereda et al., 1994). 
Likewise, administration of probiotic for sows from the end of gestation to the end of 
lactation will be able to stabilize intestinal microbiota of the female, establishing a favorable 
microbiota in piglets in suckling. This fact was evidenced by Alexopoulos et al. (2004). 

Conditions of microbial unbalance during stress create a favorable condition for fixation 
of pathogenic microorganisms, leading to structural changes, as for example shortening of 
villi. This reduction results in a smaller absorption area, lower production of enzymes and 
nutrient transportation, predisposing animals to poor absorption, a possible dehydration 
and conditions of enteric infections. Upon this aspect, results obtained with the use of 
probiotics for swines are very contradictory. Pollman & Bandick (1984) reported that 
animals fed Lactobacillus based products did not present difference on small intestine 
morphology when challenged by E. coli. But, Jonsson & Henningsson (1991) did not 
observe probiotic effect on the size of the villus. Kritas et al. (2006) observed less incidence 
of diarrhea in piglets supplemented with Bacillus subtilis and Bacillus licheniformis during 
suckling and post-weaning. However, Utiyama et al. (2006) did not observe any benefic 
effect of supplementation with Bacillus subtilis and Bacillus licheniformis in diets for 
weaned piglets under diarrhea control when compared to the ones which were not fed 
probiotic.  

Those differences can come from factors as for example: genetics of the animals, species of 
the microorganisms used in the product; the used dose; environment temperature and 
sanitary condition of the swine farm inasmuch as many experiments evaluate the use of 
probiotics in low sanitary challenge conditions. In addition to a good sanitary quality, those 
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conditions must provide no stress for the animals and balanced microbial community, 
probiotics and even antibiotics used at subclinical dose will have little or any effect on 
animal performance. However, it is difficult that an animal will not suffer from stress or will 
live in an environment free of pathogenic microorganisms in the exiting commercial 
production nowadays.  

Regarding animal performance, Roth & Kirchgessener (1988) observed improvement in 
weight gain, feed intake and feed conversion when using Bacillus toyoii based probiotic in 
diets for piglets. Cristani et al. (1999) observed an improved of up to 8% in feed conversion 
of piglets in the nursery phase, when bacteria Lactobacillus acidophilus was administered in 
the diet. Those results can be related to enzymatic production of probiotics with improve 
nutrient digestion by lactase and galactosidase production, which hydrolyzes lactose, 
permitting its absorption. The use of a probiotic congaing Bacillus licheniformis and 
endospore of Bacillus subtilis increased feed intake, reduced weight loss and reduced the 
interval between weaning and estrus in sows (Alexopoulos et al., 2004). In the same study, it 
was observed in piglets from those sows, an average of 0.38 kg more than the control group.  

3.4 Probiotics for ruminants 

From the possible effects observed with the addition of probiotics for ruminants, it stands 
out: increase in the number of bacteria in the rumen; increase in rumen digestion of 
cellulose, increasing nutrient availability for production process, improving use efficiency of 
roughage, in addition of stimulating greater dry matter ingestion; competitive exclusion in 
the intestine, resulting in a reduction of bacteria which cause diarrhea; production of 
bacteriocine; acting as immunostimulants. 

Yeasts are used in ruminant feeding with the objective of increasing dry matter digestibility, 
especially neutral detergent fiber and acid detergent fiber (Kamalamma et al., 1996). Yeast 
supplementation increases the number of bacteria in the rumen, particularly cellulosic 
bacteria. Growth factor supply (for example: vitamins), removal of oxygen by Saccharomyces 
(rumen content is essentially anaerobic), buffer effect and reduction in the number of 
protozoan are some of the factors associated to this response (Callaway & Martin, 1997). 

Among the several species of bacteria present in the rumen, cellulose bacteria, essential for 
ruminant nutrition for cellulose digestion, stands out. Another important function of the 
microbiota in the rumen is the production of complex B vitamins. Fermentative activities 
and qualitative content of microorganisms in the rumen can vary and decrease according to 
the diet and stressing situations as well. In the modern agriculture, cattle are constantly 
submitted to stressing factors as for example frequent management in the barn, 
vaccinations, identification, castration, contention, artificial insemination, confinement, and 
so on. Therefore, it can be concluded that depression in rumen microbiota, resulting from 
stress, will reduce feed digestibility, vitamin synthesis, resulting in growth and milk 
production. 

Because increase of genetic potential of the animals it becomes more and more necessary the 
development of diets with greater genetic and protein content jointed with adequacy of 
fibrous fraction, which is important in rumen health. Therefore, the inclusion of grains into 
the diet favors growth of bacteria as Streptococcus bovis, which is lactate producer, causing 
reduction in the rumen pH. Submitting cattle to diet with high percentage of concentrate 
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conditions must provide no stress for the animals and balanced microbial community, 
probiotics and even antibiotics used at subclinical dose will have little or any effect on 
animal performance. However, it is difficult that an animal will not suffer from stress or will 
live in an environment free of pathogenic microorganisms in the exiting commercial 
production nowadays.  
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roughage, in addition of stimulating greater dry matter ingestion; competitive exclusion in 
the intestine, resulting in a reduction of bacteria which cause diarrhea; production of 
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so on. Therefore, it can be concluded that depression in rumen microbiota, resulting from 
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Because increase of genetic potential of the animals it becomes more and more necessary the 
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fibrous fraction, which is important in rumen health. Therefore, the inclusion of grains into 
the diet favors growth of bacteria as Streptococcus bovis, which is lactate producer, causing 
reduction in the rumen pH. Submitting cattle to diet with high percentage of concentrate 
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may result in rumen fermentation detriment. Therefore, addition of products which are able 
to keep or change rumen fermentation pattern, maintaining animal health, has become an 
important strategy in the feeding of those animals. 

Ruminants have a differential in their digestive organ which confers to them a great capacity 
of digesting fibrous feedstuff. However, this capacity of converting fibrous feed into meat 
due to an inadequate feeding management, for example, can be poorly efficient. Thus, 
nutrition of those animals should search optimization of rumen fermentation, improving 
nutrient digestibility with a consequent better animal performance. 

As it was previously mentioned for other species, positive effect of probiotics in animal 
nutrition are not always evidenced due to differences in sanitary conditions and different 
types of diets used as well. However, when this happens, increase in productivity 
parameters and improvement in the sanitary status are observed (Breul, 1998). 

Krehbiel et al. (2003) observed that there was a smaller incidence of diarrhea when feeding 
bezeras with Streptococcus and Lactobacillus acidophilus, compared to animals which were not 
fed probiotic. In the work of Bechman et al., (1977), it was demonstrated that administration 
of Lactobacillus acidophilus for dairy calves improved feed conversion and reduced diarrhea 
incidence. Zhao et al. (1998) also observed that the possibility of reduction in the detection of 
Escherichia coli in probiotic supplemented animals.  

According to Martin (1998), direct supplementation of microbial additive can improve 
ruminant production up to 8%. By analyzing results from several trials on confinement, 
Krehbiel et al. (2003) observe an increase in daily weight gain of 2.5 to 5.0% in addition to 
improving feed efficiency of 2% in animals supplemented with probiotics in the diet.  

The use of high concentrate content diets results in increase of disturbances related to rumen 
fermentation, as for example bloat and acidosis. Mir & Mir (1994) observed that the audition 
of Saccharomyces cerevisiae into grain high content diets resulted in less occurrence of acute 
rumen acidosis in supplemented cattle compared to the control, suggesting that yeast 
promoted the use of lactate in the rumen. Administration of Saccharomyces cerevisiae for 
cattle submitted to a rapid fermentable diet improved daily weight gain in comparison to a 
diet without yeast (Agazzi et al., 2009) and improved digestion of low quality neutral 
detergent fiber in ruminants (Sommart et al., 1993). 

Regarding to the reproductive system, it is observed that uterine pathologies during 
puerperal period are responsible for the reduction in reproductive efficiency in cows. 
Colonization by Lactobacillus is considered the first microbiologic barrier against pathogen 
infection in the genital tract (Ocaña et al., 1999). Thus, addition of those microorganisms as 
probiotics may improve reproductive efficiency of those animals, either by lactic acid 
production which reduced vaginal pH or by competition for nutrients and adhesion site in 
the vaginal epithelium.  

3.5 Use of probiotics in other animals 

3.5.1 Rabits 

In rabbits, the occurrence of digestive disorders associated to feeding changes has risen 
mortality indices in the period close to weaning. So, the use of probiotics has been an 
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alternative in this phase because it favors improvement of digestive tract conditions by 
action on beneficial microbiota able to improve sanitary and physiologic status of the 
animal. Michelan et al. (2002) used probiotic Calsporin® (based upon endospores of Bacillus 
subtilis) for growing rabbits, evaluating digestibility of diets and their intestinal 
morphometry. The presence of probiotic did not influence nutrient digestibility neither 
morphometric traits of jejune. Hollister et al. (1989) observed an improvement in apparent 
feed conversion, in addition to mortality reduction caused by enteritis in growing rabbits 
supplemented with Lacto-Sacc® (probiotic constituted by Lactobacillus acidophilus, 
Streptococcus faecium, Saccharomyces cerevisae, and fermentation residues of Aspergillus orizae 
and Aspergillus niger). Moreover, the use of Lacto-Sacc® improved crude fiber digestibility 
(Yamani et al., 1992) by weaned White New Zealand rabbits. However, Lambertini et al. 
(1990) did not observe any influence of probiotic composed of Bacillus subtilis on the 
performance of growing rabbits.  

3.5.2 Equines 

According to Frape (1998), the use of probiotics stimulates intestinal biota growth and 
improves digestibility of crude fiber and crude protein. The main sources of fiber on 
composition of diets for equines are grass or legume hays. Legume hays normally presented 
greater nutritional value when compared to grass hay, however, they are more expensive 
and more difficult to be produced. So, the use of probiotics increases efficiency of grass hay 
use. But, results from the use of probiotics with this aim are not conclusive, yet. Morgan et 
al. (2007), evaluating addition of yeast in low and high quality Russel Bermuda grass hay 
diets observed an increase in crude protein and neutral detergent fiber digestibility only in 
the low quality diets, although neutral detergent fiber digestibility had not presented 
improvement. Likewise, Hill et al. (2006) observed increase in crude protein apparent 
digestibility for equines fed diets with high proportion of roughage:concentrate (80:20) 
supplemented with yeast. Increase in crude protein digestibility may be due to microbial 
activity in the large intestine which favored nitrogen compounds digestibility. By 
contrasting with those results, Moura et al. (2009) did not observe any improvement in total 
dry matter digestibility in foal fed grass and concentrate, yeast supplemented. Moore & 
Newman (1993), supplementing foals with yeast, observed maintenance of the highest 
values of pH in the large intestine. According to these authors, reduction in pH below 6.5 
affect cellulose bacteria therefore it affects fiber digestion and help to prevent colic and 
laminitis.  

The use of yeast in diets for mare during gestation and lactation resulted in greater contents 
of crude protein, sugar, total lipids and proteins in the milk, and beneficial effects were also 
observed in the foals of those mares (Glade, 1991). 

3.5.3 Dogs  

Kosaza (1989) reports that in cases of acute diarrhea in dogs, treatment with Bifidobacterium 
pseudolongum was positive. Swanson et al. (2002) observed that administration of 
Lactobacillus acidophilus increased digestibility of dry matter, organic matter and crude 
protein. However, Biourgue et al. (1998) observed no improvement regarding digestibility of 
dry matter, protein, lipids and energy.  
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(1990) did not observe any influence of probiotic composed of Bacillus subtilis on the 
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digestibility for equines fed diets with high proportion of roughage:concentrate (80:20) 
supplemented with yeast. Increase in crude protein digestibility may be due to microbial 
activity in the large intestine which favored nitrogen compounds digestibility. By 
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of crude protein, sugar, total lipids and proteins in the milk, and beneficial effects were also 
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protein. However, Biourgue et al. (1998) observed no improvement regarding digestibility of 
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4. Conclusions 
The use of probiotics for the prevention and / or treatment of gastrointestinal disorders 
have a strong theoretical justification, based on the beneficial functions of the indigenous 
microbiota, fundamental for maturation and health of the digestive ecosystem. However, a 
number of issues need to be resolved before general guidelines regarding the use of 
probiotics can be given. Basic research must provide more detailed data on the mechanisms 
of probiotic action on the molecular level, after which coordinated rigorously conducted 
clinical trials must be undertaken to find the probiotic strain and dosage with optimal 
results for each clinical situation. It is unlikely that one strain or probiotic combination will 
be sufficient for all purposes. At the moment, the heterogeneity of probiotic clinical trials 
hampers interpretation – in particular the diversity of probiotic strains, dosing regimens and 
forms of administration used and the varied patient groups recruited in the available studies 
makes interpretation difficult. Concluding, more biological and well controlled clinical trials 
must be carried out for a more precise understanding of both the mechanisms underlying 
the probiotic action and the complex gastrointestinal ecosystem with which probiotics are 
expected to interact. 
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1. Introduction 
A substantial amount of scientific documentation is mounting for the significance of the 
gastrointestinal microbiota (gut or GI microbiota) on human health. In addition to the 
obvious connection between the gut microbiota and inflammation in the colon (leading to 
IBD, IBS and possibly colon cancer), recent articles have highlighted the not-so-obvious 
connection between the gut microbiota and the brain (Heijtz et al., 2011)) and cardiovascular 
system (Wang et al., 2011).  

Despite several major breakthrough discoveries of the importance of the gut microbiota in 
human health, this information has not yet been transformed into diagnostic or therapeutic 
approaches. A major bottleneck in the gut microbiota diagnostics is the reproducibility and 
throughput of the analytical approaches used.  

Since we do not know the growth conditions for most gut bacteria, traditional cultivation 
based analysis of bacteria cannot be used for a comprehensive overview of the gut 
microbiota. Currently, quantitative PCR are quite extensively being used to detect the 
presence of specific pathogens. However, since the gut microbiota is complex and 
contains hundreds of different microbes, such technology does not hold the promise to be 
used as a general analysis tool to monitor changes in the gut microbiota that affect health 
conditions. The current focus in human gut microbiota screenings are based on 
explorative deep sequencing. It is expected that it will take considerable time and further 
development before sequencing of the gut microbiota could become a routine diagnostic 
tool. However, since the human gut microbiota is getting more thoroughly characterized, 
it is time to look for more targeted approaches rather than the current explorative 
screenings.  

The most widely applied targeted approach to describe microbial diversity are by probes 
targeting the gene encoding 16S ribosomal RNA. This gene is ancient, universally 
distributed and comprise highly conserved sequence domains interspersed with more 
variable regions (Woese, 1987). The conserved regions provide information for 
classification of higher taxa, while the variable regions can be used for differentiation 
between closely related species. An average bacterial 16S rRNA molecule has a length of 
approximately 1 500 nucleotides, making it experimentally manageable by e.g. PCR 
amplification.  
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The first step in 16S rRNA gene microbiota analyses is to purify DNA from all bacteria 
present in a sample without introducing bias due to e.g. differential lysis or recovery. 
Subsequent to DNA purification, all bacterial 16S rRNA genes in the samples are amplified 
using primers targeting generally conserved regions in the 16S rRNA gene. The ratio 
between 16S rRNA gene copies for different bacteria is (in theory) conserved during the 
PCR amplification process. 

Currently the most widely used approach to analyze 16S rRNA gene diversity is through 
next generation sequencing (Kunin et al 2010). The depth of the information that can be 
obtained form such sequencing efforts are dependent on the number of reads that are being 
done.  

An alternative approach is the use of high-density microarrays based on 16S rRNA sequence 
variations. These approaches are explorative, and intended for discovery rather than 
diagnostics. A major challenge with traditional 16S rRNA gene microarrays is probe 
specificity, and cross-reactivity between closely related species (Cox et al 2010). For 
microarrays, this challenge has recently been addressed by tilling probes covering the 
variable region of the 16S rRNA gene (Rajilic-Stojanovic et al 2009). The principle by tilling 
is that a large number of overlapping probes cover the region of interest, with the combined 
probe signals providing a relatively good signal-to-noise ratio. Both for next generation 
sequencing and microarray analysis, a comprehensive data analysis of the information is 
required in order to obtain interpretable results. 

A more direct approach for characterizing the gut microbiota is the use of highly specific 
single nucleotide primer extension (SNuPE) probes (Eggesbo et al 2011).The high specificity 
of the SNuPE assay is obtained by DNA polymerase based incorporation of a labeled 
dideoxynucleotide (Syvanen et al 1990). The SNuPE probes are constructed so that the 
probes hybridize adjacent to discriminative gene positions. If the target bacterium is present, 
a labeled dideoxynucleotide is incorporated by the polymerase.  

A technology platform have been developed that can readily be applied to analyze the gut 
microbiota based on the SNuPE principle. The method – called GA-map™ (Genetic 
Analysis’ Microbiota Analysis Platform) - has already demonstrated its usefulness in 
applications for assessing various disease states based on analysis of the composition of the 
gut microbiota. 

Here, we discuss the possibility of using a novel comprehensive targeted approach for 
quantifying the inhabitants of the human gut microbiota in disease diagnostics. 

2. Requirements for a gut microbiota test 
The general requirements for a gut microbiota test is (i) simple sample collection, (ii) 
comprehensive, (iii) reproducible, (iv) high-throughput and (v) affordable. In addition, the 
test must deliver results that can be interpreted and be relevant to disease. 

There are still major challenges with all these requirements. Most methods developed for 
research are actually not well documented, and promises far more than the methods in 
reality can deliver. A current example of this is the emergence of the next generation 
sequencing approaches. For instance, it is now being realized that these techniques inflate 
diversity measures (Kunin et al 2010). New software tools have been developed to reduce 
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this inflation of diversity, but it is still uncertain if the number of different Operational 
Taxonomic Units (OTUs) obtained by next generation sequencing techniques gives a correct 
representation of the actual number of different bacteria present in the sample.  

Perhaps the largest challenge in gut microbiota diagnostics is the establishment of the 
correlation between microbiota patterns and disease. Since the characterization of the gut 
microbiota is in its infancy, there are not many diseases that have actually been 
characterized with respect to specific dysbiosis of the gut microbiota. Furthermore, since the 
analysis represent patterns rather than single bacteria, new diagnostic principles must also 
be implemented. 

Diagnostic approaches related to dysbiosis of the gut microbiota have until now been 
dominated by culture dependent techniques which only detect a minor portion of the true 
diversity. Doctors used to such techniques may find it challenging to adapt knowledge 
about non-cultivable bacteria in their diagnostics because that would include bacteria that 
they are not familiar with. 

We have for instance found that the clostridal family Lachnospiraceae is the most stable and 
dominant phylogroup in the human gut (Sekelja et al., 2011).This phylogroup has been 
overlooked by the traditional cultivation dependent techniques, probably because it is 
strictly anaerobic and that it has special growth requirements that are difficult to simulate 
on plates. 

3. Function vs phylogeny of gut bacteria 
A long standing debate is how well functionality of bacteria in the gut correlates to 
phylogeny. There are recent reports suggesting that the function of gut bacteria is a 
relatively stable feature, while the microbiota composition is unstable (Turnbaugh et al., 
2009).  

Although functions cannot directly be deduced from the gut microbiota 16S rRNA gene 
analyses, correlations between gut microbiota phylogenetic composition and function can be 
established. We have recently addressed this issue by mapping functions onto a 
phylogenetic map as illustrated in Figure 1. As seen in this figure, there are good 
correlations between functions and phylogeny, with different functions being clustered in 
different phylogroups. 

The take home message from this analysis is that the phylogenetic framework can be used to 
deduce the probability of functions in the gut microbiota, and aid in identifying functions 
through other targeted approaches. Still, however, our knowledge about the correlations 
between function and phylogeny is limited. The current major genomic sequencing efforts 
will aid in these investigations. It will be particularly interesting to determine which 
functions follow a phylogenetic distribution pattern, and which do not.  

For genes located on mobile elements, such as those encoding antibiotic resistance, an 
important aspect would be to determine the host range of the mobile elements. For instance, 
given that there are antibiotic resistance genes present on mobile elements in the commensal 
microbiota with a host range that include pathogens, there will be a severe risk that the 
antibiotic resistance genes can be transferred to the pathogen.  
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Fig. 1. Properties of gut bacteria in a phylogenetic framework. The PCA biplots represent the 
16S rRNA phylogenetic relatedness between the bacteria, while the green circles represent 
different functions for the different panels. The six panels represent six different functional 
groups.  
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4. Diseases with established correlation to the gut microbiota 
Necrotizing enterocolitis (NEC) (Wang et al 2009) and inflammatory bowels disease (IBD) 
(Frank et al 2007, Nell et al 2010) are two diseases that have a recognized established link to 
the gut microbiota. 

NEC is a severe disease affecting preterm infants with a high mortality. About 10% of 
infants with a birth weight below 1500 g develop NEC, with mortality rate is as high as 30%. 
It has been suggested that this disease is associated with a reduced diversity of the gut 
microbiota (Wang et al 2009). Both due to the impact of the test, and because the preterm 
infant gut microbiota is relatively simple, NEC is an attractive target for developing a 
human gut microbiota test.  

IBD represents a collection of diseases associated with gut inflammation. It has two main 
sub forms: Crohn’s Disease (CD) and Ulcerative colitis (UC). Disturbance of the normally 
stable GI microbiota are predicted to adversely affect the health of the host (Frank, et al., 
2007). Studies of experimental animal models of IBD reveal that germ-free animals show 
few signs of inflammation; experimental colitis is exhibited only when the animal is exposed 
to natural microbial communities. Likewise human studies have shown a response of IBD 
patients to antibiotic and probiotic treatment (Hecht, 2008). In CD patients inflammation 
most commonly appears in the gut locations where bacterial concentrations are high. 
Furthermore, diversion of the fecal stream from the lumen is associated with improvement 
of the inflammation, indicating a role for bacteria in the IBD pathogenesis (Baker, Love, & 
Ferguson, 2009). Taken together, there are relatively good evidence for a correlation between 
IBD and the gut microbiota.  

5. Diseases with suspected correlation to gut microbiota 
There is a very wide range of diseases that have been suggested correlated to the gut 
microbiota. Among these are diabetes, cardiovascular diseases, rheumatism, metabolic 
syndrome and obesity (Wang et al. 2011, Wen et al., 2008, Ley et al., 2006). Common for 
most of these diseases is the correlation to some form of underlying inflammation. Thus, 
imbalance in the gut microbiota could be a common underlying factor that triggers 
inflammation. Still, detailed knowledge is lacking about such potential correlations.  

Future knowledge building with respect to microbiota composition could open new 
diagnostic possibilities for these diseases, which all have major impacts on human health. 
Gut microbiota diagnostics may also help in understanding the etiology of the disease, 
which potentially could help in developing therapeutic approaches. 

The perhaps most surprising correlation to the gut microbiota are cardiovascular disease 
(Wang et al. 2011). There were relatively strong correlations between microbial metabolites 
and atherosclerotic disease. Gut microbiota diagnostic in this field could potentially have 
major impacts on human health.  

6. Gut micobiota diagnostic for diffuse conditions 
Major diseases with more diffuse symptoms such as irritable bowels disease (IBS) (Salonen 
et al 2010) and depression (Maes et al 2009) could be targets for development of future 
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diagnostics. These are diseases representing enormous burden and costs to society. If these 
diseases can be linked to some kind of gut microbiota disorders, then there may also be 
potential for intervention and treatment.  

Discomfort such as abdominal pain, flatulence and bloating affect our everyday life. It has 
recently been shown correlation between these discomforts and specific gut bacteria 
(Jalanka-Tuovinen et al., 2011). Although not life threatening, the quality of life can be 
severely reduced by these discomforts. Diagnosis of the gut microbiota could potentially 
help in dietary interventions. 

Although the severity of IBS is not pronounced, 10% - 20% of people in the Western world 
suffer from this (Maxion-Bergemann et al 2001). Therefore, a diagnostics for this condition 
could have major impact, given the potential for advice that would increase the quality of 
life through reducing discomforts. 

7. Stratification of patients with respect to gut microbiota in clinical trials 
It has recently been discovered that the gut microbiota plays a major role in the human 
metabolome (Nicholson et al 2005), and that the effects of drugs can be dependent on the gut 
microbiota (Clayton et al 2009). Combined with recent evidence that the human microbiome 
may consist of only three enterotypes (Arumugam et al 2011), diagnostics of such 
enterotypes is expected to provide important information with respect clinical trials. 
Enterotypes represent clusters of bacteria with a high frequency of co-occurrence, 
suggesting different states of the microbiota with different functionalities. There are several 
evidences for gut microbiota metabolism of important drugs, such as drugs against 
Alzheimer (Pieper et al., 2009) 

Combined with the enterotype knowledge we believe that stratification will be a highly 
interesting field for gut microbiota diagnostics. This will be in line with the recent 
developments of personalized drugs –drugs adapted to individuals. Clearly, a major part of 
defining an individual would be the composition of gut microbiota. Information about the 
gut microbiota may therefore help to increase the success rate of clinical trials. 

8. Manipulation of gut microbiota with pro- and prebiotics 
The diet plays a major role in stratifying the gut microbiota (Muegge, 2011). This gives 
promise for food related gut microbiota perturbations. Manipulation of the gut microbiota 
through the diet is an old concept, either through probiotic live bacteria, or through 
prebiotic oligosaccharides.  

Even though there is a range of products on the marked, there have been challenges in 
documenting the effect of these products. Diagnostic products that will help in 
substantiating the potential health claims would be of great benefit to the food industry. A 
main reason for the lack of documentation could actually be the lack of proper tools to 
describe the microbiota, rather than that the products have no effect.  

Given proper documentation, the marked for pro- and prebiotics is very large. In particular, 
documentation that can be used in marketing would have a high commercial value. New 
diagnostic approaches could also potentially enable the discovery of new pro- and prebiotic 
products.  
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9. GA-map tecnology platform in gut microbiota diagnostics 
The GA-map platform has given rise to a pipeline of assays for analysis of disease based on 
the microbiota composition. This platform includes a DNA purification module, a module 
for probe design, a patent protected approach for the actual gut microbiota screening, in 
addition to a diagnostic database. The GA-map assay will help to utilize information in the 
gut microbiota for diagnostic purposes. 

An outline of the GA-map platform for gut microbiota diagnostics is illustrated in Figure 2. 
The platform can be used to assess health conditions of individuals based on the 
composition of the gut microbiota. In addition, it can serve both the the pharmaceutical 
industry and governmental health authorities in epidemiological population screenings and 
clinical trials. In addition, the technology can be used for early detection of undesirable 
conditions in the gut that can be corrected before the illnesses are manifested. The core 
aspects of the technology was developed and patented at the University of Oslo in 1998 (US 
patent # 6 617 138 Nucleic Acids Detection Methods). The technology has since then been 
refined at Nofima Mat (Matforsk). Currently the technology is patented worldwide and 
Genetic Analysis AS has been set up to commercialize the technology. 

A high throughput analysis platform based on this technology will make it possible to gain 
greater understanding of the relationship between the composition of the gut microbiota 
and health, as well as being used as a diagnostic and prognostic tool in the future. 

9.1 GA-map array 

Probe labeling is based on the minisequencing principle, where a DNA polymerase extends 
the probe with a single labeled dideoxy nucleotide (Syvannen et al., 1990). In the GA-map 
assay several probes are labeled simultaneously, with the detection by reverse hybridization 
to the complementary strands spotted on to a solid phase (Vebo et al., 2011). This process is 
illustrated in Figure 3. The probes are constructed so that the probes hybridize adjacent to 
discriminative gene positions. If the target bacterium is present then a labeled 
dideoxynucleotide is incorporated by the polymerase. This is illustrated in Figure 3A. The 
solid phase (i.e. microarray or beads) is used to separate the probes by hybridization to their 
respective complementary sequences attached to the solid phase, which is illustrated in 
Figure 3B (exemplified by an array). 

9.2 Probe design  

There are several steps in the GA-map array process that can lead to wrong patterns if the 
probes are not properly designed. The probes may bind to the wrong target, and be labeled 
that way. Furthermore, the probes may be labeled by using itself as a target, or another 
probe as target. Finally, the probes may bind to the wrong spots on the array. Successful 
application of the GA-map assay requires therefore the application of a probe design 
software that takes into account many of the potentially unwanted reactions mentioned 
above, leading to false results. 

The probe design is based on a novel way of bacterial classification based on 16S rRNA gene 
sequences. Rather than classifying bacteria by traditional phylogenetic tree-based 
approaches, the bacteria are classified in a coordinate system (Rudi et al., 2006). The benefit 
of this approach is both that very large numbers of bacteria can be analyzed, and that 
phylogroups are easily identified for probe design. This is illustrated in Figure 4. 
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Fig. 2. GA pipeline. This figure illustrates the GA core technology and pipeline. Based on 
signatures in the 16S rRNA gene sequences GA probes are designed and evaluated in silico 
using the GA probe design tool. The GA analysis involves automated sample preparation 
combined with array hybridization . The whole information flow is stored in the GA 
database including the information about sample preparation and storage. The results to the 
end user are in the form of a direct description of the microbiota with respect to 
consequences for health and disease. Using this proprietary GA technology, a GA array is 
obtained, giving a specific “fingerprint” of each persons gut microbiota. 
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Fig. 3. Schematic outline of the GA map assay(A) Illustration of the SNuPE principle. An 
unlabelled probe hybridizes adjacent to a discriminative guanine on the complementary 
DNA strand. A DNA polymerase single-base extends the probe with a labeled cytosine 
dideoxy nucleotide. (B) Illustration of array hybridization of SNuPE labeled probes. Three 
probes are illustrated by green - , red – and blue bars. The green and the red probe are 
labeled. The probes are hybridized to their complementary sequences on an array as 
illustrated with the squares. The green and red probes will give a signal on the array due to 
the label, while the blue probe will not give a signal since it is not labeled.  
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Fig. 4. Illustration of coordinate based classification of bacteria related to IBD. Each point in 
the plot represent a 16S rRNA gene sequence from a single bacterium. The distances 
between the points reflect the relatedness between the bacteria. For illustration, the points 
labeled green are target organisms for probe design, while those labeled red are non-target 
organisms.  

After a set of probes have been constructed, the probes are evaluated with respect to if they 
will self-label (Figure 5A), whether they can cross-label (Figure 5B), or whether they will 
bind to a wrong spot on the array (Figure 6C). This bioinformatics evaluation is crucial for 
the successful construction of functional probe-set based on the GA-map technology (Vebo 
et al., 2011).  

Validation of probes constructed with the probe design software have shown a high success 
rate (Vebo et al., 2011). Prior to the development of the software, probes were identified 
manually from multiple sequence alignments. The conclusion from the manual 
constructions, however, was that these probes did not perform satisfactory, and that there 
were too many considerations when performing this probe construction to make it possible 
to do manually. 
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Fig. 5. Illustration of steps in probe evaluation. (A) The first step is to evaluate whether the 
probe will self label. A high value here indicates a high risk of self labeling. (B) The next step 
is to evaluate the potential of cross-labeling. A color code is used to illustrate the risk of 
cross-labeling. High values indicate high risk. (C) The final evaluation is whether the probe 
will bind to the right spot on the array. The red diagonal line indicates correct hybridization, 
while red squares outside the diagonal would indicate wrong hybridization.  
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9.3 Application of the GA-map array to describe the temporal development of the gut 
microbiota in infants 

We have evaluated the recently developed GA-map infant microarray as a high throughput 
assay for screening of the gut microbiota. We analyzed 216 faecal samples collected from a 
cohort of 47 infants from 1 day until 2 years of age. To test the predictive ability of the assay 
we asked the question whether we could predict the age of the infants based on the 
microarray data. 

The Prevention of Allergy Among Children in Trondheim (PACT) study is a large 
population based intervention study in Norway focused on childhood allergy (Oyen et al., 
2006). The samples included here is a subset from the PACT study. Mechanical lysis was 
used for cell disruption, and an automated magnetic bead-based method was used for DNA 
purification. The approach is previously described by Skånseng et al. (2006) 

We experienced that the primer pairs commonly used for amplification of the full-length 16S 
rRNA gene showed poor amplification of bifidobacteria. To circumvent this problem we 
developed a novel primer pair to obtain a near full-length 16S rRNA universal amplicon. 
The amplicon was evaluated both theoretically based on sequences in the RDP II database, 
and experimentally for bacterial species expected in the infant gut. We found that all the 
currently known infant gut bacteria were amplified with this new, optimized primer pair. A 
primer pair that is able to representably amplify the 16S rRNA gene from all the bacteria 
present in the sample is critical for proper analysis of the sample. 

9.3.1 Temporal development of the infant gut microbiota 

Based on signals from the GA-map array we determined the temporal development of the 
gut microbiota in the infants. These results are pressented in Figure 6. 

The prevalence data showed that proteobacteria and lactobacilli reached a maximum 
between one month and one year, while the bacteroides subgroup containing B. fragilis 
reached a maximum after one to two years. Surprisingly, we found a high prevalence of 
bifidobacteria for infants older than one month. This is in contrast to another recent 
microarray screening of the infant gut microbiota, where they found that bifidobacteria were 
underrepressented (Palmer et al., 2007). This demsontrates the importance of using an 
optimal primer pair in the amplification of the 16S rRNA gene. 

9.3.2 Modelling age as a function of the microbiota composition 

We used the temporal information in the gut microbiota to determine if it is possible to 
describe age as a function of the composition. This was done using generalized additive 
models (GAM).  

The following function was derived: 

age = s(E.coli) + s(Clostridium) + s(Staphylococcus)  
+ s(Bif.breve) + s(Bacteroides.dorei.vulg.theta.frag.) 

The functions s to the data are shown in Figure 7. 
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Fig. 6. The prevalence of the G-map bacteria was determined within age groups. The color 
code indicates the prevalence from absent (white) to present in all samples (black). 

 

 
 

Fig. 7. Bacteria which are important for age prediction. For each bacterium the age 
contribution is a function of probe signal. Adding all the age contributions gives the 
predicted age (see function above). The final panel shows a regression between the observed 
and predicted ages for all the samples in our data. 
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High E. coli and staphylococci abundance predict an early age, while for the bacteroidetes 
and B. breve a medium abundance predicts a high age (Fig. 7 B and D). However, very high 
abundance predicts an early age. The Clostridium probe, on the other hand, shows a 
complex association with age. 

Figure 7 shows that the age can be modelled with high accuracy from the microbiota 
composition.We found that the observed and modelled age gave a squared regression 
coefficient of 0.6. These results show that the development of the human gut microbiota is 
very structured with age, and that it can be predicted. The consequence is that it could 
potentially be possible to determine the normal development of the microbiota in infants, 
and use deviations from the normal pattern in identifying disorders. For instance, from our 
results we can conclude that high levels of staphylococcus for older children would clearly 
indicate some kind of deviation form the normal development, and indicate some kind of 
diseased state.  

9.4 Application and development of the GA-map assay for diagnostic purposes 

We are currently adapting the GA-map assay for detection of the human adult core 
microbiota, as defined by (Arumugam, et al., 2011). This will enable an assay for the normal 
gut microbiota, and in identifying the gut microbiota enterotypes. We foresee that, in 
addition to disease-specific diagnosis, such an assay could potentially be valuable for the 
pharmacutical industry in population stratification in clinical trials. This tool could also be 
used by the food industry to determine whether their pro- prebiotic products have an 
impact on the normal gut microbiota.  

9.4.1 IBD 

Diagnostic of IBD is an important target for the GA-map assay since there are established 
correlations between gut microbiota composition and disease. The intention with the assay 
would be early detection of IBD, and potentially in the following up of IBD treatments. 
Alternatively, it can be used to rule out IBD from IBS patients. In the future, given a causal 
relation between gut bacteria and IBD, knowledge about the microbial composition could be 
used in disease treatment. Preliminary data using a very limited probe-set illustrates that it 
should be possible to develop IBD diagnostics using the GA-map technology (Frøyland, 
2010). The assay is currently being refined by the addition of more probes, and through 
validations on clinical material. Since we are using feces and not mucosal samples in our 
analysis we were surprised to obtain the relatively high specificity for CD.  

9.4.2 NEC 

The GA-map assay is also currently being evaluated for the analysis of NEC. NEC is a very 
severe disease where rapid and precise diagnostics are crucial. As for IDB there are already 
established correlations between gut microbiota and the disease. Furthermore, for this 
disease there are currently no good diagnostic approaches. Preliminary data show promise 
for separation NEC samples from that of controls. The aim is to further improve the assay 
and model in order to develop a prognostic assay for NEC development. Such a test would 
be of great help for pediatricians and neonatologists working with pre-term infants as a 
guide in treatment regimes.  
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Table 1. Single probe GA-map diagnostics of CD (Frøyland, 2010) 

9.4.3 Test for assessing health condition of individuals 

Many medical doctors find that an analysis of a patients gut microbiota is helpful in 
obtaining a more complete picture of the condition of the patient, and thus determining the 
disease state and best treatment. Several such tests exists in the marketplace. The GA-map 
technology is positioned to become a very powerful test for this purpose, with its complex 
probe selection and high through-put capabilities.  

The general process for the application of the GA-map assay for diagnostic purposes is 
illustrated in Figure 8.  

After implementation of the pilot diagnostic assays, new approaches and diseases will be 
implemented under the GA-map umbrella. There will also be a transformation over time 
towards decentralized analyses.  

10. Future directions of gut microbiota diagnostics 
There is currently a major focus on exploring the gut microbiota. This is mainly done 
through the application of explorative techniques such as next generation sequencing. The 
next phase will be the validation where the discoveries are validated using targeted 
techniques such as microarray analyses or quantitative PCR. The final phase will be to 
identify correlations between microbiota and disease that will give some added value  
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Fig. 8. Illustration of the GA-map diagnostic procedure. The GA-map assay will initially be 
offered through centralized service labs. A database covering relationships between profiles 
and disease will constantly be updated based on accumulated information, and a web-based 
interface with the customers will be available.  

through diagnostics. This would open up for various applications of tests for profiling the 
gut microbiota in disease management.  

As the importance of the gut microbiota on health becomes more established and 
recognized, profiling the composition of the gut microbiota will become an important 
diagnostic and prognostic tool in the future. This will give an additional window for health 
professionals to assess the conditions of the patient. 

As technology advances and miniaturization and sophisticated Point-of-Care devises are 
being developed, such comprehensive tests will become easier to perform and more 
affordable. We see at least three areas where such a test would be applied in health care in 
the future: 

1. Disease specific diagnostics 

As discussed in this paper, certain health conditions are related to imbalance in the gut 
microbiota. A test that can correlate imbalances in the gut microbiota to specific health 
conditions will have a value as a diagnostic and prognostic tool. Furthermore, such tests 
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could also act as a general help for physicians in determining the best treatment for 
patients. 

2. Personalized medicine 

Understanding how different bacteria in the gut influences the metabolism of drugs and 
foodstuff, leads to a more personalized, tailor-made drug treatment regime. Since it is 
generally recognized that the composition of the gut microbiota has a profound effect on 
health as well as how foodstuff and drugs are metabolized, a profiling of the gut microbiota 
would constitute an important aspect of the personalized medicine approach. It is expected 
that personal medicine would lead to more effective treatments, as well as cost-saving on 
healthcare budget due to optimizing the drug treatment for each person. 

3. Deviations from each individuals normal flora 

The search for a common core gut microbiota has revealed that each individual has a unique 
and fairly stable microbiota, at least in adults. Therefore, each individual’s own microbiota 
may be the best control for that person. This calls for routine checks where deviations from 
its own “normal” core microbiota will be evaluated. Such a test would also include other 
genetic and physical markers, which combined would give a status of the individual’s 
health condition.  

With future technical development we believe the next generation gut microbiota diagnostic 
will integrate phylogeny and functionality of the gut microbiota. A functionality that is 
particularly relevant is antibiotic resistance. There is currently a major fear for the 
development of multi-resistant pathogens, and that the current treatment regimes with 
broad-spectrum antibiotics will eradicate beneficial bacteria. In this regard targeted narrow 
spectrum antibiotics could be the solution. Narrow-spectrum antibiotics, however, would 
require better diagnostics of the actual disease causing organisms. Therefore, a profiling of 
the gut microbiota may be essential prior to administration of such narrow antibiotics to 
ensure optimal treatment. 

Another aim in treatment of gut microbiota disorders is to restore the diseased gut 
microbiota towards the healthy state. This could be done either through tailor-made 
administration of probiotics, prebiotics and antibiotics, or a combination of these substances. 
Another approach would be to transplant the gut microbiota from close relatives or samples 
from the same individual collected before disease occurs. Such an approach would resemble 
what is currently done for treatment of Clostridium difficile infections where the gut 
microbiota is transplanted from relatives. 

11. Conclusions 
As more data are being generated, the importance of the gut microbiota on health will 
become more recognized. The advancement in characterizing the composition of the gut 
microbiota in humans paves the way for new and better health treatments. The techniques 
used for exploring the gut microbiota and characterizing the functions of the microbiota, 
may not necessarily be the same techniques used to diagnose and monitor treatment of gut 
health related diseases. The GA-map assay is a promising tool for the development of gut 
microbiota diagnostics in routine applications. Such assays has the potential to be set up as a 
high through-put service, and can also be incorporated into smaller Point-of-Care devices, 
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could also act as a general help for physicians in determining the best treatment for 
patients. 

2. Personalized medicine 

Understanding how different bacteria in the gut influences the metabolism of drugs and 
foodstuff, leads to a more personalized, tailor-made drug treatment regime. Since it is 
generally recognized that the composition of the gut microbiota has a profound effect on 
health as well as how foodstuff and drugs are metabolized, a profiling of the gut microbiota 
would constitute an important aspect of the personalized medicine approach. It is expected 
that personal medicine would lead to more effective treatments, as well as cost-saving on 
healthcare budget due to optimizing the drug treatment for each person. 

3. Deviations from each individuals normal flora 

The search for a common core gut microbiota has revealed that each individual has a unique 
and fairly stable microbiota, at least in adults. Therefore, each individual’s own microbiota 
may be the best control for that person. This calls for routine checks where deviations from 
its own “normal” core microbiota will be evaluated. Such a test would also include other 
genetic and physical markers, which combined would give a status of the individual’s 
health condition.  

With future technical development we believe the next generation gut microbiota diagnostic 
will integrate phylogeny and functionality of the gut microbiota. A functionality that is 
particularly relevant is antibiotic resistance. There is currently a major fear for the 
development of multi-resistant pathogens, and that the current treatment regimes with 
broad-spectrum antibiotics will eradicate beneficial bacteria. In this regard targeted narrow 
spectrum antibiotics could be the solution. Narrow-spectrum antibiotics, however, would 
require better diagnostics of the actual disease causing organisms. Therefore, a profiling of 
the gut microbiota may be essential prior to administration of such narrow antibiotics to 
ensure optimal treatment. 

Another aim in treatment of gut microbiota disorders is to restore the diseased gut 
microbiota towards the healthy state. This could be done either through tailor-made 
administration of probiotics, prebiotics and antibiotics, or a combination of these substances. 
Another approach would be to transplant the gut microbiota from close relatives or samples 
from the same individual collected before disease occurs. Such an approach would resemble 
what is currently done for treatment of Clostridium difficile infections where the gut 
microbiota is transplanted from relatives. 

11. Conclusions 
As more data are being generated, the importance of the gut microbiota on health will 
become more recognized. The advancement in characterizing the composition of the gut 
microbiota in humans paves the way for new and better health treatments. The techniques 
used for exploring the gut microbiota and characterizing the functions of the microbiota, 
may not necessarily be the same techniques used to diagnose and monitor treatment of gut 
health related diseases. The GA-map assay is a promising tool for the development of gut 
microbiota diagnostics in routine applications. Such assays has the potential to be set up as a 
high through-put service, and can also be incorporated into smaller Point-of-Care devices, 
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opening up new, exciting applications to health management. A comprehensive and rapid 
characterization of the gut microbiota will be part of the tool-box physicians will use in the 
future to improve diagnosis and treatments of patients.  
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1. Introduction 
The health of gastrointestinal tract affects by numerous factors and probiotics are of the 
most important. There are two main ways to increase the population of viable probiotic 
bacteria within the human body: 1) adequate daily nutrition as well as avoiding factors and 
stresses lead to decrease in probiotics in vivo viable population, and 2) ingestion of high 
viable population of probiotics. The common, widespread and popular method to ingest 
high viable population of probiotics is via food products consumption. Probiotic food 
products are regarded as an important group of ‘functional foods’.  

Today, there is a strong increase in the consumption of probiotic bacteria using food 
products, mainly probiotic dairy products. Also, recently, many probiotic non-dairy 
products have been developed. Therefore, the manufacture of dairy- and nondairy products 
containing probiotic bacteria is an important issue with industrial and commercial 
consequences and many products of this kind are available in the world market.  

Viability of probiotic bacteria (the number of viable and active cells per g or mL of probiotic 
food products at the time of consumption) is the most critical value for these products 
because it determines their healthful efficiency. Therefore, it is important to ensure a high 
survival rate of the probiotic bacteria during production as well as during the storage time. 
Many complicated and inter-related factors influence the viability of probiotic 
microorganisms in each food product during production and storage. Apart from the 
viability of probiotics in products until the time of consumption, their survival in food 
matrices after exposure to gastrointestinal tract (GIT) conditions is crucial. They must arrive 
viable and active to different parts of intestine, adhere and colonize. Some factors affect 
viability of probiotics during delivery into the intestine while they are enclosed in food 
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matrices. In this chapter, the concept of ingestion and delivery of probiotic microorganisms 
via food products are discussed.  

2. Probiotic food products 
Probiotic microorganisms are available in three different types for direct or indirect human 
consumption: 1) culture concentrate to be added to a food (dried or deep-freeze form) for 
industrial or home uses, 2) food products (fermented or non-fermented), and 3) dietary 
supplements (drug products in powder, capsule or tablet forms) (Tannis, 2008). Consumption 
of probiotic cells via food products are the most popular and widespread way.  

Worldwide, the demand for consumption of functional foods is growing rapidly due to the 
increased awareness of the consumers from the impact of food on health. For example, in 
the year 2000, the world-wide market of functional foods generated US$ 33 billion, in 2005, 
this total was US$ 73.5 billion, and was US$ 167 billion in 2010 (Granato et al., 2010). 
Functional foods are those that contain chemical/microbial components that may affect 
beneficially one or more target functions in the body, beyond adequate nutritional effects, in 
a way that is relevant to either the state of well-being and health or the reduction of the risk 
of a disease (Diplock et al., 1999). Probiotic food products are classified in the category of 
functional foods and represent a significant part of this market that probiotic foods comprise 
between 60 and 70% of the total functional food market (Holzapfel, 2006).  

During the past three decades, significant attention has been paid to dairy products 
containing probiotic bacteria such as fermented milks, ice cream, various types of cheese, 
baby-food, milk powder, frozen dairy desserts, whey-based beverages, sour cream, butter 
milk, normal and flavored liquid milk, and concentrated milk. Also, recently, many non-
dairy products such as vegetarian-based products, cereal-based products, fruit juice, soya-
based products, oat-based desserts, confectionary products, breakfast cereals and baby 
foods) and baby foods have been developed. Causes for this ongoing trend are demands 
provide by vegetarianism, high prevalence of lactose intolerance in many populations 
around the world, and providing variety and development in probiotic food products 
(Granato et al., 2010; Mortazavian et al., 2011). Dairy products have the largest probiotic 
food market share. Today, a total of 78% of current probiotic sales in the world are 
delivered through yogurt (Cargill, 2009). Therefore, still, the manufacture of dairy 
products containing probiotic bacteria is an important issue with industrial and 
commercial consequences. Table 1 represents some types of probiotic products available 
in the world market (dairy and nondairy products). Figure 1 indicates qualitative aspects 
of probiotic food products. 

3. Probiotic microorganisms used in food products 
It is clear that the right selection and application of a probiotic strains in food materials 
exhibits fundamental impacts on qualitative aspects of final products, namely safety (related 
to the mentioned strains), health benefits (related to probiotics), sensory attributes and even, 
the price. Therefore, selecting the adequate probiotic strains is the first prerequisite for 
designing a specific probiotic food product. The incorporation of incorrectly identified 
probiotic bacteria in functional food products clearly has public health implications, by 
undermining the efficiency of probiotics and by affecting public confidence in functional 
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foods (Huys et al., 2006). Thus, the use of adequate tools to provide proper strain 
identification for legal and good manufacturing practices and to track probiotics during 
food production as well as during their intestinal transit are strictly necessary (Lee and 
Salminen, 2009). 

 
Dairy products Reference Non dairy products Reference 

Regular full-fat yogurts Aryana and Mcgrew (2007) Vegetable-based drinks Lambo et al. (2005) 
Iranian yogurt drink 
(Doogh) 

Mortazavian et al. 2008 Fermented banana  Tsen et al. (2009) 

Acidophilus milk drink Itsaranuwat et al. (2003) Tomato-based drink Yoon et al. (2004) 
Stirred fruit yogurts Kailasapathy et al. (2008) Many dried fruits Betoret et al. (2003) 
Dairy fermented 
beverage 

Shobharani and Agrawal 
(2009) 

Green coconut water Prado et al. (2008a) 

Whey-protein-based 
drinks 

Dalev et al. (2006) Peanut milk Mustafa et al. (2009) 

Synbiotic acidophilus 
milk 

Amiri et al. (2008) Cranberry, pineapple, 
and orange juices 

Sheehan et al. (2007) 

Cheddar cheese Ong and Shah (2009) Ginger juice Chen et al. (2008) 
Feta cheese Kailasapathy and 

Masondole 
(2005) 

Grape and passion fruit 
juices 

Saarela et al. (2006) 

Cheese from caprine mil Kalavrouzioti et al. (2005) Cabbage juice Yoon et al. (2006) 
Semi-hard reduced-fat 
cheese 

Thage et al. (2005) Carrot juice Nazzaro et al. (2008) 

White-brined cheese Yilmaztekin et al. (2004) Noni juice Wang et al. (2009) 
Minas Fresco cheese Souza and Saad (2009) Onion Roberts and Kidd 

(2005) 
Cottage cheese Blanchette et al. (1996) Nonfermented fruit juice 

beverages 
Renuka et al. (2009) 

Canestrato Pugliese hard 
cheese 

Corbo et al. (2001) Nonfermented soy-based 
frozen desserts 

Heenan et al. (2005) 

Argentine Fresco cheese Vinderola et al. (2000b) Fermented soymilk drink Donkor et al. (2007) 
Goat semi-solid cheese Gomes and Malcata (1999) Soy-based stirred yogurt Saris et al. (2003) 
Manufacture of Turkish 
Beyaz cheese 

Kilic et al. (2009) Rice-based yogurt Helland et al. (2005) 

Iranian White-brined 
cheese 

Ghoddusi and Robinson 
(1996) 

Oat-based drink Angelov et al. (2006) 

White-brined cheese özer et al. (2008) Oat-based products Martensson et al. 
(2002) 

Minas fresh cheese Souza and Saad (2008) Oat-bran pudding Blandino et al. (2003) 
Synbiotic ice cream Homayouni et al. (2008) Fermented maize 

beverage 
McMaste et al. (2005) 

Fermented goat’s milk Mart´n-Diana et al. (2003) Wheat fermented 
probiotic beverages 

Blandino et al. (2003) 

Probiotic ice cream Kailasapathy and Sultana 
(2003) 

Malt-based drink Kedia et al. (2007) 

Low-fat ice cream Haynes and Playne (2002) 
Akalin and Erisir (2008) 

Millet or sorghum flour 
fermented probiotic 
beverage 

Muianja et al (2003) 
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Dairy products Reference Non dairy products Reference 
Mango soy fortified 
probiotic yogurt 

Kaur et al (2009) Starch-saccharified 
probiotic drink

Oi and KIitabatake 
(2003)

Frozen yogurt  Davidson et al. (2000) Meat products Rouhi et al. (2010) 
Frozen synbiotic dessert Tempeh (base on 

soybean) 
Feng et al. (2005) 

Acidophilus butter Gomes and Malcata (1999) Chocolate  Possemiers et al. (2010) 
Traditional Greek 
yogurt 

Maragkoudakisa et al. 
(2006) 

  

Frozen dairy dessert Shah and Ravula (2000)   
Corn milk yogurt Supavititpatana et al. 

(2008) 
  

High pressure-
homogenized 
probiotic fermented 
milk 

Patrignani et al. (2009)   

Banana-based yogurt Sousa et al. (2007)   
Mango soy fortified 
probiotic yogurt 

Kaur et al. (2009)   

Yog-ice cream El-Nagar et al. (2002)   

Table 1. Some types of probiotic products available in the world market (dairy and non 
dairy products) 

 
Fig. 1. Qualitative aspects of probiotic food products. 

Qualitative 
aspects 

probioticfood 
products

Health benefits

Safety

Environmental 
aspects

Convenience

Economical 
aspects

Sensory 
characteristics 

 
Delivery of Probiotic Microorganisms into Gastrointestinal Tract by Food Products 125 

Many of the bacteria used in probiotic preparations (bifidobacteria and lactic acid 
bacteria) have been isolated from human fecal samples to maximize the likelihood of 
compatibility with the human gut microflora and improve their chances of survival 
(Andersson et al., 2001). Microorganisms isolated from fermented nondairy foods have 
shown these abilities in in vitro studies (Rivera-Espinoza and Gallardo-Navarro, 2010). 
Probiotic organisms are predominantly bacteria selected from the genera Lactobacillus and 
Bifidobacterium, which are normal constituents of the human intestinal microbiota. 
However, species belonging to the genera Lactococcus, Enterococcus, Saccharomyces and 
Propionibacterium are also considered as probiotic due to their health-promoting effects 
(Blandino et al., 2003; Rivera-Espinoza and Gallardo-Navarro, 2010; Sanders and Huis 
Veld, 1999; Vinderola and Reinheimer, 2003). A primary reason for this is that both these 
genera are dominant inhabitants of their respective niches in the intestine (Lactobacillus in 
the small intestine and Bifidobacterium in the large intestine) and both have a long history 
of safe use and are considered as GRAS (generally regarded as safe). Of the lactobacilli, L. 
acidophilus is by far the most widely used probiotic as it has a long history of research and 
use. As L. acidophilus is one of the predominant organisms in the intestinal tract of breast-
fed babies, it quickly took the place of L. bulgaricus as the probiotic of choice in the U.S. 
(O’Sullivan 2006). It, therefore, has almost 100 years of use in human diets. Of the 
bifidobacteria, B. longum is particularly dominant in human intestines (Perdigon et al., 
2003), It is a highly recommend Bifidobacterium species in commercial human probiotics 
(Sanders, 2006). Bifidobacterium lactis (Bifidobacterium animalis ssp. lactis) is a very 
commonly used probiotic, although it is not a normal human inhabitant. It was first 
isolated in 1997 from fermented milk by Meile et al. (1997) and was noted to have a higher 
tolerance to oxygen and other detrimental environmental conditions (generally, higher 
adaptation to food conditions) than other bifidobacteria (Cai et al., 2000; Ventura and 
Zink, 2002). The changes that occurred in B. lactis during its adaptation to fermentation 
conditions make it a very resilient strain that can remain viable during processing and 
storage longer than other bifidobacteria. Mentioned practical reasons contribute to its 
popularity. These adaptations, however, would not give it a competitive edge in the 
intestine as the most competitive strains lose unwanted traits in a natural environment. 
Although this would limit the full potential of B. lactis, it still has the potential for many 
positives during its transient passage through the intestine (O’Sullivan, 2006).  

While emphasizing the importance of strain-specificity of technological attributes of 
probiotics, some generalizations can still be made on the robustness of probiotic organisms. 
Generally, lactobacilli are more robust than bifidobacteria (Erkkilä et al., 2001; Mättö et al., 
2006; Ross et al., 2005). There is a wider range of probiotic Lactobacillus species that are 
technologically suitable for food applications than bifidobacteria (Lee and Salminen, 2009). 
They are resistant to low pH, have native association with traditional fermented foods, and 
have adaptation to milk and other food substrates. 

A significant proportion of the commercialized probiotic bacterial species was originally 
selected on the basis of their technological stability (e.g., viability during food processing 
and storage), survival during intestinal transit, and health benefits on consumers. Good 
probiotic strains have demonstrated health and safety data from randomized, controlled 
clinical trials (Lee and Salminen, 2009; Ventura and Perozzi, 2011). 
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Many of the bacteria used in probiotic preparations (bifidobacteria and lactic acid 
bacteria) have been isolated from human fecal samples to maximize the likelihood of 
compatibility with the human gut microflora and improve their chances of survival 
(Andersson et al., 2001). Microorganisms isolated from fermented nondairy foods have 
shown these abilities in in vitro studies (Rivera-Espinoza and Gallardo-Navarro, 2010). 
Probiotic organisms are predominantly bacteria selected from the genera Lactobacillus and 
Bifidobacterium, which are normal constituents of the human intestinal microbiota. 
However, species belonging to the genera Lactococcus, Enterococcus, Saccharomyces and 
Propionibacterium are also considered as probiotic due to their health-promoting effects 
(Blandino et al., 2003; Rivera-Espinoza and Gallardo-Navarro, 2010; Sanders and Huis 
Veld, 1999; Vinderola and Reinheimer, 2003). A primary reason for this is that both these 
genera are dominant inhabitants of their respective niches in the intestine (Lactobacillus in 
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of safe use and are considered as GRAS (generally regarded as safe). Of the lactobacilli, L. 
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use. As L. acidophilus is one of the predominant organisms in the intestinal tract of breast-
fed babies, it quickly took the place of L. bulgaricus as the probiotic of choice in the U.S. 
(O’Sullivan 2006). It, therefore, has almost 100 years of use in human diets. Of the 
bifidobacteria, B. longum is particularly dominant in human intestines (Perdigon et al., 
2003), It is a highly recommend Bifidobacterium species in commercial human probiotics 
(Sanders, 2006). Bifidobacterium lactis (Bifidobacterium animalis ssp. lactis) is a very 
commonly used probiotic, although it is not a normal human inhabitant. It was first 
isolated in 1997 from fermented milk by Meile et al. (1997) and was noted to have a higher 
tolerance to oxygen and other detrimental environmental conditions (generally, higher 
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Zink, 2002). The changes that occurred in B. lactis during its adaptation to fermentation 
conditions make it a very resilient strain that can remain viable during processing and 
storage longer than other bifidobacteria. Mentioned practical reasons contribute to its 
popularity. These adaptations, however, would not give it a competitive edge in the 
intestine as the most competitive strains lose unwanted traits in a natural environment. 
Although this would limit the full potential of B. lactis, it still has the potential for many 
positives during its transient passage through the intestine (O’Sullivan, 2006).  
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4. Viability of probiotics in food products 
Improving the viability of probiotic bacteria in different food products (especially fermented 
products) until the time of consumption has been the subject of hundreds of studies. 
Viability of probiotic microorganisms, namely, the number of viable and active cells per g or 
mL of probiotic food products at the moment of consumption is the most critical value of 
these products, because determines their medicinal efficacy (Khorbekandi et al., 2011; 
Tamime et al., 2005). Therefore, in order to maintain consumer confidence in probiotic 
products, it is important to ensure a high survival rate of the bacteria during the production 
of product as well as over the product shelf life (Saxelin et al., 1999). Although there is no 
world-wide agreement on the minimum of viable probiotic cells per gram or milliliter of 
probiotic product, generally, the concentrations of 106 and 107-108 cfu mL-1 (cfu g-1), 
respectively, have been accepted as the minimum and satisfactory levels. It has also stated 
that probiotic products should be consumed regularly with an approximate amount of 100 g 
d-1 in order to deliver about 109 viable cells into the intestine (Karimi et al., 2011; 
Mohammadi et al., 2011; Vinderola et al., 2000a).  

In order to have a positive effect in the intestinal tract some specific requirements regarding 
food products should be fulfilled. First, probiotics need to resist the manufacturing process; 
second, they should remain viable during the storage period in the commercial products 
until the end of the shelf-life. Many factors influence the viability of probiotic 
microorganisms in food products during production and storage periods. The main 
mentioned factors are: pH, titrable acidity, molecular oxygen, redox potential, hydrogen 
peroxide, bacteriocins, short chain fatty acids, flavoring agents, microbial competitions, 
packaging materials and packaging conditions, rate and proportion of inoculation, step-
wise/stage-wise fermentation, micro-encapsulation, milk solid non-fat content, 
supplementation of milk with nutrients, heat treatment of milk, incubation temperature, 
storage temperature, carbonation, addition of salt, sugar and sweeteners, cooling rate of the 
product and scale of production. Figure 2 implies main factors affecting viability of 
probiotics in food products. These factors are discussed below: 
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4.1 Strains of probiotic bacteria 

Care must be taken in selecting the most appropriate strain for a particular food application. 
Indeed, the first step in incorporating a probiotic into a food is identifying compatibilities 
between the attributes of the selected strains and the food production steps, food matrix and 
storage conditions. Selection of probiotic strains used in food products should be according 
to both the criteria of compatibility with and resistance to the product and in vivo conditions 
in order to increase the viability of the probiotic bacterial strains (Korbekandi et al., 2011). 
The tolerance of probiotics both to the product and to the internal conditions of the living 
consumer is strain-dependent (strain-specific). Suitable probiotic strains are those enable to 
maintain their survival and stability during commercial production of products as well as 
during the storage period (Godward et al., 2000; Talwalker and Kailasapathy, 2004). 
Furthermore, high viable survival rate during delivery through the gastrointestinal tract is 
necessary to allow enough live cell arrival to the human intestine. Therefore, selection of 
resistant probiotic strains against production, storage and gastrointestinal tract condition is 
of prime importance. Researchers have indicated that the survival of bacteria against harsh 
conditions in food products such as pH, titrable acidity, oxygen toxicity, freezing and low 
temperatures and storage temperatures are species- and strain-specific (Godward et al., 
2000; Kailasapathy and Sultana, 2003; Ravula and Shah, 1998; Takahashi et al., 2007; Tamim 
et al., 2005).  

Selected probiotic strains should also results in adequate sensory characteristics of final 
product. Some studies have shown that flavor is the first indicator with respect to the choice 
of a food, followed by considerations with respect to health (Mohammadi and mortazavian, 
2011; Tuorila and Cardello, 2002). Consumers are not interested in consuming a functional 
food if the added ingredients confer disagreeable flavors on the product, even if this results 
in advantages with respect to their health. Therefore, a pleasant aroma and taste profiles are 
of importance in the formulation of probiotic functional foods and is strain-dependent. The 
metabolism of the probiotic cultures can result in the production of components that may 
contribute negatively to the taste and aroma of the product, such as acetic acid produced by 
Bifidobacterium spp. during fermentation and over storage period. Figure 3 shows main 
criteria for selection of probiotic strains in food products.  

4.2 pH and titrable acidity 

pH and titrable acidity of probiotic products considerably affect cell survival of probiotic 
microorganisms (Mortazavian et al., 2010). Low pH is of the most important factor that 
restricts the growth and stability of probiotic bacteria in fermented products. Hydrogen ions 
damage probiotic cells via disrupting mass transfer through the cell membranes and acidic 
starvation of the cells (Mortazavianand and Sohrabvandi, 2006). Very low pH ranges in 
fermented milks might cause an increase in the concentration of undissociated organic acids 
in them and, as a result, enhances the bacteriocidal effect of these acids. The aforementioned 
effect of organic acids arises from their lipophilic nature. They can be transferred through 
the microbial cells and dissociate within them, changing the intracellular pH. Also, organic 
acids might bind to various intracellular compounds. Both of these phenomena disturb cell 
metabolism (Korbekandi et al., 2011). 

The optimum pH for growth of Lactobacillus acidophilus is 5.5-6.0, but for bifidobacteria this 
range is 6.0 –7.0 (De Vuyst, 2000). In food products, lactobacilli are able to grow and survive  
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in fermented milks and yogurts with pH values between 3.7 and 4.3 (Boylston, 2004). 
Bifidobacteria tend to be less acid tolerant, with most species surviving poorly in fermented 
products at pH levels below 4.6 (Boylston, 2004; Lee and Salminen, 2009; Ross et al., 2005). 
The tolerance of Bifidobacterium spp. to acidic conditions is strain-specific. The best 
survivability of bifidobacteria have been observed in B. longum in the presence of acidic 
conditions and bile salts, and for B. lactis (B. animalis ssp. lactis) in fermented milks 
conditions (korbekandi et al., 201; Tamim et al., 2005). 

Survival in low pH beverages such as fruit juices (pH 3.5-4.5) possesses a significant 
challenge to probiotic survival. Researchers have reported that cell viability depends of the 
strains used, the characteristics of the substrate, the oxygen content and the final acidity and 
the concentration of lactic acid and acetic acid of the product (Shah, 2001). According to 
Sheehan et al., (2007), when adding Lactobacillus and Bifidobacterium orange, pineapple and 
cranberry juice, extensive differences regarding their acid resistance were observed. All of 
the strains screened survived for longer in orange and pineapple juice compared to 
cranberry. L. casei, L. rhamnosus and L. paracasei display a great robustness surviving at levels 
above 7.0 log cfu/ml in orange juice and above 6.0 log cfu ml-1 in pineapple juice for at least 
12 weeks (Rivera-Espinoza and Gallardo-Navarro, 2010). 

4.3  Molecular oxygen 

Lactobacilli are aerotolerant or anaerobic, and strictly fermentative, while bifidobacteria are 
strictly anaerobic and saccharoclastic (Holzapfel et al., 2001; De Vuyst, 2000). Therefore, 
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molecular oxygen is detrimental to probiotic growth and survival. However, the degree of 
oxygen sensitivity varies considerably between different species and strains (Kawasaki et 
al., 2006). In general, lactobacilli, which are mostly microaerophilic, are more tolerant of 
oxygen than bifidobacteria, to the point where oxygen levels are rarely an important 
consideration in maintaining the survival of lactobacilli (Lee and Salminen, 2009). Oxygen 
content and redox potential have been shown to be important factors for the viability of 
bifidobacteria especially during the storage period. Oxygen affects probiotic cultures in 
three ways. Firstly, it is directly toxic to some cells; secondly, in the presence of oxygen, 
certain cultures, especially L. delbrueckii ssp. bulgaricus produces peroxide (especially in 
dairy products), which is toxic to probiotic cells particularly L. acidophilus; and thirdly, free 
radicals produced from the oxidation of components (e.g., fats) are toxic to probiotic cells 
(Korbekandi et al., 2011; Tamim et al., 2005).  

Several methods have been used to decrease oxygen content. The most important ones are 
accomplishing fermentation under vacuum (for fermented products), using vacuum 
packaging, using packaging materials with low permeability to oxygen, adding antioxidants 
and oxygen scavengers to milk (such as ascorbic acid), and controlling the production 
process in such a way that minimum dissolved oxygen entered into product (Dave and Shah 
1997; Korbekandi et al 2011; Shah, 2000; Talwalkar and Kailasapathy, 2003; Talwalkar et al., 
2004). 

4.4 Food ingredients 

The compatibility of probiotics with other ingredients within food formulations can have a 
significant impact on bacterial survival. Interactions between probiotics and other 
ingredients can be protective, neutral, or detrimental to probiotic stability (Lee and 
Salminen, 2009; Mattila-Sandholm et al., 2002). The main affective food ingredients are 
mentioned as follows: 

4.4.1 Food additives 

Food additives used in the food industry could significantly affect the growth and viability 
of probiotic bacteria (e.g. L. acidophilus, L. casei, L. paracasei, L. rhamnosus and bifidobacteria) 
and starter cultures (e.g. S. thermophilus, L. delbrueckii ssp. Bulgaricus, Lactococcus lactis and 
Saccharomyces spp.) used for fermented and nonfermented products (Vinderola et al., 2002). 
These additives include salts (NaCl and KCl), sugars (sucrose and lactose), sweeteners 
(acesulfame and aspartame), aroma compounds (diacetyl, acetaldehyde and acetoin), 
natural colorings for fermented milks (red, yellow and orange colorings), flavoring agents 
(strawberry, vanilla, peach and banana essences), flavoring–coloring agents (strawberry, 
vanilla and peach), nisin (a polypeptide-type antibiotic produced by L. lactis which is active 
against spore- forming bacteria and could be used as a natural preservative in addition to 
lactic acid), natamycin, lysozyme and nitrate (Vinderola et al., 2002). Elevated levels of 
ingredients can inhibit probiotics during storage (Arihara et al., 1998; Boylston et al., 2004; 
Kourkoutas et al., 2006; Lee and Salminen, 2009). 

4.4.2 Growth and protective factors 

Probiotic lactobacilli and, in particular, bifidobacteria grow poorly in milk due to lack of 
non-protein nitrogen (free amino acids and small peptides) and some vitamins, as well as to 
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molecular oxygen is detrimental to probiotic growth and survival. However, the degree of 
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their slow activity of β-galactosidase (Korbekandi et al., 2011). A good and common method 
to compensate for slow growth is to fortify milk with different growth factors (consumed by 
probiotics as nutrients) and/or growth promoters (which improve viability of probiotics but 
not as a direct nutrient) such as casein, whey protein hydrolysates, L-cysteine, yeast extract, 
glucose, vitamins, minerals and antioxidant. These supplements have significant positive 
effects on the survival of probiotic microorganisms (Mohammadi et al., 2011).  

The addition of L-cysteine, whey protein concentrate, acid casein hydrolysate and tryptone 
improved the viability of L. acidophilus and bifidobacteria by providing growth factors as 
these probiotic bacteria lack proteolytic activity (Dave and Shah, 1998). Protein derivatives 
promote probiotic survival due to several reasons; namely, their nutritional value for the 
cells, reducing redox potential of the media as well as increasing buffering capacity of the 
media (which results in a smaller decrease in pH) (Dave and Shah, 1998; Mortazavian et al., 
2010). It should be pointed out that effects of milk proteins on the viability of probiotics 
depends on various factors such as the type of the strains used, specifications of the milk 
protein derivative added, inoculation conditions and formulation of the product. It has been 
reported that casein and whey protein hydrolysate enhanced the acidification rate of S. 
thermophilus and reduced the growth rate of probiotic organisms (L. acidophilus La-5 and L. 
rhamnosus Lr-35) in fermented milks during the manufacturing stages, although the survival 
of the latter bacteria was improved after storage (Lucas et al., 2004).  

Prebiotics are non–viable and non-digestible (or minimally digestible) food ingredients 
which are metabolized selectively by beneficial intestinal bacteria and enhance their growth 
and/or activity. They are mostly sugar-like compounds (oligosaccharides) comprising 
between two and ten monomers that largely resist digestion by pancreatic and brush border 
enzymes. The term "synbiotic" is used to describe products that contain both probiotics and 
prebiotics (Nobakhti et al., 2009). These compounds (such as fructooligosaccharides and 
galactooligosaccharides) can have suitable effect on retention of probiotics viability 
(especially bifidobacteria) in food products as well as in gastrointestinal tract (Gibson et al., 
2004; Mizota, 1996; Mohammadi et al., 2011; Rycroft, 2001). 

The food matrix, itself, can be protective. An example is cheese, where the anaerobic 
environment, high fat content and buffering capacity of the matrix helps to protect the 
probiotic cells both in the product and during intestinal transit (Boylston et al., 2004; Lee 
and Salminen, 2009). In contrast to liquid foods, the solid matrices in food products, such 
as the gel structure in yogurt or cheese, support probiotic cells by reducing their exposure 
to detrimental factors (e.g., hydrogen ions and organic acids) (Karimi et al., 2011; 
Mohammadi and Mortazavian, 2011). These matrices can act as a barrier (by physically 
and chemically binding hydrogen ions and organic acids (Korbekandi et al., 2011). 
Increasing the buffering capacity of milk would stimulate growth and activity of 
probiotics in fermented milks. It leads to higher viability of probiotics in dairy fermented 
products as well as in the gastrointestinal tract due to the maintenance of pH at higher 
values. Also, the pH of the products with higher buffering capacity declines slowly 
during refrigerated storage and results in a greater survival of probiotic cells. Moreover, 
by absorbing hydrogen ions into the dry matter of product matrix (such as proteins), the 
amounts of undissociated organic acids are increased, resulting in the reduction of 
bacteriocidic effect of these compounds on probiotics (Mortazavian et al., 2011; 
korbekandi et al., 2011; Heydari 2011). 
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4.5 Temperature 

The temperature at which probiotic organisms grow is important in food applications where 
fermentation is required. Also, storage temperature exhibits considerably important role. 
Fermentation temperature is one of the most important factors affecting the qualitative 
parameters of probiotic fermented milks, including the viability of probiotic microorganisms 
and fermentation time (incubation time). The optimum temperature for growth of most 
probiotics is between 37°C and 43°C (Boylston et al., 2004; Doleyres and Lacroix 2005; Lee 
and Salminen, 2009). Although the growth of L. acidophilus may occur at temperatures as 
high as 45 °C, the optimum growth occurs within 40-42°C. The optimum growth 
temperature for bifidobacteria is 37-41°C (Korbekandi et al., 2011). Species of bifidobacteria 
isolated from the human intestinal tract such as B. longum (infantis), B. breve, B. bifidum, and 
B. adolescentis have optimum growth temperatures in the range of 36–38°C, whereas B. 
animalis ssp. lactis can grow at higher temperatures of 41–43°C (Crittenden, 2004; Doleyres 
and Lacroix 2005; Lee and Salminen, 2009). 

Temperature is also a critical factor influencing probiotic survival during storage period. 
Probiotic food products usually, should be stored at a refrigerated temperature, 
preferably 4-5ºC. The storage temperature of probiotic food products affects the viability 
of the probiotics via effects of temperature on the cells survival, the type and 
concentration of metabolites formed between starter bacteria and probiotics in fermented 
products. Mortazavian et al. (2007a) found that storage in ABY-type culture (L. acidophilus, 
B. lactis and yogurt bacteria) at 2ºC for 20 days resulted in the highest viability of L. 
acidophilus LA-5, whereas, for Bifidobacterium lactis BB-12, the highest viability was 
obtained when yogurt was stored at 8ºC (Mortazavian et al., 2007b). Low resistance of 
bifidobacteria cells to low refrigeration temperatures (2°C or less) has been proven 
(Kailasapathy and Rybka, 1997; Korbekandi et al., 2011). In general, in ABY-type culture, 
storage of the product at 4-5ºC appears to result in greatest viability of both probiotics, 
i.e., L. acidophilus and bifidobacteria (Mortazavian et al., 2008). During processing, 
temperatures above 45–50°C will be detrimental to probiotic survival. The higher the 
temperature, the shorter the time period of exposure required to severely decrease the 
numbers of viable bacteria, ranging from hours or minutes at 45–55°C to seconds at higher 
temperatures. It is obvious that probiotics should be added downstream of 
heating/cooking/pasteurization processes in food manufacture (Lee and Salminen, 2009). 
Freezing temperatures can also affect viability of probiotics. This is discussed in the next 
section. 

4.6 Freezing and thawing operations 

Probiotics can survive well over long shelf lives in products such as frozen yogurts and ice 
cream. During the freezing process, the cells of probiotics can be lethally injured by 
damaging their cell walls or their cell membranes caused by mechanical stresses of the ice 
crystals formed in the external medium or inside the cells, by temperature decrease chock to 
the cells and cold injuries, by condensation of solutes (those are detrimental to probiotic 
cells) in the extracellular/intracellular media, or by dehydration of the cells. All mentioned 
factors cause reduction or interruption of vital metabolic activities of the cells that are 
necessary for their live (Akin et al., 2007; Davies and Obafemi, 1985; Gill 2006; Jay et al., 
2005). The size of the ice crystals increases with decrease in freezing rate and larger 
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their slow activity of β-galactosidase (Korbekandi et al., 2011). A good and common method 
to compensate for slow growth is to fortify milk with different growth factors (consumed by 
probiotics as nutrients) and/or growth promoters (which improve viability of probiotics but 
not as a direct nutrient) such as casein, whey protein hydrolysates, L-cysteine, yeast extract, 
glucose, vitamins, minerals and antioxidant. These supplements have significant positive 
effects on the survival of probiotic microorganisms (Mohammadi et al., 2011).  

The addition of L-cysteine, whey protein concentrate, acid casein hydrolysate and tryptone 
improved the viability of L. acidophilus and bifidobacteria by providing growth factors as 
these probiotic bacteria lack proteolytic activity (Dave and Shah, 1998). Protein derivatives 
promote probiotic survival due to several reasons; namely, their nutritional value for the 
cells, reducing redox potential of the media as well as increasing buffering capacity of the 
media (which results in a smaller decrease in pH) (Dave and Shah, 1998; Mortazavian et al., 
2010). It should be pointed out that effects of milk proteins on the viability of probiotics 
depends on various factors such as the type of the strains used, specifications of the milk 
protein derivative added, inoculation conditions and formulation of the product. It has been 
reported that casein and whey protein hydrolysate enhanced the acidification rate of S. 
thermophilus and reduced the growth rate of probiotic organisms (L. acidophilus La-5 and L. 
rhamnosus Lr-35) in fermented milks during the manufacturing stages, although the survival 
of the latter bacteria was improved after storage (Lucas et al., 2004).  

Prebiotics are non–viable and non-digestible (or minimally digestible) food ingredients 
which are metabolized selectively by beneficial intestinal bacteria and enhance their growth 
and/or activity. They are mostly sugar-like compounds (oligosaccharides) comprising 
between two and ten monomers that largely resist digestion by pancreatic and brush border 
enzymes. The term "synbiotic" is used to describe products that contain both probiotics and 
prebiotics (Nobakhti et al., 2009). These compounds (such as fructooligosaccharides and 
galactooligosaccharides) can have suitable effect on retention of probiotics viability 
(especially bifidobacteria) in food products as well as in gastrointestinal tract (Gibson et al., 
2004; Mizota, 1996; Mohammadi et al., 2011; Rycroft, 2001). 

The food matrix, itself, can be protective. An example is cheese, where the anaerobic 
environment, high fat content and buffering capacity of the matrix helps to protect the 
probiotic cells both in the product and during intestinal transit (Boylston et al., 2004; Lee 
and Salminen, 2009). In contrast to liquid foods, the solid matrices in food products, such 
as the gel structure in yogurt or cheese, support probiotic cells by reducing their exposure 
to detrimental factors (e.g., hydrogen ions and organic acids) (Karimi et al., 2011; 
Mohammadi and Mortazavian, 2011). These matrices can act as a barrier (by physically 
and chemically binding hydrogen ions and organic acids (Korbekandi et al., 2011). 
Increasing the buffering capacity of milk would stimulate growth and activity of 
probiotics in fermented milks. It leads to higher viability of probiotics in dairy fermented 
products as well as in the gastrointestinal tract due to the maintenance of pH at higher 
values. Also, the pH of the products with higher buffering capacity declines slowly 
during refrigerated storage and results in a greater survival of probiotic cells. Moreover, 
by absorbing hydrogen ions into the dry matter of product matrix (such as proteins), the 
amounts of undissociated organic acids are increased, resulting in the reduction of 
bacteriocidic effect of these compounds on probiotics (Mortazavian et al., 2011; 
korbekandi et al., 2011; Heydari 2011). 
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4.5 Temperature 

The temperature at which probiotic organisms grow is important in food applications where 
fermentation is required. Also, storage temperature exhibits considerably important role. 
Fermentation temperature is one of the most important factors affecting the qualitative 
parameters of probiotic fermented milks, including the viability of probiotic microorganisms 
and fermentation time (incubation time). The optimum temperature for growth of most 
probiotics is between 37°C and 43°C (Boylston et al., 2004; Doleyres and Lacroix 2005; Lee 
and Salminen, 2009). Although the growth of L. acidophilus may occur at temperatures as 
high as 45 °C, the optimum growth occurs within 40-42°C. The optimum growth 
temperature for bifidobacteria is 37-41°C (Korbekandi et al., 2011). Species of bifidobacteria 
isolated from the human intestinal tract such as B. longum (infantis), B. breve, B. bifidum, and 
B. adolescentis have optimum growth temperatures in the range of 36–38°C, whereas B. 
animalis ssp. lactis can grow at higher temperatures of 41–43°C (Crittenden, 2004; Doleyres 
and Lacroix 2005; Lee and Salminen, 2009). 

Temperature is also a critical factor influencing probiotic survival during storage period. 
Probiotic food products usually, should be stored at a refrigerated temperature, 
preferably 4-5ºC. The storage temperature of probiotic food products affects the viability 
of the probiotics via effects of temperature on the cells survival, the type and 
concentration of metabolites formed between starter bacteria and probiotics in fermented 
products. Mortazavian et al. (2007a) found that storage in ABY-type culture (L. acidophilus, 
B. lactis and yogurt bacteria) at 2ºC for 20 days resulted in the highest viability of L. 
acidophilus LA-5, whereas, for Bifidobacterium lactis BB-12, the highest viability was 
obtained when yogurt was stored at 8ºC (Mortazavian et al., 2007b). Low resistance of 
bifidobacteria cells to low refrigeration temperatures (2°C or less) has been proven 
(Kailasapathy and Rybka, 1997; Korbekandi et al., 2011). In general, in ABY-type culture, 
storage of the product at 4-5ºC appears to result in greatest viability of both probiotics, 
i.e., L. acidophilus and bifidobacteria (Mortazavian et al., 2008). During processing, 
temperatures above 45–50°C will be detrimental to probiotic survival. The higher the 
temperature, the shorter the time period of exposure required to severely decrease the 
numbers of viable bacteria, ranging from hours or minutes at 45–55°C to seconds at higher 
temperatures. It is obvious that probiotics should be added downstream of 
heating/cooking/pasteurization processes in food manufacture (Lee and Salminen, 2009). 
Freezing temperatures can also affect viability of probiotics. This is discussed in the next 
section. 

4.6 Freezing and thawing operations 

Probiotics can survive well over long shelf lives in products such as frozen yogurts and ice 
cream. During the freezing process, the cells of probiotics can be lethally injured by 
damaging their cell walls or their cell membranes caused by mechanical stresses of the ice 
crystals formed in the external medium or inside the cells, by temperature decrease chock to 
the cells and cold injuries, by condensation of solutes (those are detrimental to probiotic 
cells) in the extracellular/intracellular media, or by dehydration of the cells. All mentioned 
factors cause reduction or interruption of vital metabolic activities of the cells that are 
necessary for their live (Akin et al., 2007; Davies and Obafemi, 1985; Gill 2006; Jay et al., 
2005). The size of the ice crystals increases with decrease in freezing rate and larger 
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intracellular ice crystals causes greater damage to the cells (Gill, 2006; Jay et al., 2005). 
Therefore, rapid freezing after inoculating with the probiotic microorganisms contributes to 
the good maintenance of the populations of these microorganisms in the product 
(Mohammadi et al., 2011). 

Probiotic cells are subjected to some chemical stresses during melting (freeze-thaw) of the 
frozen products which can cause mortality to them. On one hand, the cells are exposed to 
osmotic effects (Jay et al., 2005). On the other hand, the high concentrations of detrimental 
factors such as hydrogen ions, organic acids, oxygen and other poisoning components to 
probiotic cells in melting media, associated with freezing concentration, are the factors 
having a great effect on viability loss of probiotics. pH has been found to exhibit a crucial 
role in this regard. 

4.7 Drying process 

Powdered foods have much longer shelf life at an ambient temperature. Drying can be 
achieved by different methods such as freeze drying, spray drying, microwave drying and 
vacuum drying. Spray drying could be achieved at a lower cost compared with other 
techniques. However, spray drying could lead to a loss of viability of the probiotic cells due 
to encountering them to several stresses including high temperature, dehydration, osmotic 
pressure, gradual increase in detrimental compounds during drying and mechanical stress 
(shearing). Also, concentration of dissolved oxygen might also increase in dried products 
which could be toxic to bifidobacteria (Korbekandi et al 2011; Rybka and Kailasapathy, 
1997). In the spray drying method, the most critical parameters affecting survival of 
bifidobacteria are the type of atomization, air pressure, and the outlet temperature 
(Champagne and Møllgaard, 2008). Freeze drying is the best process for maintaining the 
viability of the bacterial cells used for preparing starter culture cells. However, its cost-
effectiveness should be evaluated before usage. 

4.8 Microencapsulation 

Microencapsulation, as one of the new and efficient methods, has recently been under 
especial consideration and investigation. From microbiological point of view, 
microencapsulation can be defined as the process of entrapment/enclosure of 
microorganisms cells by means of coating them with proper hydrocolloid(s) in order to 
segregate the cells from the surrounding environment; in a way that results in appropriate 
cell release in the intestinal medium (Krasaekoopt et al., 2003; Mortazavian et al., 2007b, 
2008; Picot and Lacroix, 2003; Sultana et al., 2000). Microencapsulation of probiotic cells has 
been shown to preserve them from detrimental environmental factors such as low pH and 
high acidity (Wenrong and Griffiths, 2000), bile salts (Lee and Heo, 2000), cold shocks 
induced by the process conditions such as deep freezing and freeze drying (Shah and 
Rarvula, 2000), molecular oxygen in case of obligatory anaerobic microorganisms (Sunohara 
et al., 1995), heat shocks caused by process conditions such as spray drying, bacteriophages 
(Steenson et al., 1987) and chemical antimicrobial agents (Sultana et al., 2000). In addition, 
other advantages such as increase improvement and stabilization of sensory properties 
(Gomes and Malcata, 1999) and immobilization of the cells for their homogeneous 
distribution throughout the product (Krasaekoopt et al., 2003) can also be achieved by this 
process. 
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This process has been recently used as an efficient method for improving the viability of 
probiotic bacteria in fermented milk drinks, fermented frozen dairy desserts, ice cream and 
juices (Adhikari et al., 2000; Krasaekoopt et al., 2004; 2005; Kailasapathy, 2006; Mohammadi 
et al., 2011), and simulated gastrointestinal tract (Hansen et al., 2002; Korbekandi et al., 2011; 
Lee and Heo, 2000; Krasaekoopt et al., 2004; Mortazavian et al., 2008; Sultana et al., 2000; 
Wenrong and Griffiths, 2000). Encapsulated probiotic organisms, when incorporated into 
fermented frozen dairy desserts, showed an improved viability of >105 cfu g-1 in the product 
compared to counts of <103 cfu g-1 when non-encapsulated organisms were used 
(Mortazavian et al., 2010 ; Shah and Ravula 2004). Studies suggest that, micro-encapsulation 
of free probiotic cells can increase their viability by ≥2 log cycles in fermented milks during 
a refrigerated storage period. As mentioned earlier, in fermented milk drinks with pH 
values of less than 4.2, free cells of L. acidophilus LA-5 lost their viability to less than 106 cfu 
mL-1 after 1 week; and in the case of Bifidobacterium lactis BB-12, a similar loss occurred after 
2 weeks of storage. For encapsulated cells, viable population of L. acidophilus and 
bifidobacteria remained higher than 105 and 106 cfu mL-1 after 42 days of refrigerated 
storage, and counts of free probiotic free cells were not detected and 102 cfu mL-1, 
respectively (Mortazavian et al., 2008). 

4.9 Packaging materials and conditions 

The packaging of probiotic food products influences the oxygen permeability into the 
product, and as a result, affects the viability of bifidobacteria, L. acidophilus and other 
probiotic species during the storage period. Several aspects of food packaging materials 
including the type of the packaging materials (Glass and plastic) their thickness, and the 
application of active/intelligent packaging systems could influence survival of probiotic 
bacteria (Korbekandi et al., 2011). In general, two important points are worth mentioning. 
Firstly, apart from the packaging materials, the temperature and relative humidity of the 
atmosphere are the key factors affecting oxygen permeability. Secondly, besides the 
efficiency of packaging, the economic aspect should also be taken into account (the price of 
packaging materials as well as the price of packaging machines) because they can 
significantly influence the final price of products and their sale volumes. 

5. Viability of probiotics in food products during delivery through 
gastrointestinal tract 
The gastrointestinal tract (GIT) with its diverse and concentrated microbial population (at 
birth 1014 cfu g-1 and between 400 and 500 species) is one of the key organs of the human 
body, and it is in fact an ecosystem of highest complexity that mediates numerous 
interactions with the chemical (and nutritional) environment. The gastrointestinal tract 
starts in mouth, travels through the stomach, intestines and ends at the anus. In each section 
of the gastrointestinal tract, different types and quantities of microbes are found. The 
average adult carries about four pounds of microbes in their intestinal tract (Tannis, 2008). 
Nonetheless, diversity at a division level is among the lowest (Bäckhead et al., 2005) and the 
lactobacilli and bifidobacteria comprise less than 5% of the total microbiota (Lay et al., 2005; 
Lee and Salminen, 2009). 

Probiotics targeting the intestine clearly encounter the greatest hurdles in order to be 
delivered to their targeted site. The main factors to be considered that influence the viability 
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intracellular ice crystals causes greater damage to the cells (Gill, 2006; Jay et al., 2005). 
Therefore, rapid freezing after inoculating with the probiotic microorganisms contributes to 
the good maintenance of the populations of these microorganisms in the product 
(Mohammadi et al., 2011). 

Probiotic cells are subjected to some chemical stresses during melting (freeze-thaw) of the 
frozen products which can cause mortality to them. On one hand, the cells are exposed to 
osmotic effects (Jay et al., 2005). On the other hand, the high concentrations of detrimental 
factors such as hydrogen ions, organic acids, oxygen and other poisoning components to 
probiotic cells in melting media, associated with freezing concentration, are the factors 
having a great effect on viability loss of probiotics. pH has been found to exhibit a crucial 
role in this regard. 

4.7 Drying process 

Powdered foods have much longer shelf life at an ambient temperature. Drying can be 
achieved by different methods such as freeze drying, spray drying, microwave drying and 
vacuum drying. Spray drying could be achieved at a lower cost compared with other 
techniques. However, spray drying could lead to a loss of viability of the probiotic cells due 
to encountering them to several stresses including high temperature, dehydration, osmotic 
pressure, gradual increase in detrimental compounds during drying and mechanical stress 
(shearing). Also, concentration of dissolved oxygen might also increase in dried products 
which could be toxic to bifidobacteria (Korbekandi et al 2011; Rybka and Kailasapathy, 
1997). In the spray drying method, the most critical parameters affecting survival of 
bifidobacteria are the type of atomization, air pressure, and the outlet temperature 
(Champagne and Møllgaard, 2008). Freeze drying is the best process for maintaining the 
viability of the bacterial cells used for preparing starter culture cells. However, its cost-
effectiveness should be evaluated before usage. 

4.8 Microencapsulation 

Microencapsulation, as one of the new and efficient methods, has recently been under 
especial consideration and investigation. From microbiological point of view, 
microencapsulation can be defined as the process of entrapment/enclosure of 
microorganisms cells by means of coating them with proper hydrocolloid(s) in order to 
segregate the cells from the surrounding environment; in a way that results in appropriate 
cell release in the intestinal medium (Krasaekoopt et al., 2003; Mortazavian et al., 2007b, 
2008; Picot and Lacroix, 2003; Sultana et al., 2000). Microencapsulation of probiotic cells has 
been shown to preserve them from detrimental environmental factors such as low pH and 
high acidity (Wenrong and Griffiths, 2000), bile salts (Lee and Heo, 2000), cold shocks 
induced by the process conditions such as deep freezing and freeze drying (Shah and 
Rarvula, 2000), molecular oxygen in case of obligatory anaerobic microorganisms (Sunohara 
et al., 1995), heat shocks caused by process conditions such as spray drying, bacteriophages 
(Steenson et al., 1987) and chemical antimicrobial agents (Sultana et al., 2000). In addition, 
other advantages such as increase improvement and stabilization of sensory properties 
(Gomes and Malcata, 1999) and immobilization of the cells for their homogeneous 
distribution throughout the product (Krasaekoopt et al., 2003) can also be achieved by this 
process. 

 
Delivery of Probiotic Microorganisms into Gastrointestinal Tract by Food Products 133 

This process has been recently used as an efficient method for improving the viability of 
probiotic bacteria in fermented milk drinks, fermented frozen dairy desserts, ice cream and 
juices (Adhikari et al., 2000; Krasaekoopt et al., 2004; 2005; Kailasapathy, 2006; Mohammadi 
et al., 2011), and simulated gastrointestinal tract (Hansen et al., 2002; Korbekandi et al., 2011; 
Lee and Heo, 2000; Krasaekoopt et al., 2004; Mortazavian et al., 2008; Sultana et al., 2000; 
Wenrong and Griffiths, 2000). Encapsulated probiotic organisms, when incorporated into 
fermented frozen dairy desserts, showed an improved viability of >105 cfu g-1 in the product 
compared to counts of <103 cfu g-1 when non-encapsulated organisms were used 
(Mortazavian et al., 2010 ; Shah and Ravula 2004). Studies suggest that, micro-encapsulation 
of free probiotic cells can increase their viability by ≥2 log cycles in fermented milks during 
a refrigerated storage period. As mentioned earlier, in fermented milk drinks with pH 
values of less than 4.2, free cells of L. acidophilus LA-5 lost their viability to less than 106 cfu 
mL-1 after 1 week; and in the case of Bifidobacterium lactis BB-12, a similar loss occurred after 
2 weeks of storage. For encapsulated cells, viable population of L. acidophilus and 
bifidobacteria remained higher than 105 and 106 cfu mL-1 after 42 days of refrigerated 
storage, and counts of free probiotic free cells were not detected and 102 cfu mL-1, 
respectively (Mortazavian et al., 2008). 

4.9 Packaging materials and conditions 

The packaging of probiotic food products influences the oxygen permeability into the 
product, and as a result, affects the viability of bifidobacteria, L. acidophilus and other 
probiotic species during the storage period. Several aspects of food packaging materials 
including the type of the packaging materials (Glass and plastic) their thickness, and the 
application of active/intelligent packaging systems could influence survival of probiotic 
bacteria (Korbekandi et al., 2011). In general, two important points are worth mentioning. 
Firstly, apart from the packaging materials, the temperature and relative humidity of the 
atmosphere are the key factors affecting oxygen permeability. Secondly, besides the 
efficiency of packaging, the economic aspect should also be taken into account (the price of 
packaging materials as well as the price of packaging machines) because they can 
significantly influence the final price of products and their sale volumes. 

5. Viability of probiotics in food products during delivery through 
gastrointestinal tract 
The gastrointestinal tract (GIT) with its diverse and concentrated microbial population (at 
birth 1014 cfu g-1 and between 400 and 500 species) is one of the key organs of the human 
body, and it is in fact an ecosystem of highest complexity that mediates numerous 
interactions with the chemical (and nutritional) environment. The gastrointestinal tract 
starts in mouth, travels through the stomach, intestines and ends at the anus. In each section 
of the gastrointestinal tract, different types and quantities of microbes are found. The 
average adult carries about four pounds of microbes in their intestinal tract (Tannis, 2008). 
Nonetheless, diversity at a division level is among the lowest (Bäckhead et al., 2005) and the 
lactobacilli and bifidobacteria comprise less than 5% of the total microbiota (Lay et al., 2005; 
Lee and Salminen, 2009). 

Probiotics targeting the intestine clearly encounter the greatest hurdles in order to be 
delivered to their targeted site. The main factors to be considered that influence the viability 
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of food-containing probiotics in GIT conditions are: 1) Food matrix, 2) very low pH in the 
stomach, 3) bile salts and gastro-enzymes in the small intestine, 4) Lysozyme in saliva, and 
5) colonic environments (competitions with other microorganisms including pathogens). 

The effect of food matrix on the intestinal survival of probiotic bacteria is insufficiently 
studied. Rochet et al. (2008) did not see any difference in the faecal level of B. animalis 
strain, when 6×1010– 2×1011 cfu g-1 were administered in fermented milk or in freeze-dried 
form, but the food matrix improved significantly the survival of L. plantarum MF1298 
(Klingberg and Budde, 2006) and L. rhamnosus GG (Saxelin et al., 1993), when lower doses 
(6×109 cfu and 1–2×109 cfu, respectively) were used (Saxelin et al., 2010). Fresh dairy 
products are the most common product forms of probiotic delivery, but ripened cheeses 
have also been successfully tested as a carrier matrix. Data from Saxelin et al. (2003) showed 
an increased recovery of L. rhamnosus in human stools resulting from the following delivery 
matrices: powder<juice or fermented milk<unfermented milk<cheese. The appropriate 
protecting effect of cheese matrix toward probitic cells can be attributed to its dense matrix, 
high buffering capacity and relatively high fat content (Gardiner et al., 1999; Karimi et al., 
2011). The buffering ability of the food matrix is arguably a critical factor. But the presence 
of a fermentable carbohydrate also improves a culture’s ability to survive a simulated gastric 
environment (Corcoran et al., 2005). In this regard, the carbohydrate provides the cell with 
the ability to produce ATP, which is required for pumping out acid from the cytoplasm. Not 
surprisingly, the fibre/carbohydrate content of the food matrix strongly affects the stability 
of probiotic bacteria during storage in a fruit juice (Saarela et al., 2006; Farnworth and 
Champagne, 2010). 

Among the hurdles and stressful conditions against safe transition of probiotic cells to the 
intestine, harsh acid conditions in stomach and the bile substances in the duodenum (The 
first part of the small intestine) are the most important (Lee and Salminen, 2009). The first 
barrier that bacteria must overcome is the very low pH values of the stomach with values 
ranging from 1 to 3 and mean exposure times of 90 min. Into the duodenum the pH value 
rises to 6–6.5, but bile salts are poured from the gallbladder to reach concentrations ranging 
from 1.5 to 2% during the first hour of digestion and decreasing afterwards to 0.3% w/v or 
lower (Noriega et al., 2004). The residence period in the small intestine until 50% emptying 
oscillate between 2.5 and 3 h and the transit through the colon could take up to 40 h 
(Camilleri et al., 1989). Even when product formulation procedures that ensure viability 
during production and storage have been used as described above, the live bacteria must 
survive transit of the upper GIT. Ethics, cost, and complexity of tests prevent the testing of 
foods containing probiotics using human feeding trials. In vitro tests, using models of the 
GIT, can be used to provide data about the ability of bacteria to survive the harsh conditions 
of the upper GIT. Several pH values and bile concentrations are tested for variable times in 
order to determine the survival of the strain(s) under test. Many studies that have used test-
tube experiments to simulate the acidic conditions in the stomach, and exposure to bile salts 
and digestive enzymes that occur in the small intestine have been reported (Boza et al., 2004; 
Horaczek and Viernstein, 2004; Farnworth and Champagne, 2010; Pascual et al., 1999). De 
Smet et al., (1995) indicated that a concentration of 0.3% bile salts is critical for the screening 
of human probiotics, and this ability was associated to the presence of bile salt hydrolase 
activity. Nevertheless, Schmidt et al., (2001) showed that at least in lactobacilli, bile salt 
resistance could not be correlated to the presence of this enzyme. The study performed by 
Floch et al. (1972) indicated that conjugated bile acids are less inhibitory than free bile acids 
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(cholic and deoxycholic) toward intestinal aerobic and anaerobic bacteria (Rivera-Espinoza 
and Gallardo-Navarro, 2010). The results of viability obtained are strain dependent and, in 
general, bifidobacteria strains are less tolerant to acidic conditions than lactobacilli, whereas 
the first seems to be more tolerant to bile challenge (Lee and Salminen, 2009). The recovered 
strains were intrinsically resistant to acid gastric conditions (pH 2.0) and also showed good 
tolerance to high concentrations of bile salts and NaCl. This cross-resistance between low 
pH and bile salts was previously described in bile-adapted strains (Noriega et al 2004). It is 
known that exposure to one stress can induce a response that protects cells against multiple 
stresses (Duwat et al 2000). As the stress response is already induced at that stage, it may be 
capable of surviving the bile in the duodenum. This is pertinent as many candidate isolates 
may be overlooked if they do not display direct resistance to bile, when in reality the ability 
to induce sufficient tolerance is all that is required (O’Sullivan, 2006). 

The development of intestinal microbiota is of major importance for the health of newborns. 
Especially lysozyme present in human milk may affect colonization of newborn intestinal 
tract by specific bifidobacterial strains. Lysozyme is an antimicrobial enzyme (EC 3.2.1.17) 
found in tears, saliva, human milk, mucus, neutrophil granules and egg white (Field, 2005). 
It hydrolyses the ß-(1,4) linkage between N-acetylglucosamine and N-acetylmuramic acid in 
bacterial cell wall and Gram-positive bacteria are more susceptible to lysozyme than Gram-
negative bacteria. The effect of saliva on the intestinal survival of probiotic bacteria is 
insufficiently studied. The resistance to lysozyme at 25–35 mg L-1 was recommended as a 
criterion for the selection of a lactic acid bacterial strain suitable for use in milk industry 
(Guglielmonti et al., 2007). The resistance to lysozyme at 25–35 mg L-1 was recommended as 
a criterion for the selection of a lactic acid bacterial strain suitable for use in milk industry 
(Guglielmonti et al., 2007). According to findings, the tolerance of probiotics to lysozyme is 
strain-dependent (Rada et al., 2010). Bifidobacteria naturally occur within the whole 
intestinal tract from oral cavity to large intestine. Lysozyme is naturally present in saliva 
and other biological fluids (tear fluid). Hence, the interaction of inhabitant bifidobacteria or 
bifidobacteria-containing food products and lysozyme is inevitably occurred. The salivary 
lysozyme may also interact with other probiotic bacteria and can vary from 17 to 181 µg mL-

1 (Koh et al., 2004). Some bifidobacteria seems to be also completely lysozyme-resistant 
(Rada et al., 2010). Therefore, being resistance to lysozyme is a criterion for the selection of 
new probiotic bifidobacterial strains. Figure 3 represents main factors affecting viability of 
probiotics during transition through the GIT.  

6. Conclusion 
Probiotic functional foods, one of the largest markets of functional foods, represent a huge 
growth potential for the food industry and may be explored through the development of 
innovative ingredients, processes, and products. Therefore, the process of producing and 
manufacturing probiotic functional foods should have standardized protocols and quality 
control procedures. Safety and functional efficiency of the probiotic food products in the 
body and technological characteristics (viability, sensory properties, economic aspects and 
physicochemical and rheological characteristics) has been under special attention in recent 
years and many achievements in mentioned aspects have been attained. To provide health 
benefits related to probiotic organisms, maintaining viable counts of each probiotic strain in 
gram or milliliter of probiotic products above a minimum standard level (e.g., 106 cfu mL-1) 
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of food-containing probiotics in GIT conditions are: 1) Food matrix, 2) very low pH in the 
stomach, 3) bile salts and gastro-enzymes in the small intestine, 4) Lysozyme in saliva, and 
5) colonic environments (competitions with other microorganisms including pathogens). 

The effect of food matrix on the intestinal survival of probiotic bacteria is insufficiently 
studied. Rochet et al. (2008) did not see any difference in the faecal level of B. animalis 
strain, when 6×1010– 2×1011 cfu g-1 were administered in fermented milk or in freeze-dried 
form, but the food matrix improved significantly the survival of L. plantarum MF1298 
(Klingberg and Budde, 2006) and L. rhamnosus GG (Saxelin et al., 1993), when lower doses 
(6×109 cfu and 1–2×109 cfu, respectively) were used (Saxelin et al., 2010). Fresh dairy 
products are the most common product forms of probiotic delivery, but ripened cheeses 
have also been successfully tested as a carrier matrix. Data from Saxelin et al. (2003) showed 
an increased recovery of L. rhamnosus in human stools resulting from the following delivery 
matrices: powder<juice or fermented milk<unfermented milk<cheese. The appropriate 
protecting effect of cheese matrix toward probitic cells can be attributed to its dense matrix, 
high buffering capacity and relatively high fat content (Gardiner et al., 1999; Karimi et al., 
2011). The buffering ability of the food matrix is arguably a critical factor. But the presence 
of a fermentable carbohydrate also improves a culture’s ability to survive a simulated gastric 
environment (Corcoran et al., 2005). In this regard, the carbohydrate provides the cell with 
the ability to produce ATP, which is required for pumping out acid from the cytoplasm. Not 
surprisingly, the fibre/carbohydrate content of the food matrix strongly affects the stability 
of probiotic bacteria during storage in a fruit juice (Saarela et al., 2006; Farnworth and 
Champagne, 2010). 

Among the hurdles and stressful conditions against safe transition of probiotic cells to the 
intestine, harsh acid conditions in stomach and the bile substances in the duodenum (The 
first part of the small intestine) are the most important (Lee and Salminen, 2009). The first 
barrier that bacteria must overcome is the very low pH values of the stomach with values 
ranging from 1 to 3 and mean exposure times of 90 min. Into the duodenum the pH value 
rises to 6–6.5, but bile salts are poured from the gallbladder to reach concentrations ranging 
from 1.5 to 2% during the first hour of digestion and decreasing afterwards to 0.3% w/v or 
lower (Noriega et al., 2004). The residence period in the small intestine until 50% emptying 
oscillate between 2.5 and 3 h and the transit through the colon could take up to 40 h 
(Camilleri et al., 1989). Even when product formulation procedures that ensure viability 
during production and storage have been used as described above, the live bacteria must 
survive transit of the upper GIT. Ethics, cost, and complexity of tests prevent the testing of 
foods containing probiotics using human feeding trials. In vitro tests, using models of the 
GIT, can be used to provide data about the ability of bacteria to survive the harsh conditions 
of the upper GIT. Several pH values and bile concentrations are tested for variable times in 
order to determine the survival of the strain(s) under test. Many studies that have used test-
tube experiments to simulate the acidic conditions in the stomach, and exposure to bile salts 
and digestive enzymes that occur in the small intestine have been reported (Boza et al., 2004; 
Horaczek and Viernstein, 2004; Farnworth and Champagne, 2010; Pascual et al., 1999). De 
Smet et al., (1995) indicated that a concentration of 0.3% bile salts is critical for the screening 
of human probiotics, and this ability was associated to the presence of bile salt hydrolase 
activity. Nevertheless, Schmidt et al., (2001) showed that at least in lactobacilli, bile salt 
resistance could not be correlated to the presence of this enzyme. The study performed by 
Floch et al. (1972) indicated that conjugated bile acids are less inhibitory than free bile acids 
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(cholic and deoxycholic) toward intestinal aerobic and anaerobic bacteria (Rivera-Espinoza 
and Gallardo-Navarro, 2010). The results of viability obtained are strain dependent and, in 
general, bifidobacteria strains are less tolerant to acidic conditions than lactobacilli, whereas 
the first seems to be more tolerant to bile challenge (Lee and Salminen, 2009). The recovered 
strains were intrinsically resistant to acid gastric conditions (pH 2.0) and also showed good 
tolerance to high concentrations of bile salts and NaCl. This cross-resistance between low 
pH and bile salts was previously described in bile-adapted strains (Noriega et al 2004). It is 
known that exposure to one stress can induce a response that protects cells against multiple 
stresses (Duwat et al 2000). As the stress response is already induced at that stage, it may be 
capable of surviving the bile in the duodenum. This is pertinent as many candidate isolates 
may be overlooked if they do not display direct resistance to bile, when in reality the ability 
to induce sufficient tolerance is all that is required (O’Sullivan, 2006). 

The development of intestinal microbiota is of major importance for the health of newborns. 
Especially lysozyme present in human milk may affect colonization of newborn intestinal 
tract by specific bifidobacterial strains. Lysozyme is an antimicrobial enzyme (EC 3.2.1.17) 
found in tears, saliva, human milk, mucus, neutrophil granules and egg white (Field, 2005). 
It hydrolyses the ß-(1,4) linkage between N-acetylglucosamine and N-acetylmuramic acid in 
bacterial cell wall and Gram-positive bacteria are more susceptible to lysozyme than Gram-
negative bacteria. The effect of saliva on the intestinal survival of probiotic bacteria is 
insufficiently studied. The resistance to lysozyme at 25–35 mg L-1 was recommended as a 
criterion for the selection of a lactic acid bacterial strain suitable for use in milk industry 
(Guglielmonti et al., 2007). The resistance to lysozyme at 25–35 mg L-1 was recommended as 
a criterion for the selection of a lactic acid bacterial strain suitable for use in milk industry 
(Guglielmonti et al., 2007). According to findings, the tolerance of probiotics to lysozyme is 
strain-dependent (Rada et al., 2010). Bifidobacteria naturally occur within the whole 
intestinal tract from oral cavity to large intestine. Lysozyme is naturally present in saliva 
and other biological fluids (tear fluid). Hence, the interaction of inhabitant bifidobacteria or 
bifidobacteria-containing food products and lysozyme is inevitably occurred. The salivary 
lysozyme may also interact with other probiotic bacteria and can vary from 17 to 181 µg mL-

1 (Koh et al., 2004). Some bifidobacteria seems to be also completely lysozyme-resistant 
(Rada et al., 2010). Therefore, being resistance to lysozyme is a criterion for the selection of 
new probiotic bifidobacterial strains. Figure 3 represents main factors affecting viability of 
probiotics during transition through the GIT.  

6. Conclusion 
Probiotic functional foods, one of the largest markets of functional foods, represent a huge 
growth potential for the food industry and may be explored through the development of 
innovative ingredients, processes, and products. Therefore, the process of producing and 
manufacturing probiotic functional foods should have standardized protocols and quality 
control procedures. Safety and functional efficiency of the probiotic food products in the 
body and technological characteristics (viability, sensory properties, economic aspects and 
physicochemical and rheological characteristics) has been under special attention in recent 
years and many achievements in mentioned aspects have been attained. To provide health 
benefits related to probiotic organisms, maintaining viable counts of each probiotic strain in 
gram or milliliter of probiotic products above a minimum standard level (e.g., 106 cfu mL-1) 
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until the time of consumption is quite important. Adding probiotics to food products holds 
many challenges, such as biorelationships among the starter bacteria, pH, organic acids, 
molecular oxygen, freezing and thawing operations, additives such as sodium chloride, 
sugar, anti-microbial preservatives. Therefore, a wide range of research has been focused on 
optimization of formulation and processing as well as packaging of probiotic food products 
in order to increase the viability of probiotic cells in them until the time of consumption. 
However, a high viable population of probiotic bacteria in food products at the time of 
consumption does not guarantee the same survival rate after the arrival of the cells in the 
intestine. Probiotics targeting the intestine clearly encounter the greatest hurdles in order to 
be delivered to their targeted site. The biggest hurdles are the acid conditions of the 
stomach, the bile in the duodenum and competitive exclusion of pathogens. Therefore, 
clinical studies as well as simulated gastrointestinal tract investigations, should be 
integrated to the technological research. 
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1. Introduction 
Non steroidal anti-inflammatory drugs (NSAIDs) are the most prescribed medications 
worldwide because of their analgesic and anti-inflammatory properties. In fact, NSAIDs are 
generally prescribed for pain management in musculoskeletal or osteoarticolar pathologies 
and for rheumatic diseases, very common diseases in the general population. 

About twenty million US patients were prescribed NSAIDs every year. Although NSAIDs 
are generally well tolerated, chronic therapy is responsible for a significant morbidity and 
mortality rate; in fact, the incidence of GI events is significantly higher (about four fold) in 
patients receiving NSAIDs chronic therapy (Shaheen et al., 2006; Lawrence et al., 1998).  

NSAIDs and aspirin present a favorable benefit profile in relief from pain, inflammation 
reduction and contribute to lower the risk of cancer, as demonstrated by some 
epidemiologic and clinical studies  showing a reduced incidence of colon cancer in 
patients receiving low-dose aspirin (Din et al., 2010; Rothwell et al., 2010; Elwood et al., 
2009). 

Moreover, low-dose aspirin therapy induce a significant reduction in cardiovascular (CV) 
and cerebrovascular events and effectively lower the rate of deaths in patients with 
cardiovascular risk factors and previous CV events. On the other hand, adverse 
gastrointestinal events related to NSAIDs therapy occur in a little but significant amount of 
patients, resulting in an important morbidity and mortality; world mortality secondary to 
NSAIDs therapy has been estimated to be similar to that caused by HIV-related 
complications (Abraham et al., 2005; Laine et al., 2010). For example, in the US more than 
                                                 
* Corresponding Author 
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100.000 patients were admitted every year for NSAIDs related  adverse events, resulting in 
about 15000 deaths (Weil et al., 2000; Ofman et al., 2002). 

Non-selective NSAIDs (nsNSAID) inhibit  both cyclooxigenase-1 (COX1) and 
cyclooxigenase-2 (COX2). These two enzyme have different roles in the cell and, in 
particular, COX1 mediates prostaglandin (PG) secretion which is one of the upper GI 
protective mechanisms. That is why, with the aim of reducing NSAIDs related upper GI 
toxicity, selective COX2 inhibitors (coxibs) were developed in the last decade. Coxibs 
weakly inhibit COX1 and a reduced relative risk of developing upper GI injury was 
demonstrated in clinical trials in patients receiving coxibs. 

2. Epidemiology 
The incidence of peptic ulcer disease is tightly related to epidemiological changes in 
environmental factors, reflecting aging, prevalence of  Helicobacter pylori infection and use of 
NSAIDs. 

Non-steroidal anti-inflammatory drugs (NSAIDs) are estimated to be the most prescribed 
therapy worldwide (Clinard, 2001); unfortunately, chronic NSAIDs therapy may induce 
upper gastrointestinal injury, leading to symptoms such as dyspepsia, chest pain or 
heartburn or severe complications (i.e. gastroduodenal ulcers bleeding or perforation). 

The incidence of GI injuries is significantly higher (about four fold) in patients receiving 
NSAIDs chronic therapy and 1-2.5 clinically significant adverse events were recorded for 
100 patients treated/year; it was estimated that 20-40% of patients receiving chronic 
NSAIDs therapy present endoscopic finding of gastroduodenal mucosal injury (MacDonald, 
1997; Ramey, 2005; Targownik 2006; Taha, 1996). All these evidences, lead to an increased 
mortality of patients receiving NSAIDs.  

Moreover, these adverse event rates, resulting from observational studies, refer to general 
population receiving NSAIDs; when clinical studies evaluate high-risk categories, the relative 
risk for upper GI events significantly increase. Therefore, the available guidelines identify 
these high-risk categories of patients and try to outline possible specific management strategies 
for each category (Anon, 2000; Lanza, 2009; Moens, 2004; MacLean 2001). 

Different guidelines identify various risk factors for the development of upper GI injury 
under NSAIDs therapy: age, previous history of an upper GI event, the need of high-dose 
NSAIDs, Helicobacter pylori infection, use of antiplatelet agents, use of warfarin or other 
anticoagulant agents, corticosteroids, selective serotonin re-uptake inhibitors (SSRI), and 
alendronate (Langman 1994; Garcia Rodriguez 1994; Papatheodoridis, 2006; Huang, 2002). 
On the other hand, GI risk factors in patients receiving coxibs are not well defined, with a 
significant lack of data: only a previous history of peptic disease or ulcer bleeding, presence 
of Helicobacter pylori infection and concomitant assumption of antiplatelet agents are 
considered independent risk factors (Lanas, 2005). 

In order to minimize NSAID-related events, evidence-based guidelines suggest to prescribe 
coxibs or a gastroprotective agent combined to a nsNSAID to high risk patients (Lanza, 2009). 

The first drug registered as a gastroprotective agent, in patients receiving NSAID, was 
misoprostol, a PG analogue. Clinical studies assessed the efficacy of misoprostol in reducing 
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the onset of gastroduodenal injuries in patients receiving chronic NSAIDs therapy; however, 
misoprostolis poorly tolerable. Effective doses of misoprostol induce dyspepsia and are often 
associated to development of diarrhea and abdominal pain/bloating while low doses do not 
induce side effects but are ineffective as gastroprotection (Lanza, 1989; Targownik, 2008). 

Other recent and effective therapies were developed in order to reduce upper GI symptoms 
and prevent complications: histamine-2 receptor antagonists (H2RAs) and proton pump 
inhibitors (PPI) have both demonstrated efficacy in NSAID-related GI side effects (Hawkey, 
2005; Hooper, 2004; Rostom, 2002; Scheiman, 2006). 

During chronic NSAIDs therapy, a significant amount of patients present with dyspeptic 
symptoms; however, development of GI symptoms is not predictive for development of 
NSAID-related injury (gastropathy or ulcers). Moreover, about 60% of patients with 
endoscopic findings of NSAID-related injury do not present GI symptoms until bleeding or 
perforation occur. Finally, only 10% of NSAID-related injury become symptomatic for 
hemorrhage (Somerville, 1986). 

Pathophysiology of NSAIDs peptic ulceration: Defense and injury mechanisms 

Defense mechanisms 

The gastroduodenal mucosa is continuously exposed to endogenous (HCl, pepsin and bile 
acids) and exogenous (drugs, alcohol and bacteria) noxious agents; therefore, upper GI tract 
is characterized by a complex biological defense system, in order to prevent and heal any 
injury. 

Pre-epithelial, epithelial and post-epithelial defenses were together involved in this complex 
mechanism preventing mucosal injury and maintaining integrity. The pre-epithelial defense level 
consists of mucus and a bicarbonate barrier, secreted by upper GI epithelial cells. Mucus is 
composed by water (95%), lipids (fatty acids and phospholipids) and glycoproteins (mucin), 
and constitutes an hydrophobic layer preventing ions and molecules (eg. pepsine) passage. 
Bicarbonate, directly secreted into the mucus layer, forms a high pH gradient (6-7) able to 
neutralize lumen acidity even when pH falls below 2. The epithelial defense layer is constituted 
by a continuous layer of GI epithelial surface cells linked to each other by tight junctions, these 
complexes constitute an hydrophobic barrier limiting the diffusion of hydrogen ions and 
water-soluble agents through the mucosa; moreover, hydrogen ions that enter into the 
epithelial cells can be removed by basolateral ion pumps (i.e. Na+/H+ and a Cl-/HCO3- 
exchanger). Minimal mucosal injury can be rapidly recovered thanks to the migration of the 
nearest healthy cells able to close the mucosal gap, a phenomenon known as rapid restitution. 
This event involves several growth factors such as epidermal growth factor (EGF), transforming 
growth factor alpha (TGFα) and fibroblast growth factor (FGF). Rapid restitution involves only cell 
migration not cell division so that only minor mucosal defects can be healed; large peptic 
lesions requires cellular proliferation and neoangiogenesis (regeneration). The rich vascular 
system that underlies the mucosa represents the post-epithelial defense mechanism. Blood flow 
continuously provides bicarbonate to neutralize the acids released and supplies nutrients and 
oxygen essential for cells metabolism while  taking away all the toxic catabolites produced. 
(Malfertheiner, 2009; Laine, 2008). 

GI injury occur when the caustic acid-peptic factors on gastrointestinal lumen overwhelm all 
three components of epithelial defense or when those mechanisms are impaired. 
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Injury mechanisms 

NSAID-induced upper GI injury result from both topical damage and systemic effects 
mainly related to COX inhibition. Topical injury is a direct consequence of the chemical 
proprieties of these drugs. NSAIDs are weak acids that remain in non-ionized lipophilic 
form in the highly acid gastric environment. This condition promote the NSAIDs migration 
through the hydrophobic cell membrane into the cell where, because of the neutral pH, they 
get trapped inside in an ionized form (ion trapping). The resulting hydrogen ions are 
responsible of cellular toxicity; oxidative phosphorylation is compromised with impaired 
mithocondrial energy production, reduced cellular integrity and increased permeability. All 
these changes, lead to retrodiffusion of H+ and pepsin with consequent amplification of 
cellular toxicity (Sostres C., 2010). 

Topical injury was once thought to be the main mechanism of NSAID-induced damage, but 
it is now clear that most of the NSAID-related gastrointestinal injuries come from their 
systemic effects; NSAID-related inhibition of GI mucosal cyclooxygenase, regardless of the 
drug administration modality, could lead to clinically significant GI toxicity. 

Cyclooxigenase converts arachidonic acid into active prostaglandins (PGs); in humans (at 
least) two isozymes of COX were described, COX-1 and COX-2 (Wallace et al., 2000). These 
two isoforms present different characteristics of expression in human cells and substrates: 
COX-1 is almost ubiquitary and necessary for cellular homeostasis (gastric protection, 
vascular regulation, platelet aggregating effect and kidney function), while COX-2 is 
expressed in cells exposed to inflammatory signals (cytokines or chemokines) or growth 
factors. 

Gastric cells COX-1 is the rate-limiting enzyme in PGs biosynthesis; these molecules 
guarantee the mucosal coating protection from the caustic action of acid and pepsin in many 
ways. First of all, PGs reduce gastric acid secretion and stimulate the production of 
glycoprotein (mucin), bicarbonate and phospholipid by epithelial cells. Moreover, PGs 
guarantee mucosal blood flow and oxygen delivery through vasodilatation, promote 
epithelial cells migration towards the luminal surface during restitution and finally enhance 
cells proliferation (Brzozowski, 2008; Sostres, 2010).  

Most of nsNSAIDs inhibit both COX-1 and COX-2, leading to a strong impairment of gastric 
PG biosynthesis; therefore, in the last decades, research interest was focused on the 
development of new molecules with a COX-2 selective inhibitory effect, in order to obtain 
an effective anti-inflammatory effect and preserve PG-mediated gastrointestinal mucosal 
protection. (Malfertheiner, 2009; Laine, 2008). 

First trials evaluating coxibs GI safety profile (Laine, 1999) were very promising; rofecoxib 
appeared to be safer than ibuprofen with a reported GI event rate similar to that observed in 
the placebo group. 

However, the initial enthusiasm secondary to coxibs’ GI safety was put in perspective 
because of the evidence of serious CV side effects (hypertension, edema, hearth failure 
and acute coronary syndrome) that, in some cases, brought to their withdrawal from the 
market (rofecoxib, precoxib and valdecoxib). Coxibs, when given at clinically effective 
doses, present a significantly reduced but still effective COX-1 inhibitory effect leading to 
a blockade of gastrointestinal mucosal COX-1-dependent PGs production: therefore, 
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coxibs significantly reduce, but do not completely abolish, the risk of gastrointestinal 
events. Moreover, as observed with nsNSAIDs other than naproxen, coxibs increase CV 
risk because of their pro-aggregating action; the selective inhibition of COX-2 create a 
disequilibrium between endothelial synthesis of PGs (mostly COX-2 dependent) and the 
platelets TxA2 synthesis (COX-1 dependent), with relative increased activity of the latter 
(Antman, 2005). Coxibs are now strongly contraindicated in patients with CV disease 
(Abraham, 2010; Bhatt, 2008). Finally, the evidences that COX-2 is considerably expressed 
in the proliferating zone of gastric mucosa undergoing mucosal repair or regeneration 
during ulcer healing, suggest that COX-2, although being of lesser significance in resting 
conditions, possess a crucial role in processes of mucosal repair and ulcer healing 
(Brzozowski, 2008). 

The impairment of mucosal microcirculation should be considered one of the most 
important mechanism of damage that results from NSAIDs consumption. It originate both 
from the PGs inhibited biosynthesis and, at the same time, from the phlogosis that brings to 
leukocytes recruitment, activation and endothelial-adherence. An answer to this key source 
of mucosal injury has been found in nitric oxide (NO). Thanks to NO vasodilatatory activity 
mucosal defense mechanisms, including mucus/alkaline secretion and inhibition of 
leukocytes activation, result enhanced. CINODs (COX-inhibiting NO-donating drugs), a 
new class of anti-inflammatory compounds putting its conceptual basis on the protective 
action of NO, appear to preserve their anti-inflammatory proprieties with a greater 
gastrointestinal safety (Brzozowski, 2008). Several CINODs are currently being tested in 
clinical trials, the most advanced of which regards naproxcinod (NO-naproxen, 
nitronaproxen) that is in phase III trials for the treatment of osteoarthritis. 

Aspirin 

Acetylsalicylic acid (ASA), the first molecule studied for its anti-inflammatory properties, 
presents various effects; the mechanisms underlying these effects appear to be related to the 
doses: low doses (< 80 mg/day) induce an acetylation of cyclooxygenase-1 in an irreversible 
way, leading to antithrombotic effect; medium doses (650 mg - 4 g/day) block prostaglandin 
production through an inhibition of both COX-1 and COX-2; higher doses ( > 4g/day) 
induce an anti-inflammatory effect through both a cyclooxygenase-dependent and a COX-
independent way (Lauer, 2002). Most of aspirin effects, like non-salicylate NSAIDs, are 
mediated by inhibition of cyclooxigenase active site of PGH2 (prostaglandin synthase H2).  

Aspirin acts through an irreversible inhibition of both COX isoenzymes, impairing PG 
production. Inhibition of COX-1 is about 10-fold greater than COX-2 ones; on this basis, the 
dose necessary to achieve an anti-inflammatory effect is significantly higher than antiplatelet 
dose and GI toxic dose. 

Moreover, aspirin inhibits (although not completely) the expression of iNOS (inducible 
Nitric Oxide Synthase) independently from COX-inhibition; this effect leads to an impaired 
production of nitric oxide, a molecule responsible for inflammatory response, host defenses 
and tissue healing process. This partial COX-independent suppression of NO production 
lead to a synergistic anti-inflammatory effect (coupled with COX inhibition) induced by 
ASA, but also to a synergistic GI toxic effect with both nsNSAIDs and coxibs.  

Moreover, aspirin GI toxicity, is worsened by its topic injury due to the rapid absorption of 
this drug from the stomach (low PKa) that result in an enhanced local gastric toxicity. 
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Finally, the use of acetylsalicylic acid, even if prescribed at low doses, seems to abolish the 
GI safety profile of coxibs. Although the use of a COX-2 selective inhibitors could lead to a 
significant decrease in GI adverse events, when coxibs are prescribed together with aspirin 
the overall GI toxicity appear to be similar to that observed with standard NSAIDs 
(Silverstein,  2000). 

Role of Helicobacter pylori infection 

Although GI injury (peptic ulcers or erosive gastropathy) is the most frequently observed 
side effects in patients on chronic NSAIDs therapy, presence of Hp infection is the most 
common cause of peptic disease in patients not on NSAIDs therapy. It was estimated that 
chronic Hp infection was present in about 50% of the population worldwide; however, only 
a little amount of these patients (5-10%) will develop GI injuries. Risk factors for 
development of Hp-related peptic ulcers are not well understood; however, different 
histological pattern of gastritis, change in acid secretion, the presence of duodenal gastric 
metaplasia, ulcerogenic bacterial strains and host genetic factors are all involved. For 
example, the relative risk to present peptic ulceration is increased in patients  infected by the 
CagA-positive bacterial strain (Pilotto, 1997; Covacci, 1993; Li, 1999; van Doorn, 1998; Garcia 
Rodriguez, 1994; Huang, 2002). 

3. Management of NSAIDs therapy 
In order to reduce the incidence of GI complications among patients receiving chronic 
NSAIDs therapy, various management strategies were developed (prevention strategy, 
identify and treat modifiable risk factors, use of gastroprotective agents, use of “low-risk” 
NSAIDs ) 

General prevention strategies 

Prevention strategies have to be followed by all patients receiving long-term NSAIDs 
therapy; crucial point is to stratify patient's risk (both gastrointestinal and cardiovascular). 

Some general rules have to be kept in mind by physicians who prescribe NSAIDs: use the 
“safer” NSAID at the lowest effective dose and for the shortest period of time (see Table 1 
for relative GI toxicity of NSAIDs); when possible, prescribe anti-dolorific drugs other than 
NSAIDs (i.e. acetaminophen, tramadol or codeine). Avoid concomitant therapy, when 
possible, with antiplatelet agents, anticoagulants or corticosteroids; suggest to the patients to 
avoid physical (and psycological) stress and reduce (or avoid) smoke and/or alcohol 
assumption (Lanza et al., 2009). 

Prescription of selective COX2  inhibitors 

The anti-dolorific, anti-inflammatory and chemo-preventive effects of NSAIDs are mediated 
by inhibition of COX. The development of an NSAID selectiveely inhibiting the COX-2 
isoform was reached in order to avoid NSAID-related GI toxicity. Coxibs appear to be 200 to 
300-fold more selective for COX-2 than COX-1. 

The active effects of coxibs are similar to those observed with nsNSAIDs but with a better GI 
safety profile (based on the reduced inhibition on COX-1 dependent prostaglandins 
secretion in upper GI tract). However, these benefits are balanced with the well reported 
increased CV risk observed in long-term users; the registration trials of coxibs (rofecoxib and  
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Drug Dose RR 
Acetaminophen < 2000 mg 1.2 
 2000 – 3900 mg 1.2 
 > 4000 mg 1.0 
Ibuprofen < 1200 mg 1.1 
 1200 – 1799 mg 1.8 
 > 1800 mg 4.6 
Diclofenac < 75 mg 2.2 
 75 – 149 mg 3.2 
 > 150 mg 12.2 
Piroxicam < 10 mg 9.0 
 10 – 19 mg 12.0 
 > 20 mg 79.0 

Table 1. Dose-dependent risk for Upper GI bleeding (Acetaminophen and ns-NSAIDs) 
Dose-dependent risk for Upper GI bleeding (Acetaminophen and ns-NSAIDs) 

subsequently valdecoxib) reported an alarming increase of CV events (congestive heart 
failure, polmunary edema and myocardial infarction), leading to withdrawal from market of 
both drugs (Juni et al., 2004; Abraham et al., 2007). 

Currently, this  new drug generation accounts for about 33% prescription (60% of the 
relative healthcare expenditure). Initially, a completely safe profile of coxibs was speculated 
based on preclinical and clinical trial, even for high risk patients (Skelly and Hawkey, 2002). 
However, these benefit effects were initially demonstrated only in patients without GI risk 
factors. The incidence of GI events in patients with one or more risk factors was similar in 
those receiving coxibs or nsNSAIDs (Silverstein et al., 2000; Bombardier et al., 2000; Skelly 
and Hawkey, 2002; Farkouh et al., 2004). 

Clinical trials demonstrated that coxibs have a reduced relative risk of development of 
peptic ulcers and other GI complications (Hooper et al.,2004); in fact, a significant reduction 
in ulcers found on endoscopy studies (about 4-fold reduction) was observed (FitzGerald and 
Patrono, 2001),. High doses of coxibs (rofecocix or celecoxib) allow an approximately 50% 
reduction in the incidence of GI injury when compared to nsNSAIDs (Bombardier et al., 
2000). Coxibs present a reduced but not abolished GI toxicity when compared to nsNSAIDs. 
For example, patients receiving Rofecoxib present an  increased risk for peptic ulcer 
bleeding when compared to patients receiving placebo (0.88 vs. 0.18 clinically significant 
events registered/year; relative risk 4.9) (Lanas et al., 2007).  

Moreover, coxibs do not show advantages over nsNSAIDs in healing ulcers in patients with 
recent bleeding, because they inhibit the natural healing process of peptic ulcers (Perini et 
al., 2003).  

In addition, clinical evidences showed that all GI benefits of coxibs disappear in patients 
receiving also low-dose aspirin (i.e. for CV primary prevention) (Schnitzer et al., 2004; 
Farkouh et al., 2004). Moreover, when coxibs are used in combination to antiplatelet agents 
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Finally, the use of acetylsalicylic acid, even if prescribed at low doses, seems to abolish the 
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possible, with antiplatelet agents, anticoagulants or corticosteroids; suggest to the patients to 
avoid physical (and psycological) stress and reduce (or avoid) smoke and/or alcohol 
assumption (Lanza et al., 2009). 

Prescription of selective COX2  inhibitors 

The anti-dolorific, anti-inflammatory and chemo-preventive effects of NSAIDs are mediated 
by inhibition of COX. The development of an NSAID selectiveely inhibiting the COX-2 
isoform was reached in order to avoid NSAID-related GI toxicity. Coxibs appear to be 200 to 
300-fold more selective for COX-2 than COX-1. 

The active effects of coxibs are similar to those observed with nsNSAIDs but with a better GI 
safety profile (based on the reduced inhibition on COX-1 dependent prostaglandins 
secretion in upper GI tract). However, these benefits are balanced with the well reported 
increased CV risk observed in long-term users; the registration trials of coxibs (rofecoxib and  
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Moreover, coxibs do not show advantages over nsNSAIDs in healing ulcers in patients with 
recent bleeding, because they inhibit the natural healing process of peptic ulcers (Perini et 
al., 2003).  

In addition, clinical evidences showed that all GI benefits of coxibs disappear in patients 
receiving also low-dose aspirin (i.e. for CV primary prevention) (Schnitzer et al., 2004; 
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other than low-dose aspirin (i.e. clopidogrel and ticlopidine), the relative risk of upper GI 
bleeding was similar to patients receving aspirin alone or nsNSAIDs. Finally, the 
combination of coxibs to low dose aspirin appears to attenuate its CV protective effects. 

Recently, a large prospective trial, was conducted in order to assess the safety profile of 
celecoxib compared to a combination regimen of a non-selective NSAID plus PPI 
(omeprazole plus diclofenac) (Chan et al., 2010); results of this randomized controlled trial, 
enrolling more than 4400 patients, demonstrated a reduced risk of GI adverse events of 
COX-2 selective treatment when compared to a nsNSAID plus a PPI regimen. 

Based on clinical trial experience (Chan et al., 2007), co-therapy with coxibs plus PPIs could 
be considered in those patients with exceptionally high risk of peptic ulcer disease (eg recent 
NSAID-related ulcer bleeding) in order to significantly reduce the risk of development of GI 
injury or re-bleeding. 

In conclusion, use of coxibs is a valuable strategy to minimize upper GI events; however, 
because of the increased CV risk and the reduced GI benefit in patients receiving antiplatelet 
agents, the use of these drugs have to be carefully evaluated in some high-risk categories of 
patients (i.e. older patients on low-dose aspirin regimen for primary CV prevention, patients 
with previous CV events or with CV risk factors, etc.); for a detailed discussion, see the 
specific section in this chapter. 

Clear indications for COX-2 selective inhibitors prescription are (Lanza et al., 2009; Jawad, 
2001): 

 Prolonged use of nsNSAIDs at the highest dose 
 Age > 65 years 
 Previous history of peptic ulcer disease 
 Co-treatment with corticosteroids or anticoagulants 

Prescription of gastroprotective agents 

The understanding of mechanisms underlying the pathogenesis of peptic ulcer disease lead, 
in the last decades, to significant development in gastroprotective treatments: 

- Prostaglandin analogues (misoprostol) were demonstrated effective in prevention of 
NSAID-induced ulcers (while no role in healing ulcers was demonstrated) 

- Anti-secretory drugs (H2RAs and PPIs) demonstrated their pivotal role in peptic ulcers 
disease preventing, healing and maintaining of remission 

- Antacids, like sucralfate and bismuth salts have no proven efficacy in healing NSAID-
related peptic ulcer 

- Antibiotic therapy and bismuth-containing compounds were recognized as indicated in 
patients with HP-positive ulcer disease (even if related to NSAIDs) 

Prostaglandins (PG) inhibit histamine-induced cAMP generation in parietal cells, leading to a 
significant reduction in acid secretion. Prostaglandin analogues are indicated mostly for the 
prevention of NSAID-related GI injury because there are no clearly demonstrated effect on 
ulcer healing. The only available PG analogue registered for NSAID-related peptic ulcer 
disease is misoprostol (Donnely et al., 2000; Silverstein et al., 2005). However, the use of 
misoprostol is limited by its low tolerability. PG analogues, in a dose-dependent manner, 
induce diarrhea associated to abdominal pain and bloating; in order to minimize these side 
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effects, misoprostol should be started at the lowest dose (100 mcg x 3 daily) and, if tolerated, 
increased to 800mcg/day. 

H2RAs (i.e. ranitidine, cimetidine) induce acid suppression through the blockade of 
histamine H2 receptors in gastric parietal cells, while PPIs (i.e. omeprazole, lansoprazole, 
esomeprazole, pantoprazole and rabeprazole) act on the H+/K+ ATPase pump, localized on 
parietal cell lumen inducing an irreversible inhibition (Kitchingman et al., 1989).  

PPIs appear to be more effective in preventing and healing NSAID-related ulcers (better 
duodenal than gastric ones) than high-doses of H2RAs because of the long-lasting inhibition 
of parietal cells acid secretion (standard H2RA doses are not effective in preventing GI 
injury) (Taha et al., 1996). Moreover, H2RA treatment could be “complicated” by 
phenomenon of tolerance which is not always observed, but could significantly reduce 
H2RA-induced acid suppression. Although the tolerance phenomenon is not observed in 
patients receiving PPIs, a rapid metabolization in some patients (rapid acetylators) may 
reduce PPI efficacy. Therefore, standard PPI therapy may sometimes not be sufficient to heal 
ulcers or treat NSAID-relate dyspepsia and in those cases an higher dose or a different PPI 
may be needed. 

Finally, on the basis of the incomplete gastroprotective effect of H2RAs and the significant 
reduction in PPIs' cost, there is no reason to prescribe H2RAs for gastroprotection in patients 
receiving chronic NSAID therapy; since H2RAs could mask warning symptoms of peptic 
ulcer disease (Singh and Rosen Ramey, 1998) their use should be limited to patients with 
NSAID-related dyspepsia unresponsive to PPI and with a negative upper GI endoscopy. 

Table 2 summarizes key-points regarding PPI gastroprotective effects. 
 

Evidences on PPI gastroprotection 
- reduced risk of NSAID-related upper GI injuries 
- effective in preventing ulcer complications 
- strongly recommended in patients with high GI risk 
- comparable to coxibs in high-risk patients  
- superior to Coxibs in reducing and preventing NSAID-related dyspepsia 
- effective in prevention of upper GI events in patients receiving antiplatelet agents 
- effective in healing and preventing upper GI ulcers in patients on chronic NSAID therapy 

Table 2. Evidences on PPI gastroprotection 

Antacids (containing aluminium or magnesium) are not clearly effective in preventing or 
healing NSAID-related ulcers and their potential healing mechanism appear to be unrelated 
to acid inhibition (i.e. promotion of angiogenesis, binding bile acids, suppressing Hp 
growth): sucralfate increase angiogenesis and tissue repair leading to prevention of mucosal 
injury; bismuth salts act through the inhibition of peptic activity. 

4. Management of specific populations 
Management strategies are designed to reduce the incidence of GI complications and take 
into account patient's overall risk and specific NSAID-related risk factors. Most guidelines 
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other than low-dose aspirin (i.e. clopidogrel and ticlopidine), the relative risk of upper GI 
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COX-2 selective treatment when compared to a nsNSAID plus a PPI regimen. 

Based on clinical trial experience (Chan et al., 2007), co-therapy with coxibs plus PPIs could 
be considered in those patients with exceptionally high risk of peptic ulcer disease (eg recent 
NSAID-related ulcer bleeding) in order to significantly reduce the risk of development of GI 
injury or re-bleeding. 

In conclusion, use of coxibs is a valuable strategy to minimize upper GI events; however, 
because of the increased CV risk and the reduced GI benefit in patients receiving antiplatelet 
agents, the use of these drugs have to be carefully evaluated in some high-risk categories of 
patients (i.e. older patients on low-dose aspirin regimen for primary CV prevention, patients 
with previous CV events or with CV risk factors, etc.); for a detailed discussion, see the 
specific section in this chapter. 

Clear indications for COX-2 selective inhibitors prescription are (Lanza et al., 2009; Jawad, 
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 Prolonged use of nsNSAIDs at the highest dose 
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 Previous history of peptic ulcer disease 
 Co-treatment with corticosteroids or anticoagulants 

Prescription of gastroprotective agents 

The understanding of mechanisms underlying the pathogenesis of peptic ulcer disease lead, 
in the last decades, to significant development in gastroprotective treatments: 

- Prostaglandin analogues (misoprostol) were demonstrated effective in prevention of 
NSAID-induced ulcers (while no role in healing ulcers was demonstrated) 

- Anti-secretory drugs (H2RAs and PPIs) demonstrated their pivotal role in peptic ulcers 
disease preventing, healing and maintaining of remission 

- Antacids, like sucralfate and bismuth salts have no proven efficacy in healing NSAID-
related peptic ulcer 

- Antibiotic therapy and bismuth-containing compounds were recognized as indicated in 
patients with HP-positive ulcer disease (even if related to NSAIDs) 

Prostaglandins (PG) inhibit histamine-induced cAMP generation in parietal cells, leading to a 
significant reduction in acid secretion. Prostaglandin analogues are indicated mostly for the 
prevention of NSAID-related GI injury because there are no clearly demonstrated effect on 
ulcer healing. The only available PG analogue registered for NSAID-related peptic ulcer 
disease is misoprostol (Donnely et al., 2000; Silverstein et al., 2005). However, the use of 
misoprostol is limited by its low tolerability. PG analogues, in a dose-dependent manner, 
induce diarrhea associated to abdominal pain and bloating; in order to minimize these side 

Chronic NSAIDs Therapy and Upper Gastrointestinal Tract – Mechanism of Injury,  
Mucosal Defense, Risk Factors for Complication Development and Clinical Management 

 

157 

effects, misoprostol should be started at the lowest dose (100 mcg x 3 daily) and, if tolerated, 
increased to 800mcg/day. 

H2RAs (i.e. ranitidine, cimetidine) induce acid suppression through the blockade of 
histamine H2 receptors in gastric parietal cells, while PPIs (i.e. omeprazole, lansoprazole, 
esomeprazole, pantoprazole and rabeprazole) act on the H+/K+ ATPase pump, localized on 
parietal cell lumen inducing an irreversible inhibition (Kitchingman et al., 1989).  

PPIs appear to be more effective in preventing and healing NSAID-related ulcers (better 
duodenal than gastric ones) than high-doses of H2RAs because of the long-lasting inhibition 
of parietal cells acid secretion (standard H2RA doses are not effective in preventing GI 
injury) (Taha et al., 1996). Moreover, H2RA treatment could be “complicated” by 
phenomenon of tolerance which is not always observed, but could significantly reduce 
H2RA-induced acid suppression. Although the tolerance phenomenon is not observed in 
patients receiving PPIs, a rapid metabolization in some patients (rapid acetylators) may 
reduce PPI efficacy. Therefore, standard PPI therapy may sometimes not be sufficient to heal 
ulcers or treat NSAID-relate dyspepsia and in those cases an higher dose or a different PPI 
may be needed. 

Finally, on the basis of the incomplete gastroprotective effect of H2RAs and the significant 
reduction in PPIs' cost, there is no reason to prescribe H2RAs for gastroprotection in patients 
receiving chronic NSAID therapy; since H2RAs could mask warning symptoms of peptic 
ulcer disease (Singh and Rosen Ramey, 1998) their use should be limited to patients with 
NSAID-related dyspepsia unresponsive to PPI and with a negative upper GI endoscopy. 

Table 2 summarizes key-points regarding PPI gastroprotective effects. 
 

Evidences on PPI gastroprotection 
- reduced risk of NSAID-related upper GI injuries 
- effective in preventing ulcer complications 
- strongly recommended in patients with high GI risk 
- comparable to coxibs in high-risk patients  
- superior to Coxibs in reducing and preventing NSAID-related dyspepsia 
- effective in prevention of upper GI events in patients receiving antiplatelet agents 
- effective in healing and preventing upper GI ulcers in patients on chronic NSAID therapy 

Table 2. Evidences on PPI gastroprotection 

Antacids (containing aluminium or magnesium) are not clearly effective in preventing or 
healing NSAID-related ulcers and their potential healing mechanism appear to be unrelated 
to acid inhibition (i.e. promotion of angiogenesis, binding bile acids, suppressing Hp 
growth): sucralfate increase angiogenesis and tissue repair leading to prevention of mucosal 
injury; bismuth salts act through the inhibition of peptic activity. 

4. Management of specific populations 
Management strategies are designed to reduce the incidence of GI complications and take 
into account patient's overall risk and specific NSAID-related risk factors. Most guidelines 
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describe specific strategies for high-risk categories of patients; designed to significantly 
reduce side effects (both general and gastrointestinal) and the number needed to treat 
(NNT) to achieve the endpoints (reduction in GI events). These strategies often involve the 
prescription of a gastroprotecive agent (PPIs), reduction of nsNSAIDs dose and the change 
to selective COX-2 inhibitors. 

Management of low-risk patients 

Most guidelines do not suggest gastroprotective strategies for low-risk patients. Physicians 
prescribing NSAIDs to low-risk patients (less than 65 years, no comorbidity, no concomitant 
antiplatelet, anticoagulants or corticosteroids and no previous history of NSAID-related GI 
complications) should follow the general suggestions for GI complications reduction (eg. 
prescribe the lowest effective dose and avoid drugs with high GI toxicity). 

However, even in patients without risk factors, two clinical trials demonstrated a significant 
reduction of GI events (detection of asymptomatic ulceration and bleeding) in patients 
receiving coxibs compared to those on nsNSAIDs (Bombardier et al., 2000; Silverstein et al., 
2000); these evidences suggest that the low-risk category of patients could become a “no-
risk” one, if well managed. 

Patient with history of peptic ulcer disease 

Epidemiological and retrospective studies identified a past episode of peptic ulcer as a risk 
factor for development of GI events in patients receiving chronic NSAID therapy; moreover, 
both Hp positive and negative patients present an increased relative risk of complications 
(Rockal et al., 1995). In order to reduce the risk of GI injury, the switch to a coxib was 
evaluated in patients with a past history of ulcer disease; both rofecoxib and celecoxib 
demonstrated their efficacy in reduction of GI events (from 8.8/100 patient/year with non 
selective NSAID to 2 with rofecoxib) (Laine, 2001). Therefore, in patients with a previous 
history of peptic ulcer disease, the switch to a selective COX-2 inhibitor could be considered 
a practical and cost-effective strategy. 

Although switching to a coxib induces a significant risk reduction, in these patients there is 
still a high residual risk of development of GI complications (10 events per 100 patients 
treated/year in VIGOR study) (Bombardier et al., 2000). In this setting, the combination 
therapy of a PPI to a standard NSAID appears to be more appropriate than a coxib alone; 
clinical studies demonstrated that combination with omeprazole induces a significant 
reduction in ulcer development both in patients with previous ulceration and perforation 
when compared to patients receiving a COX-2 selective inhibitors (rofecoxib) or 
monotherapy with ns-NSAID (ibuprofen) [Cullen et al., 1998; Hawkey et al., 1998). After this 
first evidence, PPIs other than omeprazole (both lansoprazole, pantoprazole and 
esomeprazole) demonstrated a similar efficacy (Yeomans et al., 1998; Hawkey et al., 1998; 
Agrawal et al., 2000) in preventing NSAID-related bleeding (a mean reduction of at least 
four-fould). 

Subsequently, in patients with previous GI complications, usually considered to be at 
exceptionally high risk of GI events, a combined treatment of a coxib with a PPI was 
proposed in order to reduce GI toxicity. This strategy was evaluated in a RCT comparing the 
combination therapy of celecoxib plus PPI to celecoxib plus placebo in Hp negative patients 
who presented an upper GI bleeding. The addiction of a PPI to a COX-2 selective inhibitor 
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was demonstrated effective for prevention of ulcer re-bleeding (13-month incidence of 0% 
vs. 8.9% in patients treated with celecoxib alone) and considered the best treatment 
management in the very high risk group of patients (Chan et al., 2007). 

Patients requiring high-doses NSAIDs 

When physicians have to prescribe high NSAID doses, there is a significant increase in the 
relative risk of development of GI complications (about three-fold).(Henry et al., 1996; 
Langman et al.,  1994). In those cases, pharmacological and clinical evidences demonstrated 
that coxibs are safer than nsNSAIDs with a similar anti-inflammatory and analgesic effects. 
However, high-doses of coxibs show an overall increased risk of adverse events (both CV 
and related to fluid retention) and this should be taken into account in each single case to 
balance the risk/benefit ratio.. 

Helicobacter pylori positive 

Large population-based studies and meta-analysis demonstrated that Hp infection induce a 
two-fold increase in the risk of developing peptic complications in patients receiving 
NSAIDs (Chan et al., 2002; Vergara et al., 2005). Moreover, also in patients receiving coxibs, 
H pylori remain a risk factor for development of GI ulcers and bleeding (Bombardier et al., 
2000). Systematic reviews and meta-analysis (Chan, 1997; Chan 2002; Vergara 2005) 
confirmed the efficacy of Hp eradication in preventing upper GI complications in patients on 
chronic NSAIDs therapy, even though treating Helicobacter pylori does not completely 
abolish the risk of bleeding in high risk patients (Chan, 2001). Therefore, even though it is 
often underestimated in general clinical practice, a test-and-treat strategy is mandatory in 
patients who require long-term NSAIDs therapy (Gabriel, 1991; Wolfe, 1999; Sauerbaum, 
2002; Barkin, 1998; Laine, 2002; Chan, 2002; Laine, 1992; Hawkey, 1998; Loeb, 1992; 
Aalykke,.1999; Cullen, 1997).  

Patients on corticosteroids 

Corticosteroids have a synergistic effect with NSAID, magnifying their GI toxicity, and an 
intrinsic gastrolesive potential effect, specially in patients with multiple concurrent diseases; 
the risk of ulcer development is increased both in patients receiving NSAIDs and in non-
NSAID users. A correct strategy, for the management of patients who need both 
corticosteroids and NSAIDs was suggested by post-hoc analysis of large clinical trials, 
showing that prescription of coxibs seems to reduce the risk of GI complications.  

When prescribing NSAIDs to patients requiring high-doses of corticosteroids, a 
management strategy able to guarantee a reduced GI risk seems to be the choice of a coxib 
coupled by gastroprotection with a PPI; however, specific data in this setting are lacking 
(Holvoet et al., 1991; Hochain et al., 1995; Laine et al., 2010; Weil et al., 2000). 

Use of anticoagulant agents or patients affected by coagulopathy 

Co-prescription of anticoagulants and NSAIDs induce a significant increase in GI events and 
bleeding (both clinically manifest and occult); consequently, in these patients NSAID 
prescription should be considered a contraindication. Although there is a lack of specific 
data, in those patients when necessary, the co-prescription of a selective COX-2 inhibitor 
plus a PPI have to be considered in order to reduce the high risk of bleeding and the high 
morbidity and mortality that goes with it. 
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describe specific strategies for high-risk categories of patients; designed to significantly 
reduce side effects (both general and gastrointestinal) and the number needed to treat 
(NNT) to achieve the endpoints (reduction in GI events). These strategies often involve the 
prescription of a gastroprotecive agent (PPIs), reduction of nsNSAIDs dose and the change 
to selective COX-2 inhibitors. 
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antiplatelet, anticoagulants or corticosteroids and no previous history of NSAID-related GI 
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reduction of GI events (detection of asymptomatic ulceration and bleeding) in patients 
receiving coxibs compared to those on nsNSAIDs (Bombardier et al., 2000; Silverstein et al., 
2000); these evidences suggest that the low-risk category of patients could become a “no-
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Patient with history of peptic ulcer disease 

Epidemiological and retrospective studies identified a past episode of peptic ulcer as a risk 
factor for development of GI events in patients receiving chronic NSAID therapy; moreover, 
both Hp positive and negative patients present an increased relative risk of complications 
(Rockal et al., 1995). In order to reduce the risk of GI injury, the switch to a coxib was 
evaluated in patients with a past history of ulcer disease; both rofecoxib and celecoxib 
demonstrated their efficacy in reduction of GI events (from 8.8/100 patient/year with non 
selective NSAID to 2 with rofecoxib) (Laine, 2001). Therefore, in patients with a previous 
history of peptic ulcer disease, the switch to a selective COX-2 inhibitor could be considered 
a practical and cost-effective strategy. 

Although switching to a coxib induces a significant risk reduction, in these patients there is 
still a high residual risk of development of GI complications (10 events per 100 patients 
treated/year in VIGOR study) (Bombardier et al., 2000). In this setting, the combination 
therapy of a PPI to a standard NSAID appears to be more appropriate than a coxib alone; 
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reduction in ulcer development both in patients with previous ulceration and perforation 
when compared to patients receiving a COX-2 selective inhibitors (rofecoxib) or 
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was demonstrated effective for prevention of ulcer re-bleeding (13-month incidence of 0% 
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5. Management of NSAID prescription and gastroprotective strategies in 
patients with both CV and GI risk factors 
The greatest intellectual and clinical challenge in the area of NSAID-induced GI injury is the 
management of patients with both gastrointestinal and cardiovascular disease; a tight 
correlation between GI bleeding and CV disease (and related treatment) is well recognized 
(Hallas et al., 2006). Most of these events appear to be related to antiplatelet and/or 
anticoagulant agents prescribed in those patients (Pearson et al., 2002; McQuaid and Laine, 
2006; Derry and Loke, 2000; Peters et al., 2003). Even though, in epidemiologic studies, 
presence of CV disease appear to be an independent risk factor for ulcer bleeding, not 
related to aspirin and anticoagulant agents use (Weil et al., 2000). 

For a complete discussion of the pathogenesis of NSAID-related (including aspirin) GI 
injury see specific section of this chapter. However, both NSAIDs and ASA through topic 
and systemic effects induce mucosal injury.  

Clopidogrel, through a specific inhibition of platelet aggregation, play a pivotal role in 
impairment of ulcer healing process; in fact, platelet aggregation and angiogenesis are both 
critical for healing of GI injuries. Therefore, even if clopidogrel may not be the primary 
cause of gastroduodenal injury, its related impairment of mucosal healing and angiogenesis 
could lead to clinically significant ulceration in the presence of other co-factors (eg. excessive 
acid exposure, other drugs or Hp) (Ma et al., 2001). 

Patients with CV co-morbidities, requiring NSAIDs for their anti-inflammatory or analgesic 
effects (i.e. rheumatoid arthritis, muscle-skeletal disease, etc.) present an increased GI risk 
and are exposed to an increased rate of systemic hypertension secondary to NSAIDs or 
coxibs use (Lanas et al., 2000; Antman, 2005). The management of these patients is based on 
the assessment of the risk/benefit ratio of every drug prescribed. In patients on secondary 
prophylaxis for myocardial infarction or cerebrovascular event, prescription of antiplatelet 
agents (aspirin or clopidogrel or both) is mandatory and also some high-risk CV patients 
would benefit from a low-dose aspirin prophylaxis; in such cases, especially in those with 
GI risk factors, the prescription of a gastroprotective agent appear to be useful and effective 
in reducing adverse events. 

It has be kept in mind that, coxibs and nsNSAIDs might be associated with an increased risk 
of acute cardiovascular events, and that co-administration of an NSAID (ibuprofen) and 
aspirin reduce the antiplatelet effects and consequently the prophylactic efficacy. Data are 
lacking about the consequences of co-administration of coxibs and aspirin on 
cardioprotection.  

Finally, in this setting, presence of CV co-morbidities or assumption of prophylactic low-
dose aspirin should be considered a contraindication for NSAIDs prescription; in those case 
in which appear necessary, general prescription strategies designed to reduce the adverse 
events rate have to be kept in mind (see specific section in this chapter).  

Gastroprotective strategies in patients with CV disease 

When a physician approaches a patient who need NSAID therapy with CV and GI disease, 
there are some considerations to take in mind in order to reduce adverse events related to 
co-morbidities: 
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 Aspirin induce a 2- to 4-fold increase in risk of development of GI injury with a dose-
dependent effect; therefore <80 mg/day should be preferred coupled to 
gastroprotection.  

 When prescription of low dose of aspirin is associated to NSAIDs a gastroprotective 
strategy should be offered. 

 PPIs are demonstrated as the most effective gastroprotective agents in patients 
receiving both NSAIDs and aspirin (Lai et al., 2002) 

 When aspirin or clopidogrel (or both) are prescribed together with anticoagulant agents 
(heparin, fractionated heparin or oral anticoagulant) a significant increase in upper GI 
bleeding risk is observed. Combination of antiplatelet and anticoagulant agent must be 
prescribed only with a clear indication (vascular, valvular or arrhythmic). In order to 
reduce the overall bleeding risk (both extracranial and intracranial) when warfarin is 
co-administered to aspirin, INR must be < 2.5 (Andreotti et al., 2006; Zhurram et al., 
2006). 

 In high-risk patients, ASA and non-ASA antiplatelet agents (ticlopidine and 
clopidogrel) present similar bleeding risk, therefore, switching aspirin to clopidogrel do 
not reduce GI events (Chan et al., 2005). 

Gastroprotective strategies in patients receiving clopidogrel 

Dual anti-platelet therapy (low-dose aspirin plus clopidogrel), prescribed to patients for 
secondary prevention of acute coronary syndrome or undergoing coronary stent 
implantation, is effective in preventing stent thrombosis and reducing the risk of re-
infarction, but  significantly increase the risk of GI bleeding. The relative risk increase to 
about 2.5-fold in patients receiving clopidogrel or ASA, when compared to patients not on 
antiplatelet agents (Ibanez et al., 2006; van Hecken et al., 1998; Delaney et al., 2007). Use of 
clopidogrel in aspirin-taking patients synergistically increase the risk of bleeding (2- to 3-
fold) and the mean blood loss in case of haemorrhage (Yusuf et al., 2001; Connoly et al., 
2009). Dual antiplatelet agents are not indicated for CV primary prevention because of the 
observed low reduction in CV events and significant increase in severe GI bleeding. 

Clopidogrel, as discussed above, does not induce ulceration of upper GI tract, but impairs 
natural healing process (through inhibition of platelet attivation and aggregation) and 
increases bleeding from preexisting lesions (induced by other causes). As in NSAID-related 
GI bleeding, acid suppression could favors the healing process and stabilization of thrombi 
thereby reducing the rate of complications from upper GI injury (Ma et al., 2001).   

Acid suppressive therapy (both H2RAs and PPIs) demonstrated its efficacy in reduction of 
bleeding risk related to antiplatelet therapy. H2RAs appear to be able to reduce the rate of 
GI adverse events in patients receiving low-dose aspirin (3.8% in famotidine-receivers vs. 
23.5% of placebo ones) (Taha et al., 2009) while no reduction was found in those treated with 
clopidogrel (Lanas et al., 2007). PPIs resulted to be more effective than H2RAs in reducing 
upper GI events in a cohort of patients receiving both aspirin and clopidogrel (OR:0.04 of 
PPI-receiving vs 0.43 of H2RA-receiving) (Ng et al., 2008).  

After the evidence of the positive effects of PPI prescription in reducing GI adverse events 
among clopidogrel-receiving patients, some observational studies suggested the presence of 
a possible interaction between clopidogrel and PPI determining a reduced antiplatelet effect 
(Ho et al., 2009; Juurlink et al., 2009). Moreover, in vitro studies (assessing platelet 
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activation/activity as a surrogate marker of antiplatelet effect) confirmed this hypothesis of 
interaction. 

Clopidogrel and PPIs (mostly omeprazole) share a common metabolic pathway: clopidogrel 
is a pro-drug, whose bioavailability is dependent from intestinal absorption (ABCB1-
dependent) and liver metabolism (through cytochrome P-450 pathway). Clopidogrel 2-step 
activation in the liver is secondary to CYP2C19 and CYP3A activity. Most of the PPIs 
available (omeprazole, lansoprazole and rabeprazole) share the same hepatic pathway 
through CYP2C19 (Li et al., 2004). Among PPIs, pantoprazole is the only that do not 
significantly inhibit hepatic CYP2C19 at therapeutic doses, because it is mostly metabolized 
through CYP3A4 pathway, while the other PPIs available present a lower interaction with 
this isoenzyme (Ishizaki and Horay, 1999). 

Co-prescription of clopidogrel and PPIs may result in a competition of CYP2C19 
metabolism, with reduced transformation of clopidogrel in its active form (Roden and Stein, 
2009). This hypothesized impairment was additionally supported by the finding of genetic 
polymorphisms associated in CYP2C19 activity (Mega et al., 2009; Singh et al. 2010; Ma et 
al., 2010; Tiroch et al., 2010) and with a reduced antiplatelet activity and a worse clinical 
outcome (CV adverse events and re-infarction). Early clinical prospective studies in humans 
demonstrated a negative effect of omeprazole on surrogate clinical endpoints (ex vivo 
platelet assay, vasodilatator-stimulated phosphoprotein  VASP) while other PPIs 
(pantoprazole and esomeprazole) did not (Gilard et al., 2008; Cuisset et al., 2009; 
O'Donoghue et al., 2009; Siller-Matula et al., 2009). 

Based on conflicting data emerging from observational studies biased by non uniform 
prescription behaviours (eg. PPIs could be prescribed mainly to  high-risk patients), a 
randomized controlled trial was designed enrolling patients receiving both aspirin and 
clopidogrel in order to evaluate the CV safety profile of omeprazole, the COGENT study 
(Bhatt et al., 2010). The results of this trial, enrolling 3761 patients who had acute coronary 
syndrome or underwent coronary stent placement, did not found any different CV 
outcome (myocardial infarction, stroke, coronary artery bypass graft or CV death) in 
patients receiving omeprazole when compared to those receiving placebo (Hazard Risk: 
0.99), while confirming a reduced risk of GI adverse events (Hazard risk: 0.34). However, 
this strong evidence is limited by the premature closure of this trial (both enrollment and 
follow-up) due to bankrupt of the sponsorship, significantly limiting the power of the 
conclusion. 

Keypoint I - Difference between PPIs in clopidogrel-receiving patients:  

Retrospective studies showed, in some cases, an overall increased CV toxicity (Rassen et al., 
2009; Ho et al., 2009; Laine and Hennekens, 2010; Ray, 2010) while others identified specific 
molecule-related effects (i.e. an increased risk for pantoprazole in nested case-control 
retrospective study of Stockl et al., 2010). On the opposite, a population-based study 
(Juurlink et al., 2009) identified an increased CV risk for all patients receiving PPIs other 
than pantoprazole. Finally, the only prospective evidence available did not identify an 
increased risk for omeprazole (Bhatt et al., 2010). However, no prospective trial (either 
published or ongoing) compared the clinical events related to different PPIs in patients 
receiving dual antiplatelet therapy. Therefore, guidelines do not suggest any 
recommendation for a specific molecule (Abraham et al., 2010). 
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Keypoint II – Timing and dosing: 

Pharmacokinetic and pharmacodynamic properties of both these drug classes suggest a 
reduced interaction if the two administrations were separated from at least 12 hours (both 
PPI and clopidogrel present a plasma half-life of less than 2 hours). However, only a 
prospective trial tested this hypothesis, using a surrogate end-point (platelet aggregation). 
Further studies, evaluating the clinical outcome, are necessary to corroborate this result. 
Until now, there is no clinical study evaluating different PPI doses. 

In conclusion, even if some observational retrospective studies suggested a small increase 
(relative risk <2) in CV adverse events, large, prospective, controlled trial are necessary to 
validate this finding. Finally, although interrupted before the designed conclusion of 
enrollment and follow-up, the only prospective RCT available suggest a non-increased CV 
risk in patients receiving omeprazole plus dual antiplatelet therapy (Bhatt et al., 2010). 

In all patients, especially in those with both CV and GI risk factors, prescription of NSAIDs, 
antiplatelet agents and gastroprotection must be based on an accurate risk/benefit analysis. 
Antiplatelet agents are necessary in patients with CV co-morbidities, specially in those with 
prior acute coronary syndrome or with a recent stent placement; however, prescription of 
aspirin, clopidogrel or both is associated with an increased risk of GI bleeding. 

 
Fig. 1. Suggested management strategy in order to minimize upper GI adverse events in 
patients receiving chronic NSAIDs therapy.  
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Fig. 2. Suggested management strategy in order to minimize upper GI adverse events in 
patients receiving antiplatelet agents. 

The need of a gastroprotection must be evaluated on the basis of GI risk factors. High risk 
patients require gastroprotection with PPIs, while low risk population receives only a small 
benefit from PPIs prescription; in this setting, the increased risk of CV adverse events, 
related to the possible interaction between PPI and clopidogrel, suggest the use of 
antiplatelet therapy without gastroprotection. 

PPIs are demonstrated to be more effective than H2RAs (Ng et al., 2010); however, although 
to a minor extent, H2RAs (other than cimetidine, because of its hepatic metabolism through 
CYP2C19) appear to be an alternative option in decreasing risk of gastric and duodenal 
ulcers (also among antiplatelet-receiving patients) (Lin et al., 2011). H2RAs, because of the 
low cost and low interaction, could be a good choice in patients with low risk for GI 
bleeding presenting peptic symptoms or NSAID-related dyspepsia. 

6. List of abbreviations 
NSAIDs, Non-Steroidal Anti-Inflammatory Drugs; COX, Cyclooxygenase; GI, 
GastroIntestinal; CV, CardioVascular; Coxib, selective COX2 inhibitor; Hp, Helicobacter 
Pylori; H2RA, histamine-2 receptor antagonist; PPI, proton pump inhibitor; HCl, 
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Hydrochloric Acid; PG, Prostaglandin; nsNSAID, non-selective NSAID; NO, Nitric Oxide; 
TxA2, Thrombooxane A2; CINOD, COX-inhibiting NO-donating drug; ASA, Acetylsalicylic 
Acid. 
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Fig. 2. Suggested management strategy in order to minimize upper GI adverse events in 
patients receiving antiplatelet agents. 

The need of a gastroprotection must be evaluated on the basis of GI risk factors. High risk 
patients require gastroprotection with PPIs, while low risk population receives only a small 
benefit from PPIs prescription; in this setting, the increased risk of CV adverse events, 
related to the possible interaction between PPI and clopidogrel, suggest the use of 
antiplatelet therapy without gastroprotection. 

PPIs are demonstrated to be more effective than H2RAs (Ng et al., 2010); however, although 
to a minor extent, H2RAs (other than cimetidine, because of its hepatic metabolism through 
CYP2C19) appear to be an alternative option in decreasing risk of gastric and duodenal 
ulcers (also among antiplatelet-receiving patients) (Lin et al., 2011). H2RAs, because of the 
low cost and low interaction, could be a good choice in patients with low risk for GI 
bleeding presenting peptic symptoms or NSAID-related dyspepsia. 
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1. Introduction 
In recent years, a growing interest in functional gastrointestinal problems can be noticed. In 
Western Europe, there is prevalence of functional disorders of the gastrointestinal tract in 
nearly 40% of the population. In Great Britain, 8 to 10% of patients visiting general 
practitioners have gastrointestinal problems, and approximately 50% of these are functional 
disorders (Becker & Aroldo, 1990). In the United States, 14% of the population are treated 
annually for functional gastrointestinal disorders, and in 50 to 70% of patients sent to a 
gastroenterologist, no significant pathology is detected (Mathias & Clench, 1995). 

One of the seldom explored disability symptoms related to functional gastrointestinal 
problems are swallowing dysfunctions that are difficult to verify and quantify. Swallowing 
problems are often underestimated and attributed to psychological problems or negative 
mechanical effects of spinal morphological changes. The aim of our overview is to describe 
in detail the relationship between clinical disability of locomotor system and functional 
dysphagia.  

2. Functional disorders of the gastrointestinal tract 
The digestive tube is one of the systems most affected in terms of functional disorders. Rich 
gastrointestinal tract innervation of mainly vegetative nerve fibers is closely connected with 
and thereby influences function and activity of the central nervous system. 

Gastrointestinal tract disturbances can be divided into esophageal (chest pain, functional 
heartburn, functional dysphagia), gastroduodenal (functional dyspepsia, etc.), intestinal 
disorders (irritable bowel syndrome, functional constipation or diarrhea), functional 
abdominal pain, biliary disorders, and anorectal disorders. In terms of pathogenesis, 
functional gastrointestinal motility disorders, visceral hypersensitivity, and intolerance to 
certain food components have been cited as principal contributing factors. Although 
musculoskeletal changes occur in approximately 60% of patients with functional bowel 
disorders, relatively little research has examined vertebrovisceral functional relationships. 
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3. Anatomy and function of the esophagus 
The esophagus is a muscular tube that can be divided into three anatomic areas: The pars 
cervicalis, pars thoracica, and pars abdominalis. It has two layers of muscles - the inner 
circular and outer longitudinal. The proximal portion of the esophagus consists of striated 
muscle, distal smooth muscle, and a middle part consisting of smooth and striated muscles.  

In terms of nerves, the esophagus is innervated from the plexus esophageus that consists of 
a large number of nerves of different diameters covering the area from the nn. vagi via nn. 
laryngei recurrentes. Branches provide connections with four or five cranial ganglia of the 
upper section of truncus sympathicus. These are autonomous fibers with a smaller 
component of sensory fibers. Plexus esophageus is located on the surface of the esophagus 
and continues caudally to truncus vagalis anterior and posterior. Both front and rear truncus 
vagalis contain left and right vagus nerve fibers. 

Afferent signals apparent during the swallowing reflex are directed from sensitive fibers of 
the trigeminal nerve, n. glossopharyngeus and n. vagus. Efferent arm is successively 
comprised of the nerve hypoglossal motor fibers, n. trigeminus, n. facialis, n. 
glossopharyngeus and the n. vagus. 

In terms of functions, the esophagus can be divided into the upper esophageal sphincter, the 
muscle’s own tube (body), and the lower esophageal sphincter. All these parts play an 
important role with the following functions: Transport and swallowing, removal of gastric 
contents, and prevention of tracheobronchial aspiration.  

Swallowing is divided into three phases:  

An oral phase, which is a voluntary act that proceeds as the food or liquid is shifted towards 
the larynx. 

A pharyngeal phase in which the muscles of the larynx and pharynx close all openings except 
the Killian sphincter where the food is passed. 

An esophageal phase. Shortly after the contraction of the pharynx, the upper sphincter of the 
esophagus flags at about 0.5 seconds and at this time it creates a primary peristaltic wave. In 
about two seconds, the lower esophageal sphincter is extended and then relaxed for 5 to 10 
seconds. Relaxation is terminated with a contraction lasting about a tenth of a second. In 
addition to the primary peristaltic wave, there is a secondary peristaltic contraction that forces 
regurgitated food or liquid. During swallowing, the upper sphincter closes periodically. 

In the first phase of the voluntary swallowing act, food is transported from the mouth into 
the pharynx by the tongue’s pressure against the palate with lips and teeth together. The 
tongue and soft palate shape the food during this process. Cranial hyoid bone muscles raise 
the hyoid bone with pharynx. The bite of food then inches behind the isthmus faucium and 
the second phase begins. 

The second phase is involuntary reflex and begins as the soft palate makes contact with food 
or liquid. The soft palate rises and stretches along the upper pharyngeal constrictors closing 
the nasopharynx from the oral cavity. Mm. constrictores pharyngis (medius et inferior) shift 
the food, mm levatores rise up the pharynx with the larynx, the epiglottis is bending, and 
closes before the food passes the aditus laryngis.  
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In the next phase, which is a continuation of the swallowing reflex and is not considered a 
separate phase, the lower pharyngeal sphincter activity shifts the bite to the beginning of the 
esophagus, followed by transport due to esophageal muscle activity. Elevated pharynx and 
larynx return caudally. At the same time, swallowing ventilates the middle-ear cavity. 
Transport of food from the mouth into the upper esophagus is related to the coordinated 
relaxation of the upper esophageal sphincter, which is a consequence of inhibitory signals 
from the masticatory center through n. vagus. Sphincter tone can be influenced by local 
factors such as pH in the esophagus. 

In the third phase, food is propelled by the coordinated peristaltic wave of esophagus 
muscles that move aborally at the rate of 3 cm/s when the lower esophageal sphincter is 
relaxed. Peristaltic wave speed is affected by many factors, especially by the temperature 
and volume of the swallowed food. If the interval between swallowing two mouthfuls is less 
than 10 seconds, swallowing is often not followed by a peristaltic wave. 

The lower esophageal sphincter is a smooth muscle area with a length of 3 cm that separates 
the esophagus from the stomach. It prevents reflux of gastric contents back into the 
esophagus during swallowing and performs coordinated relaxation allowing the passage of 
food from the esophagus to the stomach. Its activity can be influenced by myogenic, neural, 
and humoral factors. The pressure increase is caused by gastrin, motilin, prostaglandin, and 
histamine. By contrast, a reduction occurs under the influence of cholecystokinine, secretine, 
glucagone, progesterone, neurotensin. The physiological significance of some of these 
substances is questionable. 

The function of the esophagus is affected by autonomic innervation activity. The enteric 
system is relatively independent and regulates many functions of the digestive tube. Enteric 
system (myenteric and submucous) is under the influence of signals from CNS and 
receptors in the tube wall (mechanoreceptors, chemoreceptors, and thermoreceptors) 
(Bharucha & Camilleri, 2003, Bielefeldt & Gebhart, 2004). 

The autonomic nervous system does not work separately from cortical and subcortical 
structures. The peripheral autonomic nervous system function is subject - to a large extent - 
to the regulations of the central nervous system (except the voluntary control), which 
provides a comprehensive and targeted response. Another function of the digestive tube 
modulation is the relationship between the enteric nervous system, central nervous system, 
and the immune system in the gastrointestinal tract. This can explain the influence of stress 
on the occurence or worsening of symptoms in the digestive tract.  

4. Differential diagnosis of swallowing disorders 
Dysphagia is a symptom of numerous organic and functional disorders. Impaired 
swallowing can be high (oropharyngeal) or low (esophageal). Organic dysphagia is 
characterized by permanent dysphagia (stricture, tumor). Functional dysphagia is that one 
caused by motility disorders (usually spasms) and has the character of intermittent 
problems. With these distinct characteristics, patient‘s history is important in terms of a 
major or single base diagnosis. The causes of dysphagia are varied and numerous. 

Obstructive swallowing disorders: Esophageal tumor, extramural compression, congenital 
abnormalities (stenosis, atresia), inflammation, trauma (burns, scars, foreign bodies). 
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Non-obstructive swallowing disorders: Neuromuscular diseases (pseudobulbar syndrome, 
bulbar syndrome, lower motor neuron dysfunction, neuromuscular disorders, muscle 
disease), autoimmune disease, achalasia, idiopathic spastic dysphagia, psychogenic and 
functional disorders. 

The most common types of non-obstructive swallowing disorders are: 

 Motility disorders in diabetic neuropathy, alcoholism, psychiatric illness. 
 Scleroderma – an autoimmune disease that causes weakening of the esophagus tissues. 
 Achalasia – with the loss of ganglion cells in the wall, increases the tone of the lower 

sphincter at first (loss of inhibitory stimuli), followed by the loss of peristalsis in the 
proximal parts of the esophagus with subsequent accumulation of food and dilation of 
the esophagus.  

 Primary esophageal spasm with unclearly identified pathophysiology – diffuse spasms 
that block the transport of food and fluids through the esophagus, leading to an 
increase in lower esophageal sphincter tone and nonspecific motility disorders. 

 Functional and psychogenic dysphagia – no signs of organic impairment, it may be 
associated with stress. 

 Age-related changes in motor function of the esophagus. 
 Inflammation associated with the use of drugs (pill esophagitis). 
 Inflammation associated with gastroesophageal reflux. 

Sometimes, globus pharyngicus (hystericus) is classified as a functional swallowing 
disorders. Patients describe sensation of a lump in the throat with a characteristic absence of 
dysphagia. The food does not stick in the throat and fluids pass freely when swallowing, 
this condition can alleviate symptoms. Some studies suggest an increase in upper 
esophageal sphincter pressure or abnormal mobility of the hypopharynx. The occurence of 
these problems is usually associated with psychosocial factors, especially depression and 
anxiety. Medical treatment usually does not bring relief, although patients may benefit from 
psychotherapy. 

5. Vertebral dysfunction in relation to internal organ disease 
Vertebral dysfunction is caused by a combination of morphological and functional 
disorders. The musculoskeletal system has passive components (bones, joints, ligaments) 
and active components (muscles, fascia). These components create static and dynamic spinal 
function. Vertebral disorders should not be considered as only morphological disturbances. 
Functional disorders of the intervertebral joints, movement problems, altered muscle tone 
status and abnormalities may also be classified as vertebral disorders. Morphological and 
functional disorders should therefore be considered simultaneously, as symptoms for both 
dysfunctions frequently appear together (Lewit, 2010) 

Vertebrovisceral relations are determined by segmental somatic and autonomic innervation. 
Myotome, dermatome, viscerotome, and sclerotome are innervated in each spinal segment. 
Failure in one of the reflex arc sectors often causes dysfunction in parts or the entire 
segment. In terms of etiopathogenesis, two types of functional disorders are generated. If 
there is a primary spinal defect which reflexively induces changes in viscerotom, we can 
simply, although not precisely, refer to vertebrovisceral syndromes. Reflective changes in 
the spine lead to a number of significant clinical manifestations-primarily pain along with 
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other symptoms (Nansel & Szalazak, 1995). The musculoskeletal system can cause problems 
that mimic symptoms of visceral organ disorder. 

We refer to viscerovertebral syndromes when there are primary defects in the visceral organ 
which can cause segment changes and changes in the functional state of the axial organ. The 
internal organ problems may cause changes, such as changes in muscle tone, tendons, fascia, 
subcutaneous tissue, and skin. Often it is difficult to establish a differential diagnosis that 
distinguishes the primary cause, and inaccurate or erroneous treatment could be the 
consequence. 

In very broad terms, the four possibilities should be envisaged: 

1. The spinal column (motion segment) is causing symptoms that are mistaken for visceral 
disease. 

2. Visceral disease is causing symptoms that are interpreted as a lesion in some part of the 
locomotor system. 

3. Visceral disease is producing changes in the locomotor system, such as movement 
restriction, etc. 

4. A disturbance in the motion segment is triggering visceral disease or (more likely) is 
activating already latent visceral symptoms (hypothetical). 

The first two points highlight the necessity for precise differential diagnosis and the 
problems associated with this. The spinal column with its motion segments can in fact 
produce symptoms that may mimic symptoms arising in the viscera. If such symptoms stem 
from the motor system, it is not surprising that drug treatment aimed at organic visceral 
disease fails. This causes frustration in many patients as the true cause of symptoms is not 
recognized (Nansel & Szalazak, 1995; Hülse, 1991). 

If the mechanism causing visceral dysfunction is disturbed function of the motor system, 
better understanding of this would be of great practical interest, as more effective treatment 
by the technique of musculoskeletal (manual) medicine would be more widely applied. 

Point 2 is the warning that pain perceived in the locomotor system may be a deceptive sign 
masking serious underlying visceral disease. This suspicion is strengthened if the symptoms 
of spinal segmental disturbance tend to relapse repeatedly without obvious cause. While the 
error in point 1 is more common, that in point 2 is all the more fraught with danger. 

Point 3 is of major theoretical significance and demonstrates that visceral disease is actually 
one of the possible causes of dysfunction in the motion segment. Clinical experience teaches 
that certain visceral diseases are associated with characteristic patterns in the locomotor 
system. They are so specific that their recurrence is in all probability predictive of a 
recurrence of the visceral disease. 

Point 4 it would seem justifiable to assume that lesion in a motion segment of the spinal 
column may impair function in the corresponding internal organs. This is borne out by the 
vasomotor response in the whole segment to which pain is referred. In such cases we can 
see the disorder clearing up as soon as we treat the motion segment. Reactions of this kind 
have been noted particularly in connection with the cervicocranial syndrome, especially at 
the craniocervical junction, including disturbances of equilibrium. Similar phenomena have 
been observed in connection with certain cardiac arrhythmias. A motion segment 
dysfunction may activate latent disease in an internal organ. Multiple pathogenic factors 
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bulbar syndrome, lower motor neuron dysfunction, neuromuscular disorders, muscle 
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 Achalasia – with the loss of ganglion cells in the wall, increases the tone of the lower 
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Vertebrovisceral relations are determined by segmental somatic and autonomic innervation. 
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other symptoms (Nansel & Szalazak, 1995). The musculoskeletal system can cause problems 
that mimic symptoms of visceral organ disorder. 
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one of the possible causes of dysfunction in the motion segment. Clinical experience teaches 
that certain visceral diseases are associated with characteristic patterns in the locomotor 
system. They are so specific that their recurrence is in all probability predictive of a 
recurrence of the visceral disease. 

Point 4 it would seem justifiable to assume that lesion in a motion segment of the spinal 
column may impair function in the corresponding internal organs. This is borne out by the 
vasomotor response in the whole segment to which pain is referred. In such cases we can 
see the disorder clearing up as soon as we treat the motion segment. Reactions of this kind 
have been noted particularly in connection with the cervicocranial syndrome, especially at 
the craniocervical junction, including disturbances of equilibrium. Similar phenomena have 
been observed in connection with certain cardiac arrhythmias. A motion segment 
dysfunction may activate latent disease in an internal organ. Multiple pathogenic factors 
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may also need to be considered in terms of their cumulative impact. As well as those that 
affect the locomotor system, other factors may be important in terms of their influence on 
the organism as a whole, for example infections, metabolic disturbances, diet, etc. None of 
these individual factors on its own would be sufficient to provoke disease but it is legitimate 
to refer to them as risk factors (Lewit 2010). 

Motor system statics and dynamics are dependent on the physiological state of central 
regulatory mechanisms. Pain and stress play important roles. Chronic state pattern and 
disability severity are not represented with an individual musculoskeletal disorder, and the 
clinical picture is affected by the patient psychological condition. Vertebrovisceral relations 
are very complex. In many cases pathogenesis is due to more than one factor, and it is better 
to speak of disease with vertebrogenic factor (Lewit 2010). 

In the medical literature the spinal column is mainly mentioned as a cause of dysphagia in 
the form of a possible mechanical obstacle causing compression of the esophagus by 
anterior osteophytes: they are believed to produce both dysphagia and dysphonia and even 
difficulty in breathing (Kodama et al, 1995; Krause & Castro, 1994, Richter et al., 1995; 
Valadka et al., 1995). Hughes (Hughes et al., 1994) even described patients in whom 
osteophytes caused dysphagia combined with apnea during sleep. Fuhrmann (Fuhrmann & 
Neufang, 1994) described similar cases due to disk protrusion. In such cases even surgical 
treatment was considered. Retropharyngeal hematoma, too, has been described, causing 
dysphagia and hoarseness (Shaw, 1995). Therefore it is mandatory to have the patient 
thoroughly examined clinically and by X-ray, ultrasound and esophageal endoscopy, etc.  

6. Vertebral dysfunction and functional disorders of the esophagus 
Vertebrovisceral relations are seldom explored as possible etiological factors of 
gastrointestinal tract functional disorders. Musculoskeletal changes occur in approximately 
60% of patients with functional bowel disorders. Pain of the cervical and upper thoracic 
spine is often referred to as a focal point in terms of vertebrovisceral relationships. 
Functional dysphagia represents intermittent problem caused by motility disorders (usually 
spasm). In a patient group with evidence of spinal and thoracic, cervical dysfunctions and 
swallowing problems, functional dysphagia was quantified by measuring the dynamic 
esophageal scintigraphy detected with prolonged passage of marked fluid (Hep et al., 1999). 

Disorders of the upper cervical spine are sometimes associated with the emergence of the 
swallowing difficulty termed globus pharyngicus, which is considered one of the functional 
disorders. In the past, the relationship between cervical spine disability, dysphonia, and 
globus formation was described. This relationship is a vertebrovisceral-induced impairment 
of the spine in the C 1- 4 segments. Globus is a typical syndrome for hyperfunctional 
dysphonia. Therefore, it is not accurate to designate or consider globus hystericus as a 
symptom of hysteria (Becker & Aroldo, 1990). 

Functional dysphonia is associated with dysfunction of the upper cervical spine. Innervation 
of the vocal cords through n. laryngeus superior and n. laryngeus recurrens has no 
relationship with the disability of the spine but cervical spine changes have influence on a 
number of other muscles and thus affect the relative position of laryngeal cartilage and the 
tonus of vocal ligaments. They are innervating m. geniohyoideus of segments C1 and C2 (n. 
hypoglossus), followed by m. omohyoideus, m. sternohyoideus, m. thyreohyoideus, and m. 
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sternothyreoideus, that are innervated mainly from segments C2 and C3. M. 
cricothyreoideus and m. laryngopharyngeus are also innervated by n. laryngicus cranialis of 
cervical segments C 1-4. The treatment using musculoskeletal (manual) medicine techniques 
lead to an improvement of laryngeal difficulties (Hulse, 1991).  

Inclusion of functional dysphagia as a vertebrovisceral disorder is generally recognized, but 
this conditon has not been studied extensively. This is because functional dysphagia borders 
with four fairly distant branches of medicine—gastroenterology, neurology, 
otorhinolaryngology, and musculoskeletal medicine. And an objective assessment of this 
disease is a complicated issue as well.  

7. Diagnosis of functional swalloving disorders 
Conventional radiology, computed tomography, ultrasound scans, and magnetic resonance 
imaging facilitate visualization of gastrointestinal tract organ morphology, but these scans 
cannot precisely quantify their function. In the diagnosis of esophagus disease, fluoroscopy 
has been used with non-physiological contrast materials, and this is not a quantitative 
evaluation either. The use of endoscopy or manometry is an invasive way of investigating 
the organ condition. The use of nuclear medicine can quantify gastrointestinal organ 
function assessment by measuring the passage of isotope-labeled material (Russel et al., 
1981). At the investigation of patients with dysphagia and normal manometric and 
endoscopic findings, 50% of them presented dysmotility when dynamic scintigraphy was 
used (Kjellen et al., 1984). A positive diagnoses of functional gastrointestinal disorders are a 
result of an expert gastroenterologist´s work. Usually, this diagnosis is determined after 
exclusion of all other potential causes of dysfunction.  

However, it is necessary to take into account the importance of psychological factors that 
may be the cause of motility disorders of the esophagus. Studies using sophisticated 
psychometric instruments, dealing with the importance of psychological factors in patients 
with painful esophageal motility disorders, identified a number of mutual relations. Groups 
of patients with esophageal spasm, with irritable colon, with benign abnormalities of the 
impaired esophagus were compared with a control set of healthy persons. Patients with 
esophageal motility and irritable colon had significantly higher scores than other groups 
with somatic anxiety and gastrointestinal susceptibility. This shows that certain patients 
tend to have a significant interest in the somatic function and have more frequent and severe 
gastrointestinal symptoms due to stress (Waterman et al., 1989).  

When 50 referred patients with pathogenic esophageal manometry underwent a psychiatric 
examination, abnormalities were detected in 21 out of 25 patients with motility disorders of 
the distal esophagus. On the contrary, abnormalities were found in only 4 out of 13 patients 
with normal manometric findings. The most common findings were somatization disorders, 
anxiety, and depression. (Clouse & Lustman, 1983).  

8. Treatment of esophagus functional disorders caused by vertebral 
dysfunction 
In addition to patients with clearly defined pathomorphological esophageal changes, a 
group of patients without obvious morphological variations had functional spinal disorders. 
The positive effect of manipulation therapy to relieve pain of the spine and affected organs 
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Vertebrovisceral relations are seldom explored as possible etiological factors of 
gastrointestinal tract functional disorders. Musculoskeletal changes occur in approximately 
60% of patients with functional bowel disorders. Pain of the cervical and upper thoracic 
spine is often referred to as a focal point in terms of vertebrovisceral relationships. 
Functional dysphagia represents intermittent problem caused by motility disorders (usually 
spasm). In a patient group with evidence of spinal and thoracic, cervical dysfunctions and 
swallowing problems, functional dysphagia was quantified by measuring the dynamic 
esophageal scintigraphy detected with prolonged passage of marked fluid (Hep et al., 1999). 

Disorders of the upper cervical spine are sometimes associated with the emergence of the 
swallowing difficulty termed globus pharyngicus, which is considered one of the functional 
disorders. In the past, the relationship between cervical spine disability, dysphonia, and 
globus formation was described. This relationship is a vertebrovisceral-induced impairment 
of the spine in the C 1- 4 segments. Globus is a typical syndrome for hyperfunctional 
dysphonia. Therefore, it is not accurate to designate or consider globus hystericus as a 
symptom of hysteria (Becker & Aroldo, 1990). 

Functional dysphonia is associated with dysfunction of the upper cervical spine. Innervation 
of the vocal cords through n. laryngeus superior and n. laryngeus recurrens has no 
relationship with the disability of the spine but cervical spine changes have influence on a 
number of other muscles and thus affect the relative position of laryngeal cartilage and the 
tonus of vocal ligaments. They are innervating m. geniohyoideus of segments C1 and C2 (n. 
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sternothyreoideus, that are innervated mainly from segments C2 and C3. M. 
cricothyreoideus and m. laryngopharyngeus are also innervated by n. laryngicus cranialis of 
cervical segments C 1-4. The treatment using musculoskeletal (manual) medicine techniques 
lead to an improvement of laryngeal difficulties (Hulse, 1991).  

Inclusion of functional dysphagia as a vertebrovisceral disorder is generally recognized, but 
this conditon has not been studied extensively. This is because functional dysphagia borders 
with four fairly distant branches of medicine—gastroenterology, neurology, 
otorhinolaryngology, and musculoskeletal medicine. And an objective assessment of this 
disease is a complicated issue as well.  

7. Diagnosis of functional swalloving disorders 
Conventional radiology, computed tomography, ultrasound scans, and magnetic resonance 
imaging facilitate visualization of gastrointestinal tract organ morphology, but these scans 
cannot precisely quantify their function. In the diagnosis of esophagus disease, fluoroscopy 
has been used with non-physiological contrast materials, and this is not a quantitative 
evaluation either. The use of endoscopy or manometry is an invasive way of investigating 
the organ condition. The use of nuclear medicine can quantify gastrointestinal organ 
function assessment by measuring the passage of isotope-labeled material (Russel et al., 
1981). At the investigation of patients with dysphagia and normal manometric and 
endoscopic findings, 50% of them presented dysmotility when dynamic scintigraphy was 
used (Kjellen et al., 1984). A positive diagnoses of functional gastrointestinal disorders are a 
result of an expert gastroenterologist´s work. Usually, this diagnosis is determined after 
exclusion of all other potential causes of dysfunction.  

However, it is necessary to take into account the importance of psychological factors that 
may be the cause of motility disorders of the esophagus. Studies using sophisticated 
psychometric instruments, dealing with the importance of psychological factors in patients 
with painful esophageal motility disorders, identified a number of mutual relations. Groups 
of patients with esophageal spasm, with irritable colon, with benign abnormalities of the 
impaired esophagus were compared with a control set of healthy persons. Patients with 
esophageal motility and irritable colon had significantly higher scores than other groups 
with somatic anxiety and gastrointestinal susceptibility. This shows that certain patients 
tend to have a significant interest in the somatic function and have more frequent and severe 
gastrointestinal symptoms due to stress (Waterman et al., 1989).  

When 50 referred patients with pathogenic esophageal manometry underwent a psychiatric 
examination, abnormalities were detected in 21 out of 25 patients with motility disorders of 
the distal esophagus. On the contrary, abnormalities were found in only 4 out of 13 patients 
with normal manometric findings. The most common findings were somatization disorders, 
anxiety, and depression. (Clouse & Lustman, 1983).  

8. Treatment of esophagus functional disorders caused by vertebral 
dysfunction 
In addition to patients with clearly defined pathomorphological esophageal changes, a 
group of patients without obvious morphological variations had functional spinal disorders. 
The positive effect of manipulation therapy to relieve pain of the spine and affected organs 
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has been known since the beginning of the twentieth century—originally cited in the works 
of Palmer and Still, and later referred to by Pikalov. (Pikalov & Kharin, 1994). In the past, it 
was found that somatic changes in the body caused by irritation are accompanied by an 
autonomic nervous system reaction that affects gastrointestinal system organs (Sato & Tera, 
1976). The Beal study demonstrated a close relationship between changes in soft tissues and 
corresponding changes in the segmental innervation area (Beal, 1983, 1984). 

Musculoskeletal (manual) medicine techniques can reduce pain and normalize the 
dysphagia. Using scintigraphy, this can be objectively measured. A significant relationship 
between dynamic scintigraphy and nonobstructive dysphagia/swallowing and spinal axis 
problems has been observed. Dynamic scintigraphy allowed for an objective treatment 
assessment (Vanaskova et al., 2001).  

The effect of functional disorder treatment significantly influences psychological and 
emotional status of the patients. It is necessary to positively motivate the patient and then 
provide relaxation for both the body and the mind. From clinical practice and sports 
medicine we know that the use of methods of rehabilitation medicine can affect pain 
perception threshold, release tension and provide a feeling of well being by achieving 
stimulation of attention. Changes after therapy affect the function of the locomotor system, 
reflex actions, and internal organs. The effect of manipulative (manual) therapy in reducing 
anxiety and improving ability to solve numerical tasks were documented in the EEG records 
by Field and colleagues (Field et al, 1996).  

9. Conclusions 
In functional swallowing disorders related to spinal dysfunctions, pharmacologic treatment 
often fails. Many patients become disappointed with the treatment failure and seeming 
inability of physicians to identify the cause of their discomfort. On the other hand, 
rehabilitation therapy focused on the musculoskeletal system can sometimes suprisingly 
and quickly treat patient ailments. The vertebrogenic mechanism of functional dysphagia is 
therefore not only of academic significance but of clinical importance as well. Swallowing 
disorders can be due not only to structural changes, but frequently to dysfunction of the 
spinal column and its musculature. 
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1. Introduction 
The five senses constitute some of the most substantial elements of the human nature. 
Beyond their importance in daily life and perception of the world, they play crucial role in 
knowledge acquisition as well. For instance, medicine was one of the first domains where 
the conceptual tools of rationality and empiricism were combined with techniques of 
investigation to make the human body an object of knowledge (Foucault, 1973). In this 
context, the techniques mentioned above are based on the application of senses in order to 
acquire medical knowledge. More precisely, vision and hearing became specific objects of 
knowledge over the course of the 19th century, supplemented through technique and 
technology. Thus, seeing and hearing are to be understood as fundamentally and absolutely 
different modes of not only knowing the world, but also reaching a medical diagnosis.  

A branch of medicine closely associated with one of these techniques, namely visual 
inspection, is gastroenterology. In the field of gastroenterology, vision is widely understood 
as the fundamental mode of knowing the state of the gastrointestinal (GI) tract. The advent 
of medical imaging technologies, such as radiography (in the wider sense), tomography and 
especially endoscopy, promoted this thesis (Lorenz et al., 1993; Rutgeerts et al., 1980) by 
enabling the visual examination without demanding to gain physical access. In case of 
visual inspection, as in case of auscultation, there are specific properties observed in order to 
assess the image content, no matter how simple or sophisticated the imaging technology is. 
During a stethoscope examination, for instance, the clinician attempts to identify frequency, 
pitch and duration deviations from the normal lung sounds. Similarly, during the 
observation of a medical image, there are image properties, corresponding to the acoustic 
ones of the pulmonary system, which may reveal the existence of illness. In the case of 
endoscopic GI tract images, these features essentially include texture, color and shape. The 
procedure that a clinician subconsciously follows in order to examine the images and reach 
a diagnosis is to seek for distortions. Distortions mainly in texture and color of the examined 
tissue, as compared to the features considered empirically or conceptually healthy. While 
color and shape are quite tangible approaches, the concept of texture is more abstract and 
subjectively defined and interpreted; however, embodies valuable information that can be 
used to identify or describe an image (Haralick et al., 1973). The vagueness of this concept is 
evidenced by the fact that there is no universally agreed-upon definition of what image 
texture is and, in general, different researchers use different definitions depending upon the 
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particular area of application (Tuceryan & Jain, 1998). The most widely used and accepted 
definition of texture in the field of medical image analysis, which is also adopted in this 
chapter, is the one that defines texture as the spatial variation of pixel intensities. In other 
words, texture describes the relationship between the intensities of neighbouring pixels (not 
necessarily adjacent). Texture is a fundamental characteristic that entails substantial 
information about the structural arrangement of surfaces and their relationship to the 
surrounding environment. This information may be applied to estimate shape, surface 
orientation, depth changes and construction materials. Texture is an innate property of 
virtually all surfaces; the grain of the wood, the weave of a fabric, the pattern of crops in a 
field, rugae on the mucous membrane of the stomach, the mucosa of colon and small intestine. 
An example of various texture patterns is given in Fig. 1. This structural information has been 
proven crucial for medical image analysis and interpretation (Miller & Astley, 1992; Xie et al., 
2005). This is the case especially for gastroenterology where the internal mucous membranes of 
the digestive tract exhibit strong textural features and distinctive patterns. For instance, an 
eroded ulcerous region or a protruded cancerous tissue is visually distinguished, mainly, by 
its alternated texture. Another image property also important for abnormal tissue evaluation is 
color. Ulcers, for instance, exhibit greenish-yellow hues while an active bleeding spot is 
characterized by deep red tones. On the contrary, the normal intestinal mucous membrane is 
reddish-pink in color. Nevertheless, color cannot be utilized as a standalone objective modality 
for abnormal tissue detection, since it is not perceptually uniform. The perceived color is 
highly conditioned by the nature and the amount of ambient luminosity (Berlin & Kay, 1969). 
Despite the color constancy effect (Foster et al., 1997) of the human color perception system, 
whereby the color perception of objects remains relatively constant under varying 
environmental and visual conditions, serious color variations and color casts exist because of 
the intervention of an endoscope or a camera between the intestinal tissue and the physician's 
eye. For these reasons, gastroenterologists use color and texture information together, as the 
visual clues, along with other complementary examinations (i.e., blood tests, urine tests etc.), in 
order to reach a diagnosis.  

 
Fig. 1. Digital images with visibly different texture regions: a) grain of wood, b) water, c) 
cloth, d) corn crops, e) forest, f) grass, g) stomach, h) colon, i) esophagus. 

The advent of Wireless Capsule Endoscopy (WCE) and the gastroenterologists' requirement 
for faster and more secure diagnoses necessitated the development of effective intestinal-
disorder recognition systems and automated WCE image analysis/inspection techniques. 
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The aim of WCE image processing techniques is to help the physician draw more reliable 
conclusions by generating enhanced and more informative images. During an examination 
with a stethoscope the physician instructs the patient how to breathe in order to get the best 
possible auscultation. In a similar way, a gastroenterologist who reviews an endoscopic 
video would desire the images to be as much informative as possible, but, without the 
opportunity to either give instructions to the patient or guide the capsule. The automated 
intestinal-disorder recognition systems target to detect potential regions of abnormal tissue 
in order to help the physician reach a diagnosis more quickly. This is particularly essential 
in WCE due to the vast amount of images produced (over 55.000) and the highly time-
consuming task of reviewing them (more than two hours) (Maieron et al., 2004). The fact that 
abnormal findings might not be clearly apparent to the naked eye further renders computer-
aided image analysis imperative. It is not rare that abnormal findings are visible in only one 
or two WCE frames and easily missed by the physician. Additionally, contrast between 
malignant and normal tissue may be present but below the threshold of human perception. 
The human visual system fails to detect certain textured patterns. Julesz, an experimental 
psychologist, was an early pioneer in the visual perception of texture. He verified that 
human eye can discriminate textures that differ up to second order statistics (Julesz, 1975). 
In other words, a deliberate amount of effort is required to discriminate between two 
textures with identical second order statistics. Last but not least, the young age of WCE 
implies that most clinicians are inexperienced in this examination and automatic diagnostic 
systems could be great tools for those who wish to become experts in WCE. In this context, 
automatic inspection and analysis of WCE images is of immediate need. 

From the aforementioned perspectives, it becomes clear that the auxiliary automatic 
diagnostic systems should exploit the texture and color features of the endoscopic images. 
Many efforts and computational approaches towards WCE image analysis have been 
reported in the literature. More specifically, researchers are concerned with malicious tissue 
detection which refers to detection of abnormal regions, such as tumors, polyps, bleeding 
and ulcer. To cope with this matter, traditional pattern recognition methods are applied, 
utilizing both chromatic and achromatic image domains. In particular, detection of 
abnormal patterns is achieved by employing local color features (Li & Meng, 2007), texture 
unit number (NTU) transformation and texture spectrum (Kodogiannis et al., 2007a, 2007b) 
and synergistic methodologies, such as L-G graphs and image registration (Bourbakis, 2005). 
Local binary patterns (Iakovidis et al., 2006) with the aid of G-statistic (Wang et al., 2006), co-
occurrence matrices (Ameling et al., 2009), and discrete wavelet transform in conjunction 
with second-order statistics (Karkanis et al., 2007; Magoulas, 2006) contributed to polyp and 
tumor detection. Regarding ulcer recognition, the related research is quite limited, no matter 
how common and important this disease is. The techniques proposed include feature 
extraction from a curvelet-based uniform local binary pattern (Iakovidis et al., 2006; Li & 
Meng, 2009b), chromaticity moments calculated with the aid of Chebychev polynomials (Li 
& Meng, 2009a), texture spectrum (Kodogiannis et al., 2007b), MPEG-7 descriptors (Coimbra 
& Cunha, 2006) and Red-Green-Blue (RGB) pixel values evaluation (Gan et al., 2008). 
However, their success rate is limited.  

This chapter sheds light upon one of the main issues of the WCE image analysis field, i.e., 
the overall detection enhancement of one of the most common diseases in the GI tract, 
namely ulcer; hence, enriching the inadequate existing literature. This goal is achieved by 
emphasizing on efficient elicitation of the structure characteristics of ulcerations and by 
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introducing new feature vectors (FVs). In particular, this chapter describes the use of 
innovative computer vision approaches towards the evaluation of ulcer-related content of 
WCE images. These approaches are similar to those employed by physicians in clinical 
practice to reach a diagnosis, i.e., the concept of color-texture characteristics. More 
specifically, they include sophisticated image processing tools with robust mathematical 
background, drawn from the field of Multi-Resolution Analysis, resulting in discrimination 
between ulcer and healthy regions. Additionally, innovative feature extraction algorithms, 
structured in both space and space-frequency domains, are presented, along with their 
application to real WCE data, collected from patients with ulcerous diseases. The chapter 
concludes by pointing out the potential of the proposed approaches towards efficient 
automated ulcer detection systems that will moderate the labour of the gastroenterologist 
and, consequently, the cost of the WCE examination. 

2. Wireless Capsule Endoscopy (WCE) 
In gastroenterology, the most common and established technique to visually inspect the GI 
tract and diagnose its diseases is endoscopy. The traditional endoscopic examinations 
applied for diagnosis in the upper and lower part of the GI tract, including esophagus, 
stomach, duodenum, terminal ileum and colon, are highly invasive causing discomfort to 
the patients. The visual inspection of the entire small intestine, in particular, has posed a 
challenge to gastroenterologists due to the strain of physically reaching it. Its important 
length and numerous windings make the examination extremely difficult, painful and not 
always possible, since usually there is a dead space in the middle part. Some imaging 
techniques used for the small intestine inspection include enteroclisis, small bowel follow 
through, push, sonde, and double balloon enteroscopy. Nevertheless, they are deeply 
inconvenient for the patients and require highly experienced gastroenterologists. 

In 2000, advances in high integration and miniaturization allowed the researchers of Given 
Imaging to draw the attention of the GI community by unveiling what is now called 
endoscopic capsule. Wireless capsule endoscopy (WCE) (Iddan et al., 2000) is a novel medical 
procedure, which has revolutionized endoscopy, as it has enabled, for the first time, a painless 
and effective diagnosis inside the GI tract. A WCE system consists of the capsule endoscope, a 
data recorder system and computer software for WCE data processing. The capsule endoscope 
is a disposable, pill-shaped device which consists of a CMOS camera, four light sources, two 
batteries and a radio transmitter. The patient shallows the capsule which captures images of 
the GI tract at a speed of two frames per second (fps). These images are compressed with JPEG 
algorithm and transmitted wirelessly to a special recorder attached to the patient’s waist. The 
entire process lasts approximately 8 hours until the batteries exhaust. Finally, the images 
stored in the recorder are downloaded to a computer and the physicians, with the aid of the 
special software, can review the images and analyse potential sources of various GI diseases. 
The capsule travels along the digestive tract with the physiological peristalsis, without the 
need for air insufflation and sedation. Thus, the examination of the entire small intestine has 
become the most comfortable endoscopic examination for the patient to undergo. In this way 
WCE is suitable even for children and elderly. 

WCE has proven invaluable in evaluating various diseases of the small bowel (Friedman, 
2004; Pennazio, 2005), such as obscure bleeding (Mylonaki et al., 2003), polyps and 
neoplasm, Crohn's disease, celiac disease and mucosal ulcers (Aronott & Lo, 2004). Ulcer is 
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one of the most common lesions of the GI tract that affects approximately 10% of the people. 
The most usual causes are Helicobacter pylori bacteria and use of nonsteroidal anti-
inflammatory drugs (NSAID). Ulcer is a chronic inflammatory sore or erosion on the 
internal mucous membranes that arises in small intestine, especially in duodenum (the 
upper part of the small intestine) and in stomach. Some serious diseases are associated with 
ulcer, like Crohn's disease and ulcerative colitis. Although ulcer by itself is not lethal, 
complications are capable of causing death. That is the reason why early diagnosis and 
treatment is extremely essential. 

2.1 Side effects 

WCE is a well-tolerated and safe procedure with very few and rare complications. The main 
risk of WCE is capsule retention. Despite the small diameter of the capsule, a narrowing of 
the small bowel may cause it to become retained at a site of stricture. However, retention is 
estimated to occur in less than 1% of cases (Liao et al., 2010). The 2005 International 
Conference on Capsule Endoscopy reached a consensus stating that a capsule would be 
deemed to have been retained if it could be shown to be remaining in the GI tract more than 
two weeks, without symptoms, after it had been ingested. The causes of capsule retention 
are bowel obstructions narrower than the size of the capsule (11mm diameter). Small bowel 
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retention, the removal of the capsule is most commonly performed by surgery (Barkin & 
Friedman, 2002), often resecting the obstructing lesion at the same time. However, there are 
cases where the removal is possible with traditional endoscopic techniques.  

In order to reduce the risk of retaining the capsule, a barium small bowel examination 
should be performed or a biodegradable patency capsule (Fig. 2) (Riccioni et al., 2003) 
should be digested prior to WCE. However, two studies (Meredith et al., 2009) indicated that 
small bowel follow through radiography (SBFT) investigations were not effective at 
excluding patients at risk of retention. Additionally, patients with abnormal SBFT can have 
successful WCE. The patency capsule is exactly the same size as the capsule endoscope but it 
is made from lactose, with 10% barium sulphate to make it radiopaque, and surrounded by  
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introducing new feature vectors (FVs). In particular, this chapter describes the use of 
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a cellophane coating. It has a timer plug which is slowly dissolved by gastric fluids, giving a 
disintegration time of 40-100 hours post ingestion, and contains a very small radiofrequency 
identification tag (RFID) which can be used to tract its location in the small bowel without 
the use of ionizing radiation. The patency capsule remaining in one area for a large period of 
time can suggest retention. Early experience with this biodegradable capsule indicates that it 
allows accurate and objective evaluation of potentially obstructing small bowel lesions prior 
to WCE (Belvin et al., 2003; Cauendo et al., 2003). Although the patency capsule is mostly 
soluble, there needs to be further research to determine whether its use will reduce the risk 
of the patient, requiring surgery to remove there is a pathological stricture present. 
Successful passing of this patency capsule intact and without pain can provide evidence that 
a capsule endoscope will have a similar successful journey. 

To conclude, the retention of a capsule endoscope can be a significant complication 
procedure, requiring corrective surgery. Whilst the overall risk of retention is low, factors 
that increase this risk include known or suspected Crohn's disease, a history of NSAID use 
and previous small bowel surgery. Taking a careful medical history can identify those 
patients at higher risk of retention, and for those identified, the administration of a patency 
capsule allows the assessment of the patient's risks from swallowing a small bowel WCE. 

2.2 Advances in wireless capsule endoscopy 

WCE is still an under development technology, which may change endoscopy forever. 
However, there are technical limitations that raise some serious questions. Will capsule 
endoscopy replace traditional upper gastrointestinal endoscopy and colonoscopy? Will 
capsule endoscopy be able to deliver therapy? The answer is probably yes, but, there are 
major challenges that the capsule technology needs to overcome, to compete with probe 
gastroscopy and colonoscopy. As mentioned before, WCE is especially recommended for 
exploration of the small bowel, while it exhibits poorer diagnostic efficacy for the 
examination of esophagus, stomach and colon (Van Gossum et al., 2009). The 
limitations/challenges include: power management, camera speed and image quality, 
controllable manoeuvring, and interventional capabilities (Swain, 2008).  

The first endoscopic capsule, due to limited power supply, ceased image capturing before 
crossing the entire GI tract. It was even possible that transmission stopped before the end of 
ileum, in case of extended residence in stomach. Consequently, visualization of colon was 
impossible. In this context, researches were directed towards a more energy efficient 
capsule, capable of exploring the entire digestive tract. Technological advances allowed 
researchers to make radical changes in WCE design and energy supply (Moglia et al., 2009). 
In particular, two breakthroughs took place. Firstly, the advent of more efficient battery 
materials (i.e., carbon nanotubes and buckytubes) led to batteries smaller in size with better 
electrical conductivity leaving room for a third battery in the capsule with a slight increase 
in size. Secondly, an intelligent power management system was introduced in the data 
recorder that saves energy by regulating the image transmission rate and applying a sleep 
mode to the capsule. The recorder recognizes the location of the capsule inside the GI tract 
and adjusts the transmission rate accordingly. The capturing of images starts half an hour 
after ingestion to allow travelling to the target area (sleep mode). When the capsule arrives 
in stomach, the recorder recognizes it and maintains a slow transmission rate of six images 
per minute. The recorder is also able to detect when the capsule enters small intestine and 
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raises the transmission rate. Additionally, the recorder identifies if the capsule is in motion 
or stationary. If the capsule is moving the camera captures up to 35 images per second. Last 
but not least, the recorder has the intelligence to notify the patient with a sound signal and a 
vibration to ingest a prokinetic agent if the capsule resides in stomach for over an hour. This 
new design and technical achievements are very impressive. Yet the critical question to be 
addessed is whether this new capsule endoscope leads to improved diagnostic performance 
compared to traditional colonoscopy. Studies (Adler & Metzger, 2011) indicate that the 
diagnostic yield of WCE in colon has increased but still cannot surpass colonoscopy.  

Currently, researchers intensely strive to unravel the issue of limited energy store inside the 
capsule by developing external wireless power transmission systems (Carta et al., 2010). These 
approaches are based on magnetic fields and three-dimensional (3D) coils through a process 
that is known as inductive coupling. According to this phenomenon, an alternating magnetic 
field induces electrical voltage and electrical current to a coil that resides inside the field. Thus, 
the concept is to create a magnetic field around the human body that will transmit power to 
the capsule. To accomplish this, the capsule is equipped with windings of very thin copper 
wires (Fig. 3) around a ferrite core towards all three directions (3D coil). Ferrite is a lightweight 
material with efficient electromagnetic characteristics that support the formation of magnetic 
field. The existence of a ferrite core inside a coil has the effect of locally intensifying the 
magnetic field; hence, increasing the amount of collected power. On the contrary, the absence 
of the ferrite core would necessitate a larger coil for the same amount of received power. 
External power transmission systems seem promising and safe. Over 300mW usable power 
can be delivered while the maximum specific adsorption rate (SAR) does not exceed 0,329 
W/Kg (Xin et al., 2010), under the basic restrictions of the International Commission on Non-
ionizing Radiation Protection (ICNIRP). However, there are major issues to deal with. The 
orientation of the capsule inside the body highly affects the stability of the received power. The 
amount of received power may drop over 55% for specific orientations which affects the 
proper operation of the capsule. Moreover, there is extensive power loss (over 70mW) in the 
electronic circuit that accompanies the coil inside the capsule. Another, equally important, 
problem is the stability of the external magnetic field which is altered by the human body. 
Despite the aforementioned issues, great steps forward have been made and it is likely, in the 
near future, an externally powered capsule endoscope to be realized.  

The development of imaging technology and miniaturization resulted in size reduction of 
the image sensors and expansion of the camera angle of view. A wider viewing angle means  

 
Fig. 3. 3D coil inside capsule endoscope for wireless power transmission (Carta et al.,2010). 
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a cellophane coating. It has a timer plug which is slowly dissolved by gastric fluids, giving a 
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time can suggest retention. Early experience with this biodegradable capsule indicates that it 
allows accurate and objective evaluation of potentially obstructing small bowel lesions prior 
to WCE (Belvin et al., 2003; Cauendo et al., 2003). Although the patency capsule is mostly 
soluble, there needs to be further research to determine whether its use will reduce the risk 
of the patient, requiring surgery to remove there is a pathological stricture present. 
Successful passing of this patency capsule intact and without pain can provide evidence that 
a capsule endoscope will have a similar successful journey. 

To conclude, the retention of a capsule endoscope can be a significant complication 
procedure, requiring corrective surgery. Whilst the overall risk of retention is low, factors 
that increase this risk include known or suspected Crohn's disease, a history of NSAID use 
and previous small bowel surgery. Taking a careful medical history can identify those 
patients at higher risk of retention, and for those identified, the administration of a patency 
capsule allows the assessment of the patient's risks from swallowing a small bowel WCE. 

2.2 Advances in wireless capsule endoscopy 

WCE is still an under development technology, which may change endoscopy forever. 
However, there are technical limitations that raise some serious questions. Will capsule 
endoscopy replace traditional upper gastrointestinal endoscopy and colonoscopy? Will 
capsule endoscopy be able to deliver therapy? The answer is probably yes, but, there are 
major challenges that the capsule technology needs to overcome, to compete with probe 
gastroscopy and colonoscopy. As mentioned before, WCE is especially recommended for 
exploration of the small bowel, while it exhibits poorer diagnostic efficacy for the 
examination of esophagus, stomach and colon (Van Gossum et al., 2009). The 
limitations/challenges include: power management, camera speed and image quality, 
controllable manoeuvring, and interventional capabilities (Swain, 2008).  

The first endoscopic capsule, due to limited power supply, ceased image capturing before 
crossing the entire GI tract. It was even possible that transmission stopped before the end of 
ileum, in case of extended residence in stomach. Consequently, visualization of colon was 
impossible. In this context, researches were directed towards a more energy efficient 
capsule, capable of exploring the entire digestive tract. Technological advances allowed 
researchers to make radical changes in WCE design and energy supply (Moglia et al., 2009). 
In particular, two breakthroughs took place. Firstly, the advent of more efficient battery 
materials (i.e., carbon nanotubes and buckytubes) led to batteries smaller in size with better 
electrical conductivity leaving room for a third battery in the capsule with a slight increase 
in size. Secondly, an intelligent power management system was introduced in the data 
recorder that saves energy by regulating the image transmission rate and applying a sleep 
mode to the capsule. The recorder recognizes the location of the capsule inside the GI tract 
and adjusts the transmission rate accordingly. The capturing of images starts half an hour 
after ingestion to allow travelling to the target area (sleep mode). When the capsule arrives 
in stomach, the recorder recognizes it and maintains a slow transmission rate of six images 
per minute. The recorder is also able to detect when the capsule enters small intestine and 
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raises the transmission rate. Additionally, the recorder identifies if the capsule is in motion 
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but not least, the recorder has the intelligence to notify the patient with a sound signal and a 
vibration to ingest a prokinetic agent if the capsule resides in stomach for over an hour. This 
new design and technical achievements are very impressive. Yet the critical question to be 
addessed is whether this new capsule endoscope leads to improved diagnostic performance 
compared to traditional colonoscopy. Studies (Adler & Metzger, 2011) indicate that the 
diagnostic yield of WCE in colon has increased but still cannot surpass colonoscopy.  

Currently, researchers intensely strive to unravel the issue of limited energy store inside the 
capsule by developing external wireless power transmission systems (Carta et al., 2010). These 
approaches are based on magnetic fields and three-dimensional (3D) coils through a process 
that is known as inductive coupling. According to this phenomenon, an alternating magnetic 
field induces electrical voltage and electrical current to a coil that resides inside the field. Thus, 
the concept is to create a magnetic field around the human body that will transmit power to 
the capsule. To accomplish this, the capsule is equipped with windings of very thin copper 
wires (Fig. 3) around a ferrite core towards all three directions (3D coil). Ferrite is a lightweight 
material with efficient electromagnetic characteristics that support the formation of magnetic 
field. The existence of a ferrite core inside a coil has the effect of locally intensifying the 
magnetic field; hence, increasing the amount of collected power. On the contrary, the absence 
of the ferrite core would necessitate a larger coil for the same amount of received power. 
External power transmission systems seem promising and safe. Over 300mW usable power 
can be delivered while the maximum specific adsorption rate (SAR) does not exceed 0,329 
W/Kg (Xin et al., 2010), under the basic restrictions of the International Commission on Non-
ionizing Radiation Protection (ICNIRP). However, there are major issues to deal with. The 
orientation of the capsule inside the body highly affects the stability of the received power. The 
amount of received power may drop over 55% for specific orientations which affects the 
proper operation of the capsule. Moreover, there is extensive power loss (over 70mW) in the 
electronic circuit that accompanies the coil inside the capsule. Another, equally important, 
problem is the stability of the external magnetic field which is altered by the human body. 
Despite the aforementioned issues, great steps forward have been made and it is likely, in the 
near future, an externally powered capsule endoscope to be realized.  

The development of imaging technology and miniaturization resulted in size reduction of 
the image sensors and expansion of the camera angle of view. A wider viewing angle means  
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more panoramic images. Smaller cameras contributed to increased free space inside the 
capsule, and as a result, the inclusion of a second camera. The twin camera capsule with a 
wider angle of view combined with the increased transmission frame rate enabled 
esophageal WCE (Waterman & Granlnek, 2009) with promising diagnostic efficiency. The 
size reduction of image sensors is, also, expected to result in increasing number of pixels 
and solve the problem of low resolution WCE images. New and more efficient image 
compression algorithms will, additionally, assist towards quality and color enhancement. 
Image compression is essential in WCE in order to significantly reduce the size of the image 
and, consequently, the storage space and transmission time required. However, the 
compression procedure lowers image quality by smoothing the razor-sharp details.  

Gastroenterologists eagerly look forward the day that they will be able to control and steer 
the capsule endoscope as they do in standard endoscopy. This would give them control in 
maintaining the capsule steady in selected areas and hold the view in order to examine 
carefully the opposite wall of the bowel. To solve this problem, magnetic manoeuvring has 
recently become a thrust research area. The proposed approaches rely on a magnetic field 
applied to the capsule from the exterior of the patient, exploiting the principle that a magnet 
inside a magnetic field aligns with the direction of the field. The magnetic field can be used 
to control the movement trajectory, the position and the orientation of the endoscopic 
capsule. By changing the direction of the magnetic field, the direction of the capsule also 
changes. For this purpose, various techniques have been proposed in order to make an 
endoscopic capsule responsive to an external magnetic field. These include either magnetic 
parts and induction coils to be arranged inside the capsule, or magnetic shells to be 
reversibly applied to the capsule externally (Capri et al., 2007) (Fig. 4). Capsule motions can 
readily be induced with hand-held/hand-guided magnets, as demonstrated even in the 
esophagus and stomach of a volunteer (Swain, 2010). This system is only available for 
research purposes. Nevertheless, the main issue related to the development of a clinically 
applicable technique is the generation and precise control of a stable magnetic field, really 
capable of guaranteeing accurate and reliable manoeuvrings of an endoscopic capsule. Such 
techniques start to emerge (Capri et al., 2011; Gao et al., 2010) and the realization of a self-
propelled capsule is close.  

 
Fig. 4. Capsule with magnetic shield for controllable maneuvering (Capri et al., 2011). 

At present, WCE remains just a diagnostic tool that has yet to prove its potential. The 
endoscopic capsule is passive and cannot obtain biopsies, aspirate fluid, deliver drugs or 
brush lesions for cytology. The main pressure is to reduce the capsule size, which will 
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release space that could be used for other interactive functions, and maximize power 
supply. New engineering methods for constructing tiny moving parts, miniature actuators 
and even motors into capsule endoscopes are being developed. However, these moving 
components require considerable amounts of power. Another limitation to therapeutic 
capsule endoscopy is the low mass of the capsule endoscope (approximately 4 grams). A 
force exerted on tissue, for example, by biopsy forceps may push the capsule away from the 
tissue. Opening small biopsy forceps to grasp tissue and pull it free will require different 
solutions to those used at conventional endoscopy. All these interventional capabilities seem 
to be something of a pipe dream at present but the huge technological leaps pave the way 
for an active therapeutic capsule.  

The ideal WCE of the gastroenterologist’s imagination should be remote controlled and 
capable of performing an ordinary biopsy as well as stop bleeding using adrenaline injection 
or a heat probe. The ultimate capsule would include special detectors for white blood cells 
and be able to measure various cytokines, pH, temperature and pressure, in addition to 
delivering drugs. Finally, the optimal WCE needs to contain a computerized system for 
automatic detection of pathologies, such as ulcer and polyps, in order to overcome the 
drawback of time-consuming viewing the video (Fireman, 2010). Technology for improving 
the capability of the future generation capsule is almost within grasp and it would not be 
surprising to witness the realization of these giant steps within the coming decade. 

3. The concept of image decomposition 
Automated knowledge extraction from medical images is a fast growing field of interest for 
the researchers. The attainment of this objective requires image decomposition to its 
components that will disclose the inherent structural characteristics of the image. In this 
context, this section presents Bidimensional Ensemble Empirical Mode Decomposition, a 
novel tool for image analysis. 

3.1 Empirical Mode Decomposition (EMD) 

In 1998, Huang et al. introduced a novel, intuitive and alternative signal decomposition 
technique for time-frequency analysis, namely Empirical Mode Decomposition (EMD) 
(Huang et al., 1998). The major characteristic of EMD that renders it superior to traditional 
analysis methods, such as Fourier and Wavelets, is its adaptive nature. The decomposition 
does not require the use of a priori basis function. On the contrary, it is totally data driven. 
The concept that lies behind EMD is the existence of oscillations in every signal, at a very 
local level. Therefore, its target is to seek and reveal these inherent oscillatory modes, called 
Intrinsic Mode Functions (IMFs). EMD is designed to estimate IMFs of a signal so that, no 
matter how complicated the signal is, it embeds. A given signal x(t) can be decomposed into 
n IMFs as: 

x�t�=� ci(t)
n

i=1

+rn(t), (1) 

where ��(t) is ith IMF (IMF i) and rn(t) is the low frequency trend of x(t) (residue). The highest 
frequency component of x(t) corresponds to the lowest value of index i, i.e., ��(t) (IMF 1). 
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While the value of i increases, lower frequency components are obtained. An example is 
given in Fig. 5a, where the signal is decomposed into five IMFs plus residue. The process to 
calculate each (t) is called sifting process. The local extrema are defined and interpolated, 
resulting in two fitting curves, one for the maxima and one for the minima. Then, the mean 
curve is calculated and subtracted from the signal. This procedure continues until a 
stopping criterion is satisfied. The signal that remains after the last subtraction is (t). Next, 

(t) is subtracted from the initial signal and the remainder constitutes the new initial signal 
on which the above procedure is applied in order to extract the following IMFs until the 
desired number is obtained. 

3.2 Ensemble EMD (EEMD) 

Despite the great advantage of EMD, deficiency arises when the extrema of the original 
signal are unevenly distributed. In such a case, the IMFs are incorrectly calculated, since 
either a single IMF contains signals of widely disparate scales or a single mode of 
oscillations resides in two or more IMFs. This phenomenon is called mode mixing and an 
example is depicted in Fig. 5b. It is clear that the first two IMFs, apart from the high 
frequency component of the signal, incorrectly include a low frequency oscillation. To 
overcome this issue, Huang et al. proposed a noise-assisted version of EMD, namely 
ensemble EMD (EEMD) (Wu & Huang, 2009). EEMD requires the generation of an ensemble 
that contains multiple copies of the original signal that are distorted by white Gaussian 
noise, different for each copy, of finite amplitude. EMD is applied on every member of the 
ensemble and the final IMFs of the initial signal are derived by averaging the corresponding 
IMFs of each member of the ensemble. The concept of EEMD is grounded on the intuitive 
characteristics of white noise. White noise populates the whole time-frequency space 
uniformly and, as a result, establishes proper reference scales for the IMFs. The inherent 
modes of the signal are triggered by the noise and are projected accurately on the correct  

 
Fig. 5. (a) EMD analysis, (b) mode mixing phenomenon, (c) ensemble EMD analysis. 
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scales. The IMFs of each ensemble member are noisy but the final average IMFs are noise-
free, since white noise cancels itself for a large number of ensemble members. Figure 5c 
presents the correct decomposition (using EEMD) of the signal in Fig. 5b. IMFs 1-3 include 
only the high frequency components while IMF5 contains the sinusoidal oscillation of the 
initial signal. 

3.3 Bidimensional EEMD (BEEMD) 

A multidimensional approach of EMD is required in case of a multidimensional signal. The 
extension of EMD in two dimensions (2D), namely Bidimensional EMD (BEMD), is an 
alternative multi-resolution analysis technique for image analysis and pattern 
discrimination. BEMD decomposes a 2D signal in 2D IMFs in the same way as eq. (1) 
demonstrates. However, there are two approaches for the realization of 2D extension. The 
first approach treats 2D data (images) as a collection of 1D slices (rows/columns) and 
applies 1D EMD on each row/column of the image (pseudo-BEMD). The second approach 
directly transplants the idea of 1D EMD algorithm in 2D data (genuine BEMD) after 
applying the appropriate changes (for example, fitting surfaces replace fitting curves). The 
first approach has the advantage of higher speed, while the latter exhibits improved 
performance, since the correlation among rows/columns of the image is taken into account. 
Bidimensional EEMD is the extension of EEMD in 2D (Wu et al., 2009). 

4. Texture extraction 
Texture is a major property of any image that is useful in machine vision applications, 
especially for medical purpose. There are many approaches for texture analysis proposed in 
the literature. This paragraph describes the concept of Differential Lacunarity, an efficient 
tool for texture features extraction and identification.  

4.1 Lacunarity Analysis (Lac) 

Lacunarity (Lac) was introduced by Mandelbrot (Mandelbrot, 1993) as a fractal property, 
counterpart to fractal dimension (Mandelbrot, 1982), that describes the texture of a fractal. 
Fractal dimension is a measure of how much space is filled without consideration about the 
space-filling characteristics of data. In other words, two datasets with identical fractal 
dimensions can have distinct patterns with great differences in appearance. The 
introduction of Lac addressed this issue. Lac analyzes how space is filled and consequently, can 
discriminate textures and natural surfaces that share the same fractal dimension. In this direction, 
Lac has been used as a general technique to analyze patterns of spatial dispersion (Plotnick 
et al., 1996). The term “lacunarity” has been used to evaluate and describe the distribution of 
gap sizes along datasets. A set with gaps of widely disparate sizes is considered 
heterogeneous and is characterized by high Lac, while a homogeneous set, with uniform 
gap sizes, exhibits lower Lac. It should be highlighted that homogeneous sets at large scales 
can be quite heterogeneous when examined at smaller scales and vice versa. From this 
perspective, Lac can be considered as a scale dependent tool to measure the heterogeneity or 
texture of an object (Gefen et al., 1983). 

Various algorithms have been proposed to calculate and quantify Lac, but the most popular 
are based on the “gliding box algorithm” (GBA) (Allain & Coitre, 1991) that is 
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scales. The IMFs of each ensemble member are noisy but the final average IMFs are noise-
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perspective, Lac can be considered as a scale dependent tool to measure the heterogeneity or 
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straightforward and computationally simple. GBA is applicable on binary datasets, 
although it can be extended to real datasets by converting the numerical data to dyadic by 
thresholding (Plotnick et al., 1996). 

4.2 Differential Lacunarity Analysis (DLac) 

Most real life, image analysis applications need to extract texture information from either 
grayscale or color images without the option of thresholding. To this end, Dong (Dong, 
2000) introduced a new version of Lac, namely Differential Lacunarity (DLac), suitable for 
grayscale image analysis. DLac is calculated by a differential box counting method. This 
algorithm employs a gliding box r of size r x r pixels and a gliding window w of size w x w 
pixels with r<w. Window w is initially positioned at the up left corner of the image and, by 
moving one by one columns to the left, scans the whole image. For every position of the 
window w, box r is placed inside the window at the up left corner and scans the image 
pixels bounded by the window (Fig. 6a) in order to calculate a value called “box mass”. In 
other words, window w designates a region of the image (different each time until the entire 
image is covered) on which box mass is calculated with the aid of box r. According to the 
pixel values included in the box (r x r neighborhood) a column of more than one cubes of 
size (r x r x r) may be needed to cover the image intensity surface (Fig 6b). Numbers 1, 2, ... 
are assigned to the cubes from bottom to top and the differential height of the column n(i,j) 
is calculated (i, j is the position of the box). Let the minimum and maximum pixel values 
reside in the cubes u and v, respectively. The differential height of the column is defined as 

n(i,j) = v - u - 1. (2)

As the box glides inside the window, the sum 

M = � n(i,j),
i,j

 (3)

   
               (a)          (b) 

Fig. 6. (a) gliding box (green) and gliding window (black) movement throughout the image, 
(b) differential box counting method for box mass calculation (box size r=3, window size 
w=9, differential height of the column n=3-1-1=1). 
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is the box mass of the window w at a specific place. Let n(M,r) be the number of windows w 
with box mass M calculated by a box r. The probability function Q(M,r) is obtained by 
dividing n(M,r) by the total number of windows. The DLac of the image at scale r given a 
window w is defined as  

Λ(r) = 
∑ M2Q(M,r)M

[∑ MQ(M,r)]M
2. (4)

5. The proposed automated ulcer tissue identification scheme 
This section presents our proposed approach for color-texture-based automatic 
discrimination between ulcer and healthy tissue from WCE images. The color-texture 
concept was motivated by gastroenterologists' clinical practice, where the colour and texture 
properties of WCE images are utilized for reaching a diagnosis. More specifically, our 
scheme, named AR-DLac, combines BEEMD analysis to achieve adaptive image refinement 
(AR) with DLac analysis for efficient extraction of ulcer texture information. BEEMD-DLac 
combination for WCE image analysis was firstly introduced in (Charisis et al., 2010b). The 
overall structure of the propose scheme is depicted in Fig. 7. 

 
Fig. 7. The proposed AR-DLac scheme. 

5.1 Color information 

Each pixel in an image is characterized by a 3D color vector, i.e. three values that determine 
the color of the pixel. Various colour spaces exist to represent colour information. One of the 
most common color spaces is the hardware-oriented RGB (Red-Green-Blue). The majority of 
digital cameras, including the camera of a WCE system, utilize image sensors that capture 
colour images on the basis of the RGB model. In RGB, each colour is determined by the 
amount of red (R), green (G) and blue (B) present in the colour. In this context, a coloured 
WCE image comprises from three monochromatic components, one for each colour (R, G 
and B), whose combination provides the final colourful image. 
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straightforward and computationally simple. GBA is applicable on binary datasets, 
although it can be extended to real datasets by converting the numerical data to dyadic by 
thresholding (Plotnick et al., 1996). 

4.2 Differential Lacunarity Analysis (DLac) 

Most real life, image analysis applications need to extract texture information from either 
grayscale or color images without the option of thresholding. To this end, Dong (Dong, 
2000) introduced a new version of Lac, namely Differential Lacunarity (DLac), suitable for 
grayscale image analysis. DLac is calculated by a differential box counting method. This 
algorithm employs a gliding box r of size r x r pixels and a gliding window w of size w x w 
pixels with r<w. Window w is initially positioned at the up left corner of the image and, by 
moving one by one columns to the left, scans the whole image. For every position of the 
window w, box r is placed inside the window at the up left corner and scans the image 
pixels bounded by the window (Fig. 6a) in order to calculate a value called “box mass”. In 
other words, window w designates a region of the image (different each time until the entire 
image is covered) on which box mass is calculated with the aid of box r. According to the 
pixel values included in the box (r x r neighborhood) a column of more than one cubes of 
size (r x r x r) may be needed to cover the image intensity surface (Fig 6b). Numbers 1, 2, ... 
are assigned to the cubes from bottom to top and the differential height of the column n(i,j) 
is calculated (i, j is the position of the box). Let the minimum and maximum pixel values 
reside in the cubes u and v, respectively. The differential height of the column is defined as 

n(i,j) = v - u - 1. (2)

As the box glides inside the window, the sum 

M = � n(i,j),
i,j

 (3)

   
               (a)          (b) 

Fig. 6. (a) gliding box (green) and gliding window (black) movement throughout the image, 
(b) differential box counting method for box mass calculation (box size r=3, window size 
w=9, differential height of the column n=3-1-1=1). 

 
Enhanced Ulcer Recognition from Capsule Endoscopic Images Using Texture Analysis 

 

197 
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Previous studies (Charisis et al., 2010a, 2011) have shown that RGB is the most efficient space 
for WCE image analysis (compared to other colour spaces, i.e., HSV and CIE Lab). More 
specifically, the majority of ulcer texture information resides in green component of the RGB 
space. This conclusion coincides with the yellow-greenish appearance of ulcer regions. Thus, 
the proposed AR-DLac scheme is applied on the green channel extracted from each image. 

5.2 Image denoising 

The next step of our approach includes image purification by applying a denoising 
procedure. In order to facilitate texture-pattern extraction, the images need to be refined and 
smoothed by eliminating any distorting information. Endoscopic images from a WCE 
examination are prone to misleading content. Hardware limitations (quality of the image 
sensor and lens, non-adjustable light source) and adverse filming conditions (non-uniform 
lighting, reflections of the light on intestinal juices and lens cover, peptic content) are likely 
to cause high levels of noise to reside in total or part of the image (e.g., underexposed). To 
address this issue, we apply BEEMD analysis and each image is decomposed in eight 2D 
IMFs and residue. The first two IMFs contain the high frequency components of the image, 
i.e., the noise that may exist. Therefore, they are discarded and not utilized in the 
subsequent analysis and for image reconstruction. Figure 8 presents a worst case scenario, 
where artificial high level noise was added to an ulcer image. The distorted image is 
decomposed with BEEMD into eight IMFs and residue. The result (reconstructed image) 
proves that BEEMD is capable of dealing successfully with extreme cases of noise. Sheer  

 
Fig. 8. Ulcer image with high-level, artificial noise decomposed in 8 IMFs plus residue and 
purified by BEEMD analysis. 
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noise reduction would be achieved by extracting three or four IMFs only. However, we opted 
for eight, since our target is to decompose the image to its components towards examining 
how intestinal information is distributed on a broad range of frequency scales and create a 
new, reconstructed image that reveals more efficiently ulcer texture information.  

The motive for using BEEMD instead of other denoising techniques, such as Gaussian filter 
or wavelets, lies on the characteristics of the WCE images and the properties of BEEMD. The 
spatial characteristics of noise in WCE images and the spatial-frequency information 
representation of BEEMD, combined with its adaptive-to-the-data nature, provides a great 
advantage over a simple Gaussian filter. Moreover, ulcer regions are characterized by many 
and varying appearances and irregular shapes and sizes and do not have strong directional 
elements. Consequently, a tool, free from directional limitations, that permits multi-scale 
analysis is essential. Wavelet analysis has poor orientation selectivity (horizontal, vertical, 
diagonal) rendering BEEMD as a more efficient option. 

5.3 AR-DLac scheme 

In order to follow the WCE image characteristics and focus upon the ones that mostly relate 
to ulcer, an AR approach was developed. The aforementioned capabilities of EMD were 
exploited by developing a new DLac-based approach for the optimized selection of IMFs 
that correspond to ulcer characteristics of a WCE image. Towards this direction, DLac 
analysis is applied to every IMF of a decomposed image. The selected IMFs are used either 
to reconstruct a new image (R-case), or provide separate images (NR-case) that represent 
specific modes of oscillations coexisting in the initial WCE image. Apart from the optimal 
IMF selection, we are able to investigate how ulcer texture information are distributed 
across the frequency scales of WCE images. 

5.3.1 Proposed DLac analysis 

The great advantage of DLac is the ability to perform texture analysis in various scales. The 
coarseness of the scale is primarily determined by the size of window w, which designates the 
size of the neighbourhood for box mass calculation; the greater the window, the coarser the 
analysis scale. In the case of ulcer tissue recognition, a multi-scale texture analysis is required 
considering the great variability in size and appearance of ulcer regions. In this context, DLac 
is calculated for a variety of window sizes, given a constant, relative small box size r, in order 
to achieve pattern analysis at different scales, while identifying slight variations in 
neighbouring pixels (due to small value of r). An example of DLac-w (r=3, w=4-30) curves that 
correspond to images b, d, e and f from Fig. 1 is given in Fig. 9a. The curves are distinct, 
however, obvious discrimination is not achieved. To deliver greater differentiation between 
the curves an identical reference level has to be secured (Hadjileontiadis, 2009). Thus, DLac-w 
curves are normalized to the DLac value that corresponds to the smallest w. The resulting 
curves (Fig. 9b) provide quite clear discrimination between the four patterns. From now on, 
any reference to DLac-w curves implies normalized curves.  

5.3.2 Optimized IMF selection 

The selection of optimum IMFs is based on the characteristics of DLac-w curve of each IMF. 
The motive for such an approach lies in the concept that IMFs with possible useful texture  
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                (a)            (b) 

Fig. 9. DLac (a) and normalized DLac (b) curves for various window sizes (4 to 30 pixels) for 
images b, d, e and f from Fig. 1. 

information should provide DLac-w curves that bear resemblance to the curves estimated 
on ulcer images. In this context, it has been observed that the slope of DLac-w curves of 
ulcer images lies within specific limits for the majority of ulcer cases. This observation led us 
to a slope-based criterion for IMF selection. The IMFs that provide DLac curves with slopes 
within the limits, specified by DLac curves of ulcer images, were selected. Figure 10 shows 
the selection probability of each IMF. According to the diagram, IMF5, IMF6 and IMF8 were 
selected for the majority of images implying that the information included in these IMFs 
should be taken under consideration.  

 
Fig. 10. Selection probability for each IMF. 

5.3.3 DLac-based feature vector 

In image pattern detection applications, feature vector (FV) is the set of features that 
characterize and represent an image and are utilized for the discrimination between various 
patterns. The DLac-based FV extraction was implemented in two different approaches, 
following the R-case and NR-case scenario. From a general perspective, the previously 
described DLac-w curve is used to form the FV. In our approach DLac-w curve is calculated 
for w=5-30 pixels. These 26 DLac values consist an extensive FV, subject to the "curse of 
dimensionality". The essence of reducing the feature space dimension without omitting any 
crucial information introduces the concept of modelling DLac-w curves with another 
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function L(w). The normalized DLac-w curves in Fig. 9b expose an attitude that bears 
resemblance to the one of hyperbola. On this ground, the function 

L(w) = 
a

wb +c, w=[5-30], (5)

was chosen to model the normalized DLac-w curves (Hadjileontiadis, 2009). Parameter a 
represents the concavity of hyperbola, b portrays the convergence of L(w), and c is the 
translational term. The best interpretation of DLac-w by the model L(w) is computed as the 
solution of a least squares problem where parameters a, b, c are the independent variables. 
Parameters a, b, c embody the global behaviour of the DLac curve, i.e., all the substantial 
information. However, preliminary studies have shown that local behaviour of DLac curve 
is also important in ulcer tissue classification. Consequently, FV consists of parameters a, b, 
c plus five DLac values that correspond to the five smallest values of w (i.e., L(6) - L(10); L(5) 
is discarded as it always equals to one due to normalization). The values L(6) – L(10) were 
selected empirically after exhausting experiments. In this manner, FV embodies both local 
and global trend of DLac curve achieving a significant size reduction (eight rather than 26 
values). 

More specifically, in R-case scenario the selected IMFs and the residue recompose a new 
image on which the DLac-w curve is calculated and FV is extracted (FVR) as described 
above. In NR-case scenario, the final FV (FVNR) contains the FV from each selected IMF (FVi, 
i=3 to 8). However, different number of IMFs is selected for every image with the 
subsequent problem of changing FV size. To address this issue, FV is designed to include 
the FVs from IMFs 5, 6 and 8 (i.e., FVNR = {FV5, FV6, FV8}) which are the most frequently 
chosen IMFs (Fig. 10) for all images in the dataset, implying that they contain the majority of 
beneficial information. Last but not least, the ability of texture information of each 
individual IMF to discriminate ulcer from normal images is investigated. In this case, the 
final FV (FVindiv) consists of the FV from an individual IMF, different each time, i.e. FVindiv = 
FVi for i=1 to 8. IMFs 1 and 2 are included, despite their noise contamination, for an overall 
assessment.  

5.4 Classification 

The last step of ulcer detection scheme is the classification procedure. This procedure 
involves the classification of extracted FVs into healthy/ulcerous and is accomplished by 
algorithms called "classifiers". The target of a classifier is to identify the population (e.g., 
healthy or abnormal) to which a FV belongs on the basis of a training set of FVs whose 
population is already known. It is usual that 90% of the sample dataset is used for training 
the classifier and 10% for testing. This procedure is repeated ten times (10-fold cross 
validation) with random training and test sets in order to acquire more accurate results. The 
classification performance is measured with the aid of accuracy (acc.), sensitivity (sens.) and 
specificity (spec.) indexes. The average acc., sens. and spec. are obtained in case of 10-fold 
cross validation technique. Various classification algorithms have been proposed in the 
literature. For an extensive evaluation of the classification performance of the proposed AR-
DLac scheme, the widely used classification algorithms, i.e., LDA (Linear Discriminant 
Analysis), QDA (Quadratic Discriminant Analysis), MD (Mahalanobis Distance) 
(Krzanowski, 2000), and SVM (Support Vector Machine) (Cristiani & Shawe-Taylor, 2000), 
were adopted.  
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Fig. 9. DLac (a) and normalized DLac (b) curves for various window sizes (4 to 30 pixels) for 
images b, d, e and f from Fig. 1. 
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Fig. 10. Selection probability for each IMF. 

5.3.3 DLac-based feature vector 
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More specifically, in R-case scenario the selected IMFs and the residue recompose a new 
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individual IMF to discriminate ulcer from normal images is investigated. In this case, the 
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FVi for i=1 to 8. IMFs 1 and 2 are included, despite their noise contamination, for an overall 
assessment.  

5.4 Classification 

The last step of ulcer detection scheme is the classification procedure. This procedure 
involves the classification of extracted FVs into healthy/ulcerous and is accomplished by 
algorithms called "classifiers". The target of a classifier is to identify the population (e.g., 
healthy or abnormal) to which a FV belongs on the basis of a training set of FVs whose 
population is already known. It is usual that 90% of the sample dataset is used for training 
the classifier and 10% for testing. This procedure is repeated ten times (10-fold cross 
validation) with random training and test sets in order to acquire more accurate results. The 
classification performance is measured with the aid of accuracy (acc.), sensitivity (sens.) and 
specificity (spec.) indexes. The average acc., sens. and spec. are obtained in case of 10-fold 
cross validation technique. Various classification algorithms have been proposed in the 
literature. For an extensive evaluation of the classification performance of the proposed AR-
DLac scheme, the widely used classification algorithms, i.e., LDA (Linear Discriminant 
Analysis), QDA (Quadratic Discriminant Analysis), MD (Mahalanobis Distance) 
(Krzanowski, 2000), and SVM (Support Vector Machine) (Cristiani & Shawe-Taylor, 2000), 
were adopted.  
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6. Experimental phase 
The WCE images used in this study for the development and assessment of the proposed 
approach were drawn from six patients with ulcerous diseases, such as unexplained 
ulceration, ulceration from NSAID, ulcerative colitis and Crohn's diseases, who have 
undertaken a WCE examination in NIMTS Gastroenterology Clinic in Athens, Greece. The 
examinations were conducted with Pillcam SB (Given Imaging) WCE system. Rapid Reader 
6.0 software (Given Imaging) was employed to export the images from the video sequence.  

The dataset collected consists of 87 ulcer and 87 normal images. An example of the two 
categories is given in Fig. 11. The images were obtained by manual segmentation of the 
initial, complete WCE images. Two gastroenterologists reviewed the endoscopic video and 
manually isolated regions of interest (ROI), as the ones shown in Fig. 11, according to their 
expertise and upon agreement. It must be highlighted that the 87 ulcer images were 
obtained from 87 different events (ulcer regions) to achieve the lowest possible similarity. 
Furthermore, the normal images include both simple and confusing healthy tissue (folds, 
villus, bubbles etc.) in order to hamper the discrimination process. The ROI for the normal 
images varies from 110x110 to 220x220 pixels whereas the crop area of the ulcer images 
depends on the size, shape and position of the ulcer. The variety in ROI sizes does not affect 
the tissue discrimination procedure, since the feature vectors extracted from the images are 
utilized as the basis for comparison instead of the images themselves. 

 
Fig. 11. An example of ulcerous (left) and normal (right) region of interest. 

7. Results and discussion 
The performance of the proposed AR-DLac scheme is evaluated through the experimental 
results derived from the application of the introduced approach to the dataset described in 
§6. To this end, results from every individual IMF analysis as well as results from both AR-
DLac implementation scenarios (i.e., R-case and NR-case) are presented in this section.  

7.1 Individual IMFs 

Table 1 tabulates the classification performance achieved by the texture information 
extracted from each individual IMF (FVindiv=FVi, where FVi is the feature vector constructed 
from IMFi as described in §5.3.3) for all classifiers. The highest classification rates obtained 
for each IMF are noted in bold. The format %±% corresponds to mean acc., sens. and spec. ± 
standard deviation.  

The low classification rates for IMFs 1-2 denote their inefficiency in discriminating between 
ulcer and normal tissue. The performance of IMF1, in terms of classification accuracy, ranges 
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from 51.9% to 61.3%, while the one of IMF2 varies from 53.3% to 62.0%. The sensitivity 
index is even lower (up to 29.1 percentage points) for the majority of classifiers (i.e., LDA, 
QDA and SVM). This performance implies that the texture information that lies in IMFs 1 
and 2 is not eligible for ulcer detection. This behaviour is consistent with the concept of 
noise “contamination” of IMF1-2 and validates the noise reduction procedure described in 
§5.2 and illustrated in Fig 8. IMFs 1-2 contain the high frequency components of the image 
(i.e., the noise) and, therefore, should be discarded. On the contrary, the classification 
accuracy of IMF3-8 is 24.8% to 35.5% improved. IMF3 and IMF5 exhibit the lowest (77.4%) 
and highest (84%) performance (in terms of accuracy), respectively. Despite the superior 
classification rates, the performance of individual IMFs indicates that texture information 
that resides in a single image component is inadequate for efficient ulcer detection. 
Additionally, low classification sensitivity (<76%) suggests extensive misidentification of 
ulcer regions as healthy. It should be highlighted that IMFs 5, 6 and 8, that are the most 
commonly selected IMFs (Fig. 10) in IMF selection procedure, deliver the three highest 
classification accuracy rates among the IMFs. The convergence of these results testifies the 
optimal IMF selection procedure. 

As far as the classification algorithms are concerned, the results in Table 1 imply that the 
most efficient classifiers include SVM and QDA. SVM achieves the best performance for the 
majority of IMFs (1-4, 8) due to its more advanced nature. However, the capabilities of QDA 
should not be underestimated since it exhibits 4.6, 5.7 and 4.8 percentage points higher 
classification accuracy than SVM for IMF5-7. LDA also proves competent, delivering slightly 
inferior performance. At last, MD is the most inappropriate classifier for our approach. The 
extremely high classification sensitivity (up to 99.2% for IMF6) in conjunction with the 
extremely low classification specificity (down to 15.6% for IMF6) denote over fitting to ulcer 
texture information. 
 

Classifier 
IMF 

1 2 3 4 5 6 7 8. 

LDA 
Acc. 55.1±1.7 58.7±1.7 76.9±0.9 78.9±0.7 81.6±0.6 80.0±1.1 78.7±1.0 82.3±0.8 
Sens. 35.9±2.4 51.8±2.4 71.1±1.4 71.3±1.4 70.4±0.9 72.2±1.7 73.4±1.5 82.1±1.4 
Spec. 74.4±2.1 65.5±2.4 82.8±1.4 86.5±0.7 92.7±1.1 87.7±1.6 83.9±1.4 82.5±0.7 

QDA 
Acc. 59.5±0.8 59.9±1.4 77.1±0.9 79.7±0.7 84.0±0.9 78.2±0.8 79.5±1.3 80.5±0.9 
Sens. 30.4±1.4 42.3±2.2 66.2±1.4 64.9±1.1 72.0±1.3 67.1±1.6 74.0±1.9 65.7±1.5 
Spec. 88.6±1.1 77.5±1.7 88.1±1.5 94.4±0.9 96.0±1.2 89.2±0.6 85.1±1.9 95.3±1.1 

MD 
Acc. 51.9±0.7 53.3±1.4 61.2±1.1 66.3±1.0 61.3±1.0 57.4±1.4 62.4±1.1 68.5±1.1 
Sens. 98.3±0.8 96.6±1.2 93.8±1.0 93.8±1.0 97.1±0.9 99.2±0.9 98.3±0.9 96.5±1.0 
Spec. 5.6±1.3 10.0±2.7 28.5±1.9 34.6±1.9 25.5±1.8 15.6±2.5 26.5±2.1 40.5±1.9 

SVM 
Acc. 61.3±1.6 62.0±1.5 77.4±1.1 79.8±1.0 79.4±0.8 72.5±1.1 72.7±1.1 82.5±0.5 
Sens. 42.9±2.0 59.8±1.8 74.2±1.2 75.9±1.3 74.3±1.0 64.1±1.6 62.4±1.3 67.7±0.9 
Spec. 79.8±2.2 64.2±2.6 80.5±1.6 83.5±1.6 84.5±1.3 80.9±1.3 83.1±1.7 93.3±1.0 

Table 1. Mean classification accuracy, sensitivity and specificity (%) for each individual IMF 
(FVi, i=1 to 8), for all classifiers (LDA, QDA, MD, SVM). 
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from 51.9% to 61.3%, while the one of IMF2 varies from 53.3% to 62.0%. The sensitivity 
index is even lower (up to 29.1 percentage points) for the majority of classifiers (i.e., LDA, 
QDA and SVM). This performance implies that the texture information that lies in IMFs 1 
and 2 is not eligible for ulcer detection. This behaviour is consistent with the concept of 
noise “contamination” of IMF1-2 and validates the noise reduction procedure described in 
§5.2 and illustrated in Fig 8. IMFs 1-2 contain the high frequency components of the image 
(i.e., the noise) and, therefore, should be discarded. On the contrary, the classification 
accuracy of IMF3-8 is 24.8% to 35.5% improved. IMF3 and IMF5 exhibit the lowest (77.4%) 
and highest (84%) performance (in terms of accuracy), respectively. Despite the superior 
classification rates, the performance of individual IMFs indicates that texture information 
that resides in a single image component is inadequate for efficient ulcer detection. 
Additionally, low classification sensitivity (<76%) suggests extensive misidentification of 
ulcer regions as healthy. It should be highlighted that IMFs 5, 6 and 8, that are the most 
commonly selected IMFs (Fig. 10) in IMF selection procedure, deliver the three highest 
classification accuracy rates among the IMFs. The convergence of these results testifies the 
optimal IMF selection procedure. 

As far as the classification algorithms are concerned, the results in Table 1 imply that the 
most efficient classifiers include SVM and QDA. SVM achieves the best performance for the 
majority of IMFs (1-4, 8) due to its more advanced nature. However, the capabilities of QDA 
should not be underestimated since it exhibits 4.6, 5.7 and 4.8 percentage points higher 
classification accuracy than SVM for IMF5-7. LDA also proves competent, delivering slightly 
inferior performance. At last, MD is the most inappropriate classifier for our approach. The 
extremely high classification sensitivity (up to 99.2% for IMF6) in conjunction with the 
extremely low classification specificity (down to 15.6% for IMF6) denote over fitting to ulcer 
texture information. 
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7.2 Reconstruction (R-case) – Non Reconstruction (NR-case) scenarios 

The proposed AR-DLac scheme, thoroughly described in §5.3, selects the optimum IMFs. In 
the reconstruction scenario (R-case) the selected IMFs and the residue reconstruct a new 
image from which the FV is extracted, while in non reconstruction scenario (NR-case) the 
FVs from the selected IMFs are concatenated in order to form the final FV. The results of 
both scenarios are tabulated in Table 2, for all classifiers. The best classification rates for each 
implementation scenario are notated in bold. The format %±% corresponds to mean acc., 
sens. and spec. ± standard deviation.  
 

Classifier 
Implementation scenario 

R-case NR-case 
Acc. Sens. Spec. Acc. Sens. Spec. 

LDA 95.5±0.5 94.8±0.8 96.2±0.4 89.2±0.9 84.3±1.7 94.1±0.4 
QDA 95.8±0.6 93.9±1.1 97.7±0.3 91.2±0.9 86.2±1.3 95.9±1.1 
MD 96.3±0.2 96.0±0.1 96.6±0.6 78.7±1.4 98.3±0.9 58.3±2.7 
SVM 96.7±0.6 96.5±0.3 96.9±0.9 89.7±0.8 87.5±1.0 91.9±0.9 

Table 2. Mean classification rates (%) for both R-case and NR-case scenarios, for all 
classifiers (LDA, QDA, MD, SVM). 

The most efficient performance of the proposed AR-DLac scheme is delivered in R-case 
scenario where the classification accuracy reaches 96.7% by exploiting SVM classifier. 
However, the difference between the most (SVM) and the least (LDA) efficient classifier is 
only 1.2 percentage points, in terms of accuracy, implying that the features extracted by the 
proposed analysis are quite robust, exhibiting advanced overall performance regardless of 
the classification algorithm engaged. It is also remarkable the fact that the high accuracy rate 
is accompanied by high and relatively consistent rates for both sensitivity (96.5%) and 
specificity (96.9%). These results indicate that AR-DLac scheme is capable of equally 
recognising ulcer and normal data without exhibiting bias towards a specific pattern. This 
behaviour applies to all examined classifiers since the difference between sensitivity and 
specificity does not exceed 2.6 percentage points.  

The classification results of the NR-case, suggest inferior performance of the AR-DLac 
scheme during the non reconstruction scenario. The most effective classifier for NR-case is 
QDA delivering 91.2% accuracy, 86.2% sensitivity and 95.9% specificity. These rates, 
compared to those of R-case, are 5.5, 10.3 and 1.0 percentage points lower, respectively. 
Even the worst scenario for R-case (LDA classifier) achieves 4.3 percentage points higher 
accuracy than QDA in NR-case. Moreover, the balance between sensitivity and specificity 
rates deteriorated ranging from 4.4 (for SVM) to 40 (for MD) percentage points. MD, as in 
the individual IMF case, fails to recognize correctly the normal images since the specificity 
rate is 58.3%. The divergence in performance between R-case and NR-case indicates that the 
recomposed image by the optimal IMFs and the residue represents more efficiently the 
intestinal texture information than the individual components of the image. This may be 
explained by the fact that in NR-case the trend of the image (residue) is ignored. Moreover, 
the fact that FVNR includes 3 IMFs x 8 features = 24 features in total (33% larger than FVR) 
may also affect the classification performance.  

 
Enhanced Ulcer Recognition from Capsule Endoscopic Images Using Texture Analysis 

 

205 

The comparison of the results in Tables 1 and 2 denotes the inability of a single IMF to 
separate ulcer from normal images. R-case and NR-case deliver 12.7 and 7.2 percentage 
points improved classification accuracy compared to the most effective IMF (i.e., IMF5), 
respectively. The superiority of NR-case suggests that the utilization of a group of 
individual IMFs is more fruitful than standalone IMF exploitation. 

8. Overall perspective and future work 
The aforementioned experimental results highlight the potential of the proposed scheme 
towards ulcer and healthy intestinal tissue discrimination. The optimum image components 
(IMFs) that contain the majority of texture information include IMFs 5, 6 and 8. Individual 
IMFs score up to 84% classification accuracy, while their exploitation as a group enhances 
the detection rate up to 91.2%. On the contrary, the refined image reconstruction process 
achieves 96.7% successful tissue identification. When compared with other approaches, the 
proposed scheme seems to be more effective exhibiting increased classification ability by 
using a smaller feature vector. One of the most efficient ulcer detection approaches 
(Kodogiannis et al., 2007b), used as a comparison baseline, employs 54 features (instead of 8) 
and results in 94.5% accuracy when applied to our dataset (Charisis et al., 2011). 

In spite of the promising performance of the proposed scheme, there are still some issues for 
improvements that should be taken under consideration for its use in a future computer 
aided diagnosis system. Firstly, the number of ulcer and normal images should be increased 
in order to secure maximum diversity between the ulcer cases, develop more robust 
algorithms and obtain more accurate conclusions. Secondly, automatic segmentation of the 
regions of interest (ROI) is mandatory. In our approach, WCE images are manually cropped 
to the ROI. A potential solution is to divide each WCE image (576x576) into small patches 
(64x64) and choose the patches that depict mucosa. These patches contain almost all possible 
ROI by covering the most valid area of the original WCE image. At last, the computational 
cost of the proposed techniques should be revised. In this work, the introduction of a real 
time application was not our objective. In this context, the computational cost of the current 
unoptimized MATLAB code is 9.3 seconds per ROI, considering an average size of 145x145 
pixels. BEEMD analysis consumes 83.4% of this time while DLac analysis and classification 
absorb 16.2% and 0.4%, respectively. When focusing on real time application, dedicated 
hardware and programming languages, more efficient implementation algorithms (for 
BEEMD and DLac) and multithreading programming should be considered. 

9. Conclusion 
Wireless capsule endoscopy (WCE) is a novel, non-invasive form of endoscopy that has 
started a new era for the visual inspection of the entire small bowel. A WCE system consists 
of a pill-shaped, wireless capsule that the patient swallows. The capsule, propelled by the 
natural bowel movements, captures and transmits images from the internal mucous 
membranes, along its journey through the digestive tract. Despite the revolution WCE has 
introduced, there are several limitations that pose serious questions about the competency 
of WCE compared to probe gastroscopy and colonoscopy. Some of the major challenges 
include camera speed/quality, power supply, controllable manoeuvring and interventional 
capabilities. Significant research is conducted towards this direction, various approaches 
have been proposed and the first achievements have emerged. A new capsule equipped 
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7.2 Reconstruction (R-case) – Non Reconstruction (NR-case) scenarios 

The proposed AR-DLac scheme, thoroughly described in §5.3, selects the optimum IMFs. In 
the reconstruction scenario (R-case) the selected IMFs and the residue reconstruct a new 
image from which the FV is extracted, while in non reconstruction scenario (NR-case) the 
FVs from the selected IMFs are concatenated in order to form the final FV. The results of 
both scenarios are tabulated in Table 2, for all classifiers. The best classification rates for each 
implementation scenario are notated in bold. The format %±% corresponds to mean acc., 
sens. and spec. ± standard deviation.  
 

Classifier 
Implementation scenario 

R-case NR-case 
Acc. Sens. Spec. Acc. Sens. Spec. 

LDA 95.5±0.5 94.8±0.8 96.2±0.4 89.2±0.9 84.3±1.7 94.1±0.4 
QDA 95.8±0.6 93.9±1.1 97.7±0.3 91.2±0.9 86.2±1.3 95.9±1.1 
MD 96.3±0.2 96.0±0.1 96.6±0.6 78.7±1.4 98.3±0.9 58.3±2.7 
SVM 96.7±0.6 96.5±0.3 96.9±0.9 89.7±0.8 87.5±1.0 91.9±0.9 

Table 2. Mean classification rates (%) for both R-case and NR-case scenarios, for all 
classifiers (LDA, QDA, MD, SVM). 

The most efficient performance of the proposed AR-DLac scheme is delivered in R-case 
scenario where the classification accuracy reaches 96.7% by exploiting SVM classifier. 
However, the difference between the most (SVM) and the least (LDA) efficient classifier is 
only 1.2 percentage points, in terms of accuracy, implying that the features extracted by the 
proposed analysis are quite robust, exhibiting advanced overall performance regardless of 
the classification algorithm engaged. It is also remarkable the fact that the high accuracy rate 
is accompanied by high and relatively consistent rates for both sensitivity (96.5%) and 
specificity (96.9%). These results indicate that AR-DLac scheme is capable of equally 
recognising ulcer and normal data without exhibiting bias towards a specific pattern. This 
behaviour applies to all examined classifiers since the difference between sensitivity and 
specificity does not exceed 2.6 percentage points.  

The classification results of the NR-case, suggest inferior performance of the AR-DLac 
scheme during the non reconstruction scenario. The most effective classifier for NR-case is 
QDA delivering 91.2% accuracy, 86.2% sensitivity and 95.9% specificity. These rates, 
compared to those of R-case, are 5.5, 10.3 and 1.0 percentage points lower, respectively. 
Even the worst scenario for R-case (LDA classifier) achieves 4.3 percentage points higher 
accuracy than QDA in NR-case. Moreover, the balance between sensitivity and specificity 
rates deteriorated ranging from 4.4 (for SVM) to 40 (for MD) percentage points. MD, as in 
the individual IMF case, fails to recognize correctly the normal images since the specificity 
rate is 58.3%. The divergence in performance between R-case and NR-case indicates that the 
recomposed image by the optimal IMFs and the residue represents more efficiently the 
intestinal texture information than the individual components of the image. This may be 
explained by the fact that in NR-case the trend of the image (residue) is ignored. Moreover, 
the fact that FVNR includes 3 IMFs x 8 features = 24 features in total (33% larger than FVR) 
may also affect the classification performance.  
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The comparison of the results in Tables 1 and 2 denotes the inability of a single IMF to 
separate ulcer from normal images. R-case and NR-case deliver 12.7 and 7.2 percentage 
points improved classification accuracy compared to the most effective IMF (i.e., IMF5), 
respectively. The superiority of NR-case suggests that the utilization of a group of 
individual IMFs is more fruitful than standalone IMF exploitation. 

8. Overall perspective and future work 
The aforementioned experimental results highlight the potential of the proposed scheme 
towards ulcer and healthy intestinal tissue discrimination. The optimum image components 
(IMFs) that contain the majority of texture information include IMFs 5, 6 and 8. Individual 
IMFs score up to 84% classification accuracy, while their exploitation as a group enhances 
the detection rate up to 91.2%. On the contrary, the refined image reconstruction process 
achieves 96.7% successful tissue identification. When compared with other approaches, the 
proposed scheme seems to be more effective exhibiting increased classification ability by 
using a smaller feature vector. One of the most efficient ulcer detection approaches 
(Kodogiannis et al., 2007b), used as a comparison baseline, employs 54 features (instead of 8) 
and results in 94.5% accuracy when applied to our dataset (Charisis et al., 2011). 

In spite of the promising performance of the proposed scheme, there are still some issues for 
improvements that should be taken under consideration for its use in a future computer 
aided diagnosis system. Firstly, the number of ulcer and normal images should be increased 
in order to secure maximum diversity between the ulcer cases, develop more robust 
algorithms and obtain more accurate conclusions. Secondly, automatic segmentation of the 
regions of interest (ROI) is mandatory. In our approach, WCE images are manually cropped 
to the ROI. A potential solution is to divide each WCE image (576x576) into small patches 
(64x64) and choose the patches that depict mucosa. These patches contain almost all possible 
ROI by covering the most valid area of the original WCE image. At last, the computational 
cost of the proposed techniques should be revised. In this work, the introduction of a real 
time application was not our objective. In this context, the computational cost of the current 
unoptimized MATLAB code is 9.3 seconds per ROI, considering an average size of 145x145 
pixels. BEEMD analysis consumes 83.4% of this time while DLac analysis and classification 
absorb 16.2% and 0.4%, respectively. When focusing on real time application, dedicated 
hardware and programming languages, more efficient implementation algorithms (for 
BEEMD and DLac) and multithreading programming should be considered. 

9. Conclusion 
Wireless capsule endoscopy (WCE) is a novel, non-invasive form of endoscopy that has 
started a new era for the visual inspection of the entire small bowel. A WCE system consists 
of a pill-shaped, wireless capsule that the patient swallows. The capsule, propelled by the 
natural bowel movements, captures and transmits images from the internal mucous 
membranes, along its journey through the digestive tract. Despite the revolution WCE has 
introduced, there are several limitations that pose serious questions about the competency 
of WCE compared to probe gastroscopy and colonoscopy. Some of the major challenges 
include camera speed/quality, power supply, controllable manoeuvring and interventional 
capabilities. Significant research is conducted towards this direction, various approaches 
have been proposed and the first achievements have emerged. A new capsule equipped 
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with two cameras and increased battery life has been developed for colon and esophagus 
examination. Magnetically remote controlling and wireless power transmission concepts are 
in experimental phase. Apart from the hardware-oriented limitations and approaches there 
is a major issue concerning the vast amount of data produced by a WCE examination. The 
optimal WCE needs to contain a computerized system for automatic detection of 
pathologies such as ulcer and polyps in order to overcome the drawback of time-consuming 
reviewing of the video (Fireman, 2010). In this context, researchers aim to develop automatic 
diagnosis systems. The main contribution of this work is the presentation of a novel tool for 
WCE image analysis and classification by exploiting color-texture features. This color-
texture perspective was inspired by the one the gastroenterologist usually adopts in clinical 
practice for successful diagnosis of pathologies and, especially, ulcer. The proposed AR-
DLac scheme is based on the ingenious combination of BEEMD and DLac, applied on the 
green component of WCE images in order to identify ulcerations. BEEMD, apart from an 
adaptive image denoising tool, was exploited to reveal the intrinsic components (IMFs) of 
the images in order to achieve data driven, adaptive image refinement (AR), boost the 
distinctness between normal and ulcer regions and facilitate DLac analysis to extract 
efficient texture characteristics. AR entailed optimum IMF selection, based on the structure 
patterns of IMFs disclosed by DLac. The optimum IMFs were used either to reconstruct a 
new, refined image, or provide separate images. The proposed AR-DLac approach was 
evaluated on selected WCE images, captured from patients, depicting ulcer and healthy 
tissue. Experimental results have shown that AR-DLac scheme exhibits quite satisfactory 
overall classification performance. Intestinal texture information is distributed along IMFs 3 
to 8; thus, the utilization of a single IMF for the detection procedure is not recommended. 
The classification performance of individual IMFs does not exceed 84% (classification 
accuracy), with IMF5 being the most efficient. When individual images (i.e., optimum IMFs) 
are employed (non reconstruction case) the performance improves and accuracy reaches 
91.2%. However, the best results are delivered in the reconstruction case, where accuracy, 
sensitivity and specificity exceed 96.5%. The advanced overall classification performance of 
AR-DLac approach paves the way for its use in a provisional automatic diagnosis system. 
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1. Introduction 
The evaluation of protein stability in digestive tract is an important topic in various fields of 
biomedical sciences. The most straightforward task within it is the evaluation of food 
quality, as during the food processing the digestibility of a protein could fall dramatically. 
Another task, tightly connected with the previous one, is the evaluation of protein 
allergenicity. This parameter is shown to be dependent on protein’s digestibility, the less 
digestible ones having the highest probability to induce immune response.  Finally, the task 
of development of new peptide drugs also requires digestive stability check for per os drug 
forms that are the most convenient for a patient. 

Current knowledge on protein digestion suggests it to be a multistage process, starting from 
pepsin cleavage in stomach and proceeding through trypsin and chymotrypsin digestion in 
intestinal lumen, and finally involving cleavage by intestinal surface and intracellular 
proteases. The latter two protease groups accomplish the most deep protein degradation. 
An intriguing point is that in spite of this knowledge the models, which include all stages of 
protein digestion, are used primarily in food quality control.  

Protein digestion, specific enzymes, involved in this process, as well as research area specific 
methodology for protein digestibility evaluation is regularly reviewed. However, as a 
common rule, the authors of latter group of reviews ignore the existence of methods with 
similar goals in other research areas, as well as the question of a degree to which any given 
method represents a living organism. The aim of this review is to describe existing models 
for evaluation of protein digestibility with a special emphasis on biological relevance 
provided by distinct model as well as on productivity of each methodology. 

2. Protein and peptide digestion 
Before a discussion of protein digestibility evaluation methods, it seems worthwhile to 
introduce a reader to the current understanding of protein and peptide digestion process in 
order to provide him with a holistic picture of what could happen to an ingested protein. 
That is why this section will give a short description of digestive tract and an evaluation of 
enzymes involved in protein digestion in stomach and intestine. A special emphasis will be 
laid on characterization of intestinal wall peptidases (surface as well as intracellular) with 
description of their specificities and their role in overall protein digestion. 



 
New Advances in the Basic and Clinical Gastroenterology 

 

210 

Waterman, M. & Gralnek, I.M. (2009). Capsule endoscopy of the esophagus, Journal of 
Clinical Gastroenterology, Vol.43, No.7, pp. 605-612 

Wu, Z. & Huang, N.E.(2009). Ensemble empirical mode decomposition: A noise-assisted 
data analysis method, Advances in Adaptive Data Analysis, Vol.1, No.1, pp. 1-41 

Wu, Z.; Huang, N.E. & Chen, X. (2009). The multi-dimensional ensemble empirical mode 
decomposition method, Advances in Adaptive Data Analysis, Vol.1, No.3, pp. 339-372 

Xie, J.; Jiang, Y. & Tsui, HT. (2005). Segmentation of kidney from ultrasound images based 
on texture and shape priors, IEEE Trans. on Medical Imaging, Vol.24, No.1, pp. 45–57 

Xin, W.; Yan, G. & Wang, W. (2010). Study of a wireless power transmission system for an 
active capsule endoscope, International Journal of Medical Robotics and Computer 
Assisted Surgery, Vol.6, No.1, pp. 113-122 

10 

Methods of Protein Digestive  
Stability Assay – State of the Art 

Mikhail Akimov and Vladimir Bezuglov 
Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry, Russian Academy of Science 

Russian Federation 

1. Introduction 
The evaluation of protein stability in digestive tract is an important topic in various fields of 
biomedical sciences. The most straightforward task within it is the evaluation of food 
quality, as during the food processing the digestibility of a protein could fall dramatically. 
Another task, tightly connected with the previous one, is the evaluation of protein 
allergenicity. This parameter is shown to be dependent on protein’s digestibility, the less 
digestible ones having the highest probability to induce immune response.  Finally, the task 
of development of new peptide drugs also requires digestive stability check for per os drug 
forms that are the most convenient for a patient. 

Current knowledge on protein digestion suggests it to be a multistage process, starting from 
pepsin cleavage in stomach and proceeding through trypsin and chymotrypsin digestion in 
intestinal lumen, and finally involving cleavage by intestinal surface and intracellular 
proteases. The latter two protease groups accomplish the most deep protein degradation. 
An intriguing point is that in spite of this knowledge the models, which include all stages of 
protein digestion, are used primarily in food quality control.  

Protein digestion, specific enzymes, involved in this process, as well as research area specific 
methodology for protein digestibility evaluation is regularly reviewed. However, as a 
common rule, the authors of latter group of reviews ignore the existence of methods with 
similar goals in other research areas, as well as the question of a degree to which any given 
method represents a living organism. The aim of this review is to describe existing models 
for evaluation of protein digestibility with a special emphasis on biological relevance 
provided by distinct model as well as on productivity of each methodology. 

2. Protein and peptide digestion 
Before a discussion of protein digestibility evaluation methods, it seems worthwhile to 
introduce a reader to the current understanding of protein and peptide digestion process in 
order to provide him with a holistic picture of what could happen to an ingested protein. 
That is why this section will give a short description of digestive tract and an evaluation of 
enzymes involved in protein digestion in stomach and intestine. A special emphasis will be 
laid on characterization of intestinal wall peptidases (surface as well as intracellular) with 
description of their specificities and their role in overall protein digestion. 



 
New Advances in the Basic and Clinical Gastroenterology 

 

212 

2.1 An overview of the protein digestion in the digestive tract 

First of all, is should be noted, that excellent reviews and textbooks are readily available on 
the topic of digestive tract physiology and biochemistry (Freeman & Kim 1978; Widmaier et 
al. 2011), and we refer a curious reader them for more details; here only a short overview of 
this process is presented. 

The digestive tract consists of several interconnected compartments: mouth (grinding and 
moisturizing of food), esophagus (connection and separation), stomach, small intestine 
(food digestion and absorption), and large intestine (food remnants digestion by symbiotic 
microbiota and undigested material excretion). Protein digestion is initiated in lumen of 
stomach, then proceeds in the intestinal lumen and is finalized at the surface and in the 
cytoplasm of intestinal mucosa cells. Additional digestion events occur in large intestine, 
where symbiotic microorganisms either digest protein remnants to amino acids, or convert 
them to other compounds of nutritional value. 

Stomach is the first compartment, which is chemically active towards proteins. Its acidic pH 
serves three major functions: it sterilizes the ingested material, denaturates food protein and 
activates local proteolytic enzymes. Only one protease, pepsin, is secreted in stomach. 
Pepsin does not destruct proteins to amino acids, rather it splits them to smaller parts to 
increase its accessibility for successive digestion steps (Widmaier et al. 2011). 

The core function of stomach is the control of graduated food delivery into small intestine, 
and so it is rather dispensable for the overall protein assimilation. The experimental data on 
animals and patients with total gastrectomy show that the organism even under this 
condition retains the ability to assimilate dietary protein adequately and remains in positive 
nitrogen balance (Freeman & Kim 1978).  

The next digestion phase, pancreatic, occurs in small intestine. It is thought to be more 
critical than the gastric phase. Here the pH changes to more basic and several different 
sources of proteases come into play. The most abundant ones: trypsin, chymotrypsin, 
elastase and several carboxypeptidases, are secreted by pancreatic acinar cells in a form of 
precursors, which are activated by proteolytic cleavage (Widmaier et al. 2011). The first 
three enzymes are endopeptidases; they cleave protein or polypeptide substrates at different 
specific peptide linkages within their secondary structures. Carboxypeptidases are 
exopeptidases and act on terminal peptide bonds at the carboxyl terminus of protein. The 
products of the combined action of the aforementioned enzymes are small peptides and 
amino acids. These small peptides consist of 2-6 amino acid residues and account for over 
60% of luminal amino nitrogen; the remaining 40% is associated with amino acids (Freeman 
& Kim 1978). 

The results of Savoie et al. indicate that the amount and size of the resultant peptides and 
their stability and resistance to exhaustive hydrolysis is strongly influenced by the nature of 
the source protein. For example, while casein and gluten have the highest proportion of the 
1-10 kDa peptide fraction in the first 2 h of digestion, the peptides from gluten are evidently 
less degraded in the subsequent 4 h. The folding and spatial orientation of the protein chains 
could explain this observation; the high number of Pro and Glu residues is expected to have 
contributed heavily in the low accessibility and efficacy of the hydrolytic action of 
pancreatic enzymes on Pro- and Glu-reach proteins  (Savoie et al. 2005). 
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The core properties of the luminal proteases are summarized in table 1, to give the reader an 
understanding of the processes, which take place at different stages of digestion. It should 
be noted that most digestive enzymes are present not as a single entity, but rather as a group 
of slightly different molecules with quite similar substrate specificity and kinetic properties. 
Some authors suggest it to be a sign of evolutionary importance of these enzymes (Silk et al. 
1976). A detailed discussion of these enzymes is, however, beyond the scope of this chapter, 
and we refer a curious reader to the excellent reviews available (Freeman & Kim 1978; 
Turner 1968; Whitcomb & Lowe 2007). 

Besides the common luminal enzymes, which are secreted by specialized organ – pancreas, 
a significant amount of intestinal wall proteases is also present in the lumen. The sources of 
these enzymes are desquamated mucosal cells resulting from active replacement of the 
lining epithelium. An approximate quantity of these enzymes is about 30 g per day 
(Freeman & Kim 1978; Gropper et al. 2009). 

Chemical assay data, thermostability studies, and examination of electrophoretic mobilities 
of luminal peptide hydrolases indicate that aforementioned jejunal enzymes originate 
predominantly from the cytoplasm of intestinal mucosal cells, whereas the brush border of 
mucosal cells is a major source of the enzymes in the ileum. All of these enzymes recognize 
primarily short peptides and are aminopeptidases; they are discussed in more detail in the 
next section. 

The products of luminal proteolysis are free amino acids and small peptides having a chain 
length of two to six amino acid residues. Analysis of post-prandial intestinal contents 
aspirated from human jejunum reveals that approximately only one-third of the total amino 
acid content exists in the free form (Silk et al. 1985). Some of the short peptides are directly 
absorbed by specific transport systems. However, to increase the overall efficiency of the 
assimilation process the mucosal cells of intestinal wall provide an additional source of 
proteolytic enzymes. As these cells line the intestinal wall and are intensively shed into 
lumen, they contribute both to luminal and parietal digestion. A profound characteristic of 
mucosal cells is high aminopeptidase activity. This peptidase activity is located in two main 
subcellular fractions: the cytoplasm and the brush border membrane. The brush border 
membrane fraction is associated with less than 10% of the total hydrolytic cellular activity 
for dipeptides but as much as 60% for tripeptides (Freeman & Kim 1978; Sterchi & Woodley 
1980a). 

The whole digestion process is quite rapid in man, as well as in rat. So, according to the data 
of Curtis et al., 44.9 % of the meal had left the stomach of a rat in 30 min, and 84.7 % of the 
meal had left the stomach in 60 min. At 30 min and thereafter, negligible amounts of 14C-
labeled protein, which was included in the meal, were detected in intestinal contents of 
proximal third of small intestine. At 30 min and 1 hr, 14C accumulated in medial and distal 
thirds of small intestine. At 2, 3 and 4 hr small quantities of 14C were detected in intestinal 
contents of distal third of small intestine and the colon. The absorption of ingested protein 
was virtually complete 2 hr after administration of the meal (Curtis et al. 1978). In human, 
the situation is quite the same: digestion and absorption of dietary protein are completed in 
the jejunum, the whole process of digestion and absorption reaches its maximum at about 45 
min or possibly earlier, and absorption may be largely complete within 75 to 90 min. 
However, the data of some studies show that the remnants of dietary protein can be 
recovered from the ileum as late as 4 hr after a meal (Adibi 1976). Nevertheless, it appears  
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Enzymes Compartment 
and localization Properties References 

Stomach proteases 
Pepsins: Pepsin, pepsin B, 
gastricsin, chymosin A, renin

Stomach lumen Endopeptidase, 
cleaves at Phe, Tyr, 
Leu, and Val 

(Freeman & Kim 
1978; Szecsi 1992; 
Turner 1968; 
Whitecross et al. 
1973) 

Pancreatic proteases 
Trypsins: Cationic trypsin, 
anionic trypsin, mesotrypsin, 
pancreasin 

Ileum lumen Endopeptidase; 
cleaves peptide bond 
at Lys and Arg 

(Feinstein et al. 
1974; Freeman & 
Kim 1978; Savoie et 
al. 2005; Whitcomb 
& Lowe 2007) 

Chimotrypsins: Two 
isoforms + chymotrypsin-
like protease 

Ileum lumen Endopeptidase, 
cleaves bonds at 
aliphatic amino acid 
residues 

(Bender & 
Killheffer 1973; 
Savoie et al. 2005; 
Whitcomb & Lowe 
2007) 

Elastases: Two isoforms Ileum lumen Endopeptidase, 
cleaves at Ala, Gly, Ser

(Whitcomb & 
Lowe 2007) 

Carboxypeptidases A: A1, 
A2, A3 

Ileum lumen Exopeptidase, cleaves 
aromatic amino acids 
from carboxyl 
terminus of substrate 

(Whitcomb & 
Lowe 2007) 

Carboxypeptidases B: B1, B2, 
N, M, E, AEBP1 

Ileum lumen Exopeptidase, cleaves 
Arg or Lys from C-
terminus of substrate 

(Whitcomb & 
Lowe 2007) 

Intestinal wall proteases 
Brush border 
aminopeptidases (distinct 
enzymes): aminopeptidase 1, 
aminopeptidase 2, 
dipeptidylpeptidase IV, 
gamma-
glutamyltranspeptidase, 
aminopeptidase A, 
aminopeptidase M 

Small intestine 
epithelium brush 
border 

Hydrolyze amino acid 
residue at the N-
terminus  of hexa- to 
tripeptides 

(Kim et al. 1972; 
Sterchi & Woodley 
1980b) 

Cytoplasmic 
aminopeptidases: four 
distinct enzymes 

Small intestine 
epithelium 
cytoplasm 

Hydrolyze amino acid 
residue at the N-
terminus  of tri- and 
dipeptides 

(Kim et al. 1972; 
Schiller et al. 1977) 

Table 1. Principal properties of protein hydrolases 
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reasonable to assume that under normal conditions the greatest portion of dietary proteins 
is digested and absorbed in the upper small intestine (Adibi 1976; Silk 1980; Silk et al. 1985). 

2.2 Enzymes of the intestinal wall 

In addition to the luminal proteases, the mucosal cells that line the intestinal wall also 
possess two kinds of proteolytic enzymes: membrane-bound, which are primarily localized 
in the brush border area, and cytoplasmic. The core difference of these enzymes from the 
luminal ones is that they are oligopeptidases, that is, recognize only short peptides of 2-6 
amino acids in length. The profound characteristics of these enzymes are that they are 
aminopeptidases, so the N-terminal amino acid residue of peptides is the determinant of 
their rate and substrate specificity, and all have pH optima in alkaline (7.5-8.5) range (Adibi 
1976).  

To date, in brush border membranes in human and rat were identified at least 6 
aminopeptidases (aminopeptidase 1, aminopeptidase 2, dipeptidylpeptidase IV, gamma-
glutamyltranspeptidase, aminopeptidase A and aminopeptidase M) (Kim et al. 1972; Sterchi 
& Woodley 1980b), and in the cytosol of the mucosal epithelial cells at least 4 enzymes were 
detected (Kim et al. 1972; Schiller et al. 1977). The specificity towards peptide length is 
distributed unequally between the subcellular fractions:  the majority of dipetides (80 to 
95%) are hydrolyzed by cytoplasmic enzymes (Adibi 1976; Krzysik & Adibi 1977), 10-60% of 
the tripeptidase activity is also in the brush border membrane (Sterchi & Woodley 1980a), 
and activity against tetrapeptides is located exclusively in the brush border membrane 
(Sterchi & Woodley 1980a). The ability of brush border enzymes to hydrolyze penta- and 
hexapeptides has been reported (Adibi 1976), however, little details are still known about 
this activity. 

Some, but not all, cytosolic and brush border membrane peptidases also display some 
preference to the amino acid composition of substrate. Thus, aminopeptidase 1 from brush 
border is most active towards aliphatic tripeptides (Sterchi & Woodley 1980b), although 
most activity against aliphatic peptides is located in cytosol; dipeptidases of brush border 
prefer substrates with aromatic amino acid at the N-terminus (Sterchi & Woodley 1980a). An 
interesting exception are proline-containing peptides, which are hydrolyzed by a special 
hydrolase in the cytosolic fraction (Freeman & Kim 1978; Smith & Bergmann 1944). In 
normal conditions, 80-90% of hydrolase activity in rat and human is localized within the 
cytosolic fraction (Kim et al. 1972), starvation increases the peptide hydrolase activity of the 
cytosol fraction, while that of the brush border fraction is decreased (Adibi 1976).  

The distribution of peptide hydrolase activity between brush border membrane and cytosol 
varies considerably with species (Sterchi & Woodley 1980a), the enzymes from different 
species have different electrophoretic mobility, but, at the same time, by the activity and 
substrate preference they often could be grouped in a strikingly similar manner (Kim et al. 
1972). 

2.3 Peptide and protein transport across the intestinal wall  

The absorption is the last and the most controversial phase of protein digestion. 
Theoretically, an organism requires only amino acids to produce energy and rebuild lost 
proteins. The foreign proteins and peptides should be avoided, as they could transmit 
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reasonable to assume that under normal conditions the greatest portion of dietary proteins 
is digested and absorbed in the upper small intestine (Adibi 1976; Silk 1980; Silk et al. 1985). 

2.2 Enzymes of the intestinal wall 

In addition to the luminal proteases, the mucosal cells that line the intestinal wall also 
possess two kinds of proteolytic enzymes: membrane-bound, which are primarily localized 
in the brush border area, and cytoplasmic. The core difference of these enzymes from the 
luminal ones is that they are oligopeptidases, that is, recognize only short peptides of 2-6 
amino acids in length. The profound characteristics of these enzymes are that they are 
aminopeptidases, so the N-terminal amino acid residue of peptides is the determinant of 
their rate and substrate specificity, and all have pH optima in alkaline (7.5-8.5) range (Adibi 
1976).  

To date, in brush border membranes in human and rat were identified at least 6 
aminopeptidases (aminopeptidase 1, aminopeptidase 2, dipeptidylpeptidase IV, gamma-
glutamyltranspeptidase, aminopeptidase A and aminopeptidase M) (Kim et al. 1972; Sterchi 
& Woodley 1980b), and in the cytosol of the mucosal epithelial cells at least 4 enzymes were 
detected (Kim et al. 1972; Schiller et al. 1977). The specificity towards peptide length is 
distributed unequally between the subcellular fractions:  the majority of dipetides (80 to 
95%) are hydrolyzed by cytoplasmic enzymes (Adibi 1976; Krzysik & Adibi 1977), 10-60% of 
the tripeptidase activity is also in the brush border membrane (Sterchi & Woodley 1980a), 
and activity against tetrapeptides is located exclusively in the brush border membrane 
(Sterchi & Woodley 1980a). The ability of brush border enzymes to hydrolyze penta- and 
hexapeptides has been reported (Adibi 1976), however, little details are still known about 
this activity. 

Some, but not all, cytosolic and brush border membrane peptidases also display some 
preference to the amino acid composition of substrate. Thus, aminopeptidase 1 from brush 
border is most active towards aliphatic tripeptides (Sterchi & Woodley 1980b), although 
most activity against aliphatic peptides is located in cytosol; dipeptidases of brush border 
prefer substrates with aromatic amino acid at the N-terminus (Sterchi & Woodley 1980a). An 
interesting exception are proline-containing peptides, which are hydrolyzed by a special 
hydrolase in the cytosolic fraction (Freeman & Kim 1978; Smith & Bergmann 1944). In 
normal conditions, 80-90% of hydrolase activity in rat and human is localized within the 
cytosolic fraction (Kim et al. 1972), starvation increases the peptide hydrolase activity of the 
cytosol fraction, while that of the brush border fraction is decreased (Adibi 1976).  

The distribution of peptide hydrolase activity between brush border membrane and cytosol 
varies considerably with species (Sterchi & Woodley 1980a), the enzymes from different 
species have different electrophoretic mobility, but, at the same time, by the activity and 
substrate preference they often could be grouped in a strikingly similar manner (Kim et al. 
1972). 

2.3 Peptide and protein transport across the intestinal wall  

The absorption is the last and the most controversial phase of protein digestion. 
Theoretically, an organism requires only amino acids to produce energy and rebuild lost 
proteins. The foreign proteins and peptides should be avoided, as they could transmit 
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unwanted signals or even be toxic or mutagenic. The reality, however, is much more 
complicated. Although amino nitrogen in postprandial blood is almost entirely in the form 
of free amino acids, few small peptides do appear in portal blood. These include short 
proline- and hydroxyproline-containing peptides after gelatin ingestion, and both carnosine 
and anserine after ingestion of certain meats, specifically chicken breast. Significant amounts 
of whole protein and other large macromolecules are absorbed intact by fetal and neonatal 
small intestine (Freeman & Kim 1978). 

The transport of amino acids is active and depends on a gradient of sodium ions across the 
brush border membrane of intestinal epithelial cell. Three major group-specific active 
transport systems exist for: a) monoamino monocarboxylic (neutral) amino acids, b) dibasic 
amino acids and cysteine, and c) dicarboxylic (acidic) amino acids (Silk et al. 1985). 
Methionine and the branched chain amino acids (leucine, isoleucine, and valine) are 
absorbed most rapidly from amino acid mixture. Among the 18 common dietary amino 
acids, aspartate and glutamate are most slowly absorbed, as are tryptophan and threonine 
among the eight essential amino acids. As a group, essential amino acids are better absorbed 
than nonessential amino acids (Adibi 1976). 

Small peptides are also actively absorbed, but their transporters are different from those for 
amino acids. As such, dipeptides and tripeptides are actively transported against a 
concentration gradient, and they share a common transport mechanism. There are at least 
two general strategies for transport of small peptides. First, small peptides resistant to brush 
border membrane peptidases appear to be transported intact across the brush border 
membrane and are later hydrolyzed by the cytoplasmic peptidases. Second, small peptides, 
having a higher affinity for brush border membrane peptidases are likely hydrolyzed 
primarily at the brush border membrane. The hydrolysis products, including free amino 
acids and dipeptides or tripeptides, are then absorbed by their respective transport systems 
(Freeman & Kim 1978; Sterchi & Woodley 1980a). There are little data on the active transport 
of tetrapeptides, and these data do not support the hypothesis on existence of such process 
(Silk et al. 1985). 

One of important differences between amino acid and small peptide transport is that the 
capacity of free amino acid absorption is far greater in the jejunum than in the ileum, while 
that for peptide transport is evenly distributed. High-affinity amino acids competitively 
inhibit the absorption of low-affinity amino acids. However, absorption rates of amino acids 
by the intestinal epithelial cells are significantly greater in the form of low molecular weight 
peptides than the corresponding free amino acids, with the competition between amino 
acids being abolished. These spatio-temporal events directly influence amino acid 
concentration in blood flow, which in turn affects many physiological and metabolic 
phenomena as well as influencing the overall rate of protein synthesis (Savoie et al. 2005). 

As to the peptide and protein molecules that are larger than 6 amino acids, so they pass 
through the intestinal wall differently. There are several routes, which allow the more or less 
non-specific passage of molecules: specialized microfold cells of Peyer’s patches, isolated 
lymphoid follicles, through the epithelial cells (transcellular pathway) and between these 
cells (paracellular pathway) (Perrier & Corthésy 2011). The mucosa-associated lymphoid 
tissue, comprising Peyer’s patches and isolated lymphoid follicles, is covered by the follicle-
associated epithelium containing microfold cells. These cells have the capacity to engulf 
particulate antigens, and transport them to underlying dendritic cells thus contribute 
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towards possible immune response. Paracellular transport across the epithelial barrier is 
highly regulated and is able to leave access to small molecules (44 angstroms), but also 
allows the passage of larger molecules including small peptides and bacterial 
lipopolysaccharides (500-1500 Da). A particular subset of dendritic cells (CX3CR11) is 
known to extend their dendrites in the lumen to collect bacteria under steady-state 
conditions, a process further accentuated upon inflammation. It is not yet clear whether this 
process can also take place for food antigens and whether this could contribute to the 
selective passage of antigens across the intestinal barrier and further presentation to the 
mucosal immune system (Perrier & Corthésy 2011). 

Normally, large molecules are restricted from access to the intestinal wall by the mucus 
layer, which blocks passage of molecules of over 17 kDa (Jin et al. 2006). The intestinal cell 
layer permeability towards peptides and large molecules, on the other hand, is tightly 
bound to the external conditions. Thus, during fasting the efficiency of small peptide 
absorption increases (Silk et al. 1985). Then, a specific consequence of allergic reactions is the 
increased permeability towards large molecules via paracellular pathway, which can persist 
for a significant time after acute immune response is over (Perrier & Corthésy 2011). In vitro 
studies on confluent cultures of the enterocyte-like cell line Caco-2 have shown, that a model 
protein beta-lactoglobulin is taken by endocytosis, and whilst the majority of the protein 
was degraded intracellularly, around a third was transported across the cells (Wickham et 
al. 2009). 

2.4 Comparison of relative roles of protein digestion stages 

The functional importance of different stages of protein digestion process is unequal, albeit 
the exact significance of each of them varies depending on whether food 
toxicity/allergenicity or nutritive value is considered. As one could expect, the nutritive 
value of a protein is the most stable characteristic in context of the involvement of different 
digestive tract compartments. Thus, stomach and mucosal peptidases are dispensable for 
this function, and individual amino acid transport is also not very important if peptide 
transport is alive. The core functionality appears to be the one of pancreatic endopeptidases, 
which should split food protein into peptides of 3-2 amino acids; this activity is logically 
protected by the existence of multiple enzyme isoforms. 

In addition to this, it should be noted, that peptide transport role is more impotant than the 
amino acid one. In evaluations involving both highly digestible proteins such as egg and 
less digestible protein sources such as corn as well as free amino acid mixtures, the food 
source of protein routinely gave better nitrogen balance test results than did the counterpart 
amino acid diets. Explanations for these results included the following: (a) that the 
immediate availability of purified amino acids might lead to overall overtaxing of 
absorption mechanism systems or competition among particular amino acids might lead to 
selected competitive inhibition of absorption of particular amino acids and hence to reduced 
efficiency of their utilization; (b) that rapid absorption of amino acids over a short period of 
time rather than over a longer period of time might overtax the body’s ability to efficiently 
use amino acids for protein synthesis purposes, thus leading to increased deamination of 
amino acids and utilization for energy purposes; (c) that experimental diets containing 
purified amino acids were not truly matched to those containing food proteins in contents of 
all trace nutrients and results reflected these deficits (Kies 1981). 
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The situation changes significantly, as one tries to evaluate food protein toxicity and 
allergenicity. In this case stomach phase value greatly increases, as the low pH in this 
compartment often provides denaturation and thus inactivation and detoxification of 
ingested proteins. The oligopeptidases of the intestinal mucosa are not very important for 
the toxicity prevention, albeit they play a role as protectors against exogenous signals, as 
many proteins could possess hormonal properties (Widmaier et al. 2011). The pancreatic 
enzymes are still important for the defensive function, as they split large proteins into small 
chunks, thus destroying potential immunological epitopes. 

3. The evaluation of protein and peptide digestibility 
There are several approaches to the evaluation of protein digestibility. The most common of 
these include single-enzyme systems, based on pepsin and/or trypsin; whole-organ 
systems; cannula incision; and immobilized multiple digestive enzymes system. The latter 
model provides the most relevant data, while pepsin hydrolysis is the simplest. Several 
more rare models will be also described (for example, the use of cell fractions of small 
intestine, culture of Caco-2 cells, yeast surface enzymes, tissue fragments). 

3.1 Isolated enzymes 

One of the simplest models of protein digestion is the use of the purified major enzymes of 
stomach (pepsin) and pancreas (trypsin and chymotrypsin)  (Horii et al. 2009; Huang et al. 
2010; Kamata et al. 1982; Nielsen et al. 1988; Stanic et al. 2010; Yagami et al. 2000), 
implemented either separately of subsequently. The products of the digestion are usually 
analyzed using SDS-PAGE with the separation range from 3 to 20-30 kDa (Stanic et al. 2010; 
Yu et al. 2011) or reverse-phase HPLC (Bublin et al. 2008). In rare cases, mass spectrometry 
is also employed to characterize the digestion products (Dupont et al. 2010). 

The procedure of pepsin and trypsin/chymotrypsin digestion is defined in the US and EU 
Pharmacopoeias (Council of Europe 2004; United States Pharmacopeial Convention 2006), 
and prescribes the exact composition of the incubation medium, enzyme to protein ratio and 
incubation time. 

Several optimizations of enzyme digestion assay exist. First of all, the inclusion of non-protein 
components of gastric and intestinal juice, such as phosphatidyl choline and bile, and some 
potential food components (pectin) could significantly change the analysis result (Bublin et al. 
2008; Dupont et al. 2010; Mandalari et al. 2009; Polovic et al. 2010). Not all proteins respond to 
such changes, but sometimes partially unfolded form of the protein is able to penetrate into the 
phosphatidyl choline vesicles. These interactions are probably responsible for slowing of 
gastric digestion by reducing the accessibility of the protein to pepsin (Moreno et al. 2005). 
Another option is the use not only of the major luminal proteases, but also of other enzymes: 
aminopeptidase M, leucine aminopeptidase, carboxypeptidase A and carboxypeptidase Y 
(Dizdaroglu et al. 1984; Tonglet et al. 2001), or modeling of the subsequent interaction of food 
protein with saliva, gastric juice and duodenal juice (Versantvoort et al. 2005), and heating 
during food processing (Nielsen et al. 1988), a group of approaches which should be 
definitively considered if some protein seems to be stable. Horii et al. implemented another 
interesting modification of enzyme digestion procedure. They introduced test protein into the 
incubation medium not as a solution of individual molecules, but as a component, expressed 
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on the surface of a whole yeast cell. The aim of this study was to check the stability of 
expressed oral vaccine, and it has shown that indeed, a protein displayed on the yeast cell 
surface had an increased resistance to pepsin, possibly due to pepsin underwent steric 
hindrance and only digested the outermost side of the yeast cell wall protein (Horii et al. 2009). 

An unquestionable advantage of individual enzyme digestion method is its simplicity and 
speed, as the whole analysis takes only about 2 to 3 hours to complete (including the 
products separation) and does not require any specific instrumentation or animal 
procedures. Wickham et al., however, notices, that such models «are particularly useful 
where there is limited digestion, e.g. stomach, but are less applicable for total digestion 
studies. These types of models are predominately used for digestion studies on simple foods 
and isolated or purified nutrients, and are therefore ideal for assessments of the digestibility 
of isolated allergenic proteins» (Wickham et al. 2009). 

3.2 Isolated digestive tract compartments 

An intermediate between in vivo and in vitro protein digestibility assays is the utilization of 
isolated digestive tract compartments (Polovic et al. 2010; Wickham et al. 2009). The 
experimental procedure requires an animal to be sacrificed immediately before the 
measurement. After that, the required compartment is surgically removed and either placed 
into a vial with a simulated fluid of this compartment, or sealed both sides with the salt 
mixture with substrate within. A variation of this technique implies the inversion of a 
digestive tract compartment inside out before sealing, so the resultant bag is put into a 
beaker with the substrate-containing solution, and the digestion products diffuse to the 
internal volume of such bag. Some researchers add glucose to the incubation medium to 
provide the tissue with energy. 

The strong point of this approach is that the digestion and absorption systems of the 
intestine remain intact, and so the biological significance of the obtained results is very high, 
and the question on whether the digestion products really pass through the intestinal wall is 
immediately answered. The isolation of reaction products is also rather simple, as they are 
automatically separated from the source protein and mucosal proteins (if a sealed 
compartment bag is employed). The downsides of this method are, of course, high animal 
requirements and low suitability for high-throughput screening. 

3.3 In vivo methods 

In vivo methods, albeit the most complex ones, are at the same time the most informative 
ones. The two possible strategies within this group are based on the evaluation of either the 
remnants of the substrate within or at the end of digestive tract, or of the assimilation of the 
digestion products by the organism. 

The methods based on protein nitrogen utilization by an organism are subject of several 
great reviews, and we refer a curious reader to them for more details (Bender 1958; Darragh 
& Hodgkinson 2000; von der Decken 1983). Below, a short description of method families 
will be given. 

The first group of methods (protein efficiency ratio, net protein retention, rat-repletion 
method) use direct determination of the weight of animals, fed with a test protein. The 
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The situation changes significantly, as one tries to evaluate food protein toxicity and 
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on the surface of a whole yeast cell. The aim of this study was to check the stability of 
expressed oral vaccine, and it has shown that indeed, a protein displayed on the yeast cell 
surface had an increased resistance to pepsin, possibly due to pepsin underwent steric 
hindrance and only digested the outermost side of the yeast cell wall protein (Horii et al. 2009). 

An unquestionable advantage of individual enzyme digestion method is its simplicity and 
speed, as the whole analysis takes only about 2 to 3 hours to complete (including the 
products separation) and does not require any specific instrumentation or animal 
procedures. Wickham et al., however, notices, that such models «are particularly useful 
where there is limited digestion, e.g. stomach, but are less applicable for total digestion 
studies. These types of models are predominately used for digestion studies on simple foods 
and isolated or purified nutrients, and are therefore ideal for assessments of the digestibility 
of isolated allergenic proteins» (Wickham et al. 2009). 

3.2 Isolated digestive tract compartments 

An intermediate between in vivo and in vitro protein digestibility assays is the utilization of 
isolated digestive tract compartments (Polovic et al. 2010; Wickham et al. 2009). The 
experimental procedure requires an animal to be sacrificed immediately before the 
measurement. After that, the required compartment is surgically removed and either placed 
into a vial with a simulated fluid of this compartment, or sealed both sides with the salt 
mixture with substrate within. A variation of this technique implies the inversion of a 
digestive tract compartment inside out before sealing, so the resultant bag is put into a 
beaker with the substrate-containing solution, and the digestion products diffuse to the 
internal volume of such bag. Some researchers add glucose to the incubation medium to 
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The strong point of this approach is that the digestion and absorption systems of the 
intestine remain intact, and so the biological significance of the obtained results is very high, 
and the question on whether the digestion products really pass through the intestinal wall is 
immediately answered. The isolation of reaction products is also rather simple, as they are 
automatically separated from the source protein and mucosal proteins (if a sealed 
compartment bag is employed). The downsides of this method are, of course, high animal 
requirements and low suitability for high-throughput screening. 

3.3 In vivo methods 

In vivo methods, albeit the most complex ones, are at the same time the most informative 
ones. The two possible strategies within this group are based on the evaluation of either the 
remnants of the substrate within or at the end of digestive tract, or of the assimilation of the 
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The methods based on protein nitrogen utilization by an organism are subject of several 
great reviews, and we refer a curious reader to them for more details (Bender 1958; Darragh 
& Hodgkinson 2000; von der Decken 1983). Below, a short description of method families 
will be given. 

The first group of methods (protein efficiency ratio, net protein retention, rat-repletion 
method) use direct determination of the weight of animals, fed with a test protein. The 
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variations of this method lie in the employment of non-protein diet fed rats as a control 
group or starvation of animals before the introduction of a test meal  (Bender 1958; Henry 
1965). A variation of these methods suggests the determination not of the animal weight, but 
rather of amount of a specific tissue (liver, muscle, etc.), laid down while feeding on a test 
protein (Bender 1958; Mokady et al. 1969). These include protein retention efficiency and 
liver protein utilization. It should be noted, that the original growth determination methods 
are very animal-sparing, while the more advanced assays usually implicate animal death in 
order for some parameter to be determined. 

Another group of methods, developed with the aim to overcome the not-so-obvious 
relationship between protein in diet and growth rate, introduces direct determination of 
nitrogen either in food before and after passage through digestive tract, or in animal carcass; 
a variant of latter analysis implicates the division of animal group in several parts with 
subsequent determination of carcass nitrogen at different time points (Bender 1958). The 
methods in this group are Thomas-Mitchell method, N-balance index method, carcass-
nitrogen method and growth and nitrogen balance method. In some variations of nitrogen 
retention methods protein isotope labeling is required. 

The further development of nitrogen analysis concept led researchers to the development of 
some biochemical methods for protein nutritive value determination. These methods are based 
on several parameters, which strongly correlate with tissue growth: polyribosomal profiles or 
ribosome activity and content; the activity of enzymes involved in urea metabolism or 
transamination reactions; 3-methylhistidine (an excreted-only myosin component) production 
and creatinine excretion (Bender 1958; von der Decken 1983). Ribosome activity is quite 
informative, as it is sensitive enough to detect small differences in protein quality. The latter 
two parameters, on the other hand, are measured in urine and thus are suitable for humans. 

The current recommendation, when calculating a protein digestibility, is to determine the 
digestibility of a dietary protein across the entire digestive tract, using the rat as a model 
animal for humans. This fecal digestibility value is subsequently corrected for endogenous 
contributions of protein using a metabolic nitrogen value determined by feeding rats a 
protein-free diet, a task for which the protein digestibility-corrected amino acid score 
(PDCAAS) was introduced. To calculate a PDCAAS, the availability of the amino acids in a 
dietary protein is assessed based on the digestibility of total nitrogen (N) in that dietary 
protein. Digestibility is defined as the difference between the amount of N ingested and 
excreted, expressed as a proportion of N ingested. Although accepted as the recommended 
procedure, the use of fecal digestibility coefficients to evaluate amino acid availability is 
thought to be inherently inaccurate due to the metabolism of both dietary and endogenous 
proteins by the hindgut microbial population (Darragh & Hodgkinson 2000; Kies 1981). 

In fact, the aforementioned techniques are not precisely suitable for protein digestibility 
evaluation. The problem is that they measure protein assimilation and do not provide any 
data on how exactly a particular protein was or was not digested and transported. This 
hindrance is circumvented in the second group of in vivo approaches, which include 
swallowed probe utilization, anastomosis and cannula incision (Darragh & Hodgkinson 
2000; Faber et al. 2010). 

Anastomosis involves transecting the ileum anterior to the ileocecal junction and attaching 
this to the descending colon. This allows a quantitative collection of ileal digesta, but many 
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studies have shown that anastomosed animals have an altered physiology compared with 
intact animals. It should be noted that human ileostomates may also have an altered 
physiology compared with intact humans, which could also call into question the validity of 
using human ileostomates for the collecttion of ileal digesta (Darragh & Hodgkinson 2000). 

The insertion of a re-entrant cannula involves transecting the terminal ileum and sealing the 
two ends. A cannula is inserted into each end of the sealed ileum and the two cannulae are 
joined. This allows a quantitative collection of digesta. The surgery to insert a re-entrant 
cannula is complex, however, and involves total transection of the ileum. Blockage of the 
cannula is a common complication. Simple T-piece cannulation and postvalve T-cecum 
cannulation have the distinct advantage of maintaining the ileocecal valve intact and 
avoiding ileal transection; in this case there is also no surgical interference with the small 
intestine. In addition to that, most of the digesta should pass through such cannula during 
sampling, as the ileocecal value protrudes directly into it (Darragh & Hodgkinson 2000). 

The in vivo methods of protein bioaccessibility determination, such as retained nitrogen 
analysis, cannula incision and swallowed probe sampling, undoubtedly provide the most 
relevant data. However, their major drawback is experimental complexity and practical 
impossibility of any reasonable screening. 

3.4 Digestive tract simulators 

Most of the aforementioned models, excluding the animal ones, lack two important 
characteristics of digestive tract — the mechanical forces, exerted by stomach and intestinal 
walls, and the fact that food arrives into stomach and upper intestine not as a solution or an 
emulsion, but rather as a bolus with different accessibility of its internal and external 
contents for the enzymatic machinery. The digestive tract simulators try to overcome this 
situation. Usually they represent complex devices, consisting of several mixing chambers 
with programmatically controlled pH, mixing speed, temperature and valves between them, 
which provide a definite transition time from one compartment to another. The 
compartments that imitate intestine contain immobilized enzymes, either trypsin and 
chymotrypsin, or more complex mixtures including proteases of intestinal wall. The system 
is filled with simulated gastric and intestinal fluid plus phospholipids and/or bile, and the 
test substances are delivered into the system either in form of solution or within agarose 
beads (a way to mimic food bolus). The result of protein digestion in such system could be 
analyzed at any stage; the commonly employed analytical methods are SDS-PAGE (mass 
range 2-15 or 14-60 kDa) and reverse phase HPLC. 

The most representative example of such device is the Dynamic Gastric Model, described by 
Vardakou et al. (Vardakou et al. 2011). It is composed of three parts, the main body 
(fundus), the antrum and the valve assembly. In the main body of the model the 
inhomogeneous mixing of the stomach is reproduced by gentle contractions induced by 
computer-controlled changes in the applied pressure of water in the thermostated water 
bath surrounding the main body. Gastric acid and enzymes are added from a dispenser that 
is floating on the top of the main body contents. The dispenser is designed in such a way as 
to deliver the enzyme and acid evenly from the sides of the main body, replicating the 
human gastric secretions originating from the walls of the stomach. The rate of addition of 
both enzymatic and acid secretions is also computer-controlled. The food material is 
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studies have shown that anastomosed animals have an altered physiology compared with 
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cannula is a common complication. Simple T-piece cannulation and postvalve T-cecum 
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emulsion, but rather as a bolus with different accessibility of its internal and external 
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situation. Usually they represent complex devices, consisting of several mixing chambers 
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which provide a definite transition time from one compartment to another. The 
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is filled with simulated gastric and intestinal fluid plus phospholipids and/or bile, and the 
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beads (a way to mimic food bolus). The result of protein digestion in such system could be 
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allowed to move from the main body into the antrum, and vice versa. The artificial antrum 
simulates the strong shear forces of the human antrum to reproduce the breakdown of the 
food particles and the preferential sieving observed in vivo. The mechanical processing of 
the food within the antrum is achieved by the sliding of a piston within a barrel, which 
forces the material through an elastic annulus where selective sieving takes place. Once 
ready, the processed bolus is ejected through the valve assembly and can be collected for 
further analysis. 

Another widely used system is the Immobilized Digestive Enzyme Assay (IDEA), 
developed by Schasteen et al. (Schasteen et al. 2002). This system is somewhat more simple, 
and concentrates not on the grinding forces, but rather on the mixing of the «ingested» 
components and the food transition times through various digestive tract compartments. 
The overall digestion procedure consists of a stepwise acid solubilization, pepsin digestion, 
neutralization, trypsin, chymotrypsin and intestinal peptidase digestion followed by 
analysis of hydrolysis products. As follows from the model name, it relies on the glass 
beads-immobilized enzymes, and this allows for substantial costs reduction. The downside 
of this particular model is very long analysis time — up to 2.5 days. 

The digestive tract simulators possess several advantages. They are more efficient at 
predicting of the fate of tablets within the gastrointestinal tract and more accurate at the 
simulation of the interaction of investigated protein or peptide with other meal and chyme 
components. The use of immobilized enzymes allows the reduction of experiment costs. 
However, the pay-off of these systems lies within their design: the complete analysis 
procedure usually takes a day or even two, and the complexity of the system dramatically 
reduces the throughput, as usually only one protein could be analyzed by one device at 
once. Finally, such machines are usually too complex to build by a research team, and thus 
require a substantial capital investment at the initial stage of a research project. 

3.5 Other approaches 

Beyond aforementioned widely used approaches to study of protein digestibility, several 
less common or hybrid ones also exist. 

First of all, when it comes to the evaluation of protein nutritive value, the simplest way to 
determine it is to calculate relative quantity of essential amino acids in the test protein 
relative to some well-known food protein. Hansen et al. (Hansen 1975) describes two such 
indices: Essential Amino Acid Index (EAAI) and Arnoulds index. The reference protein in 
both cases is egg protein; the latter index differs by including of the sum of the non-
essential amino acids (NEAA) as part of equation. An unquestionable advantage of the 
amino acid scores is very low requirement of experimental work for production of 
preliminary estimates about a protein. However, this method does not take into account 
any properties of a protein, thus making impossible to draw any conclusions on its real 
bioaccessibility. 

Then, von der Decken et al. point out to the fact, that the protozoan Tetrahymena pyriformis W 
has a proteolytic enzyme to digest proteins and similar to human needs for essential amino 
acids, and thus could be a model for protein digestion (von der Decken 1983). Time 
consumption of such model is, however, rather high (48 to 66 hours), and the details of 
animal digestion process are missed as well. 
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Our group has recently suggested an assay, that tries to replicate the conditions of parietal 
digestion in small intestine, at the same time maintaining capability for high-throughput 
sample analysis (Akimov et al. 2010). The active component of this system is a fragment of 
rat stomach or intestinal wall, immersed in simulated gastric or intestinal fluid. The 
products are analyzed by HPLC. The utilization of tissue fragments allows for reduction of 
animal consumption, while still maintaining the whole set of intestinal peptidases and 
providing some phosphatidyl choline in the medium. The assay design is suitable for the 
processing of 40 samples per day. 

To simultaneously determine protein digestibility in small intestine and transport through 
epithelial cells, a hybrid model is often employed (Dhuique-Mayer et al. 2007; Jin et al. 2006; 
Versantvoort et al. 2005). The intestinal epithelium is represented by the Caco-2 cell culture, 
which is grown to the monolayer state on a membrane that separates two chambers. A test 
protein solution with digestive enzyme or after in vitro digestion is applied in one chamber 
and, if transport is possible, the products are collected from the second chamber. Two 
optimizations of this experimental design have been proposed: first, a mucin layer could be 
applied on the surface of the cell culture, thus mimicking the real mucus layer, which exists 
in intestine. Mucin protects cells from damage by luminal digestive enzymes and limits the 
passage of large (over 1500 Da) molecules to the cell surface (Jin et al. 2006). Second, Caco-2 
cells could be co-cultured with HT29-MTX cells, which imitate mucus-producing cells of 
small intestine; this approach could be considered a more natural variant of previous 
modification (Yao et al. 2010). The core complication of such methods is the requirement for 
the facilities for operations with animal cell cultures. On the other hand, the model could be 
used for medium-sized screening, has a decent degree of intestinal wall imitation and thus 
the obtained results are quite relevant. 

The final and most promising approach is the molecular modeling. In a work by Foltz et al. 
(Foltz et al. 2009) a special database was constructed to study the relationship between 
peptide structure and activity, permeability, and digestive stability. For this purpose, a total 
of 228 dipeptides were synthesized and their intestinal stability was evaluated by in vitro 
digestion. Then, a quantitative structure-activity relationship (QSAR) modeling was 
performed using partial least squares regression based on 400 molecular descriptors. The 
correlation coefficient for the best fit model was 0.76, and proteolytic stability for 12 new 
peptides was successfully predicted. As it is seen from the description above, molecular 
modeling has one major drawback: it requires a huge amount of preliminary data to build 
an efficient model. After that, it offers great speed and low experimental costs, but the 
aforementioned initial stage makes this approach suitable only for large screening 
experiments. 

4. Current view of protein stability evaluation in different fields  
The common approaches to the determination of the protein and peptide digestibility in 
different areas of research varies significantly: 

 Allergenicity studies are usually the simplest ones and rely on direct hydrolysis of test 
substrate by pepsin and a combination of trypsin with chymotrypsin in simulated 
gastric and intestinal fluids. 

 Biological value is most commonly determined using animal assays. 
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substrate by pepsin and a combination of trypsin with chymotrypsin in simulated 
gastric and intestinal fluids. 

 Biological value is most commonly determined using animal assays. 
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 The studies on the properties of digestive enzymes rely on the purified enzymes or on 
fractionated homogenates of the parts of gastrointestinal tract. 

 Pharmacological studies tend to use complicated devices for the evaluation of the 
ability of a particular pharmacological form to degrade in specific compartment of 
digestive tract. 

In fact, the stability towards protease degradation is not considered to be a basic method for 
the evaluation of potential protein allergenicity, albeit the resistant proteins are usually 
allergenic  (Fu 2002). To better understand the data on the digestibility of any potential 
immunogenic peptide, a basic picture of the underlying mechanisms is necessary (for more 
details reader is referred to an excellent review by Huby et al. (Huby et al. 2000)).  

Allergic sensitization to proteins involves the induction of IgE type antibodies production of 
sufficient magnitude by differentiated B-lymphocytes to facilitate the elicitation of an 
inflammatory reaction following subsequent exposure to the same (or a cross-reactive) 
allergen.  For a B cell to differentiate into a plasma cell and produce antibodies, the B-cell 
receptor expressed on its surface must bind to specific B epitopes on the surface of the 
protein antigen. The antibodies subsequently produced by the plasma cell, into which the B 
cell differentiates, have the same specificity as the B-cell receptor, and are therefore able to 
bind specifically to the same B epitopes on the surface of the protein antigen. Efficient 
secretion of antibodies normally requires that the B cells receive help from T-helper cells 
that specifically recognize separate epitopes on the same protein antigen. Such recognition is 
mediated by the T-cell antigen receptor, which delivers stimulatory intracellular signals to 
the T cell. Allergenic proteins per se cannot be recognized by T cells; the proteins must first 
be processed and then presented by specialized antigen-presenting cells (APCs) (Gorovits 
2010; Huby et al. 2000). 

After the first contact with an antigen the T-helper-stimulated B-cells differentiate and 
become ready to produce antibodies. Thus, if such antigen is encountered for the second 
time, there will be some antibodies against it present in the blood flow, and the production 
of their large quantities will start immediately. The IgE antibodies, however, serve mainly as 
information transducers during allergic response. After antigen recognition they bind to the 
Fc receptors for IgE (FceR) on the surface of basophils and mast cells; for these cells to 
become activated and secrete histamine and other inflammatory mediators their receptors 
need to dimerize. Thus, the peptide is to be large enough to bind at least two antibodies, 
which will bring two FceR together. The minimal length of peptide chain, which could be 
recognized by IgE antibody (epitope), is 15 amino acids, and thus the minimum size of an 
immunogenic peptide should be around 30 amino acids or 5-6 kDa  (Van Beresteijn et al. 
1994). At the same time, the sensitization stage, when an antigen is recognized by T-cells 
and undifferentiated B-cells, requires only one epitope and thus a peptide size of around 3 
kDa (Moreno 2007; Van Beresteijn et al. 1994). 

The discussion above clearly indicates the valid conditions of digest products analysis: 
HPLC and MALDI are always informative enough, but SDS-PAGE is appropriate only if it 
includes molecular masses of 2-3 kDa, which unfortunately is not always the case (Huang et 
al. 2010; Yagami et al. 2000; Yu et al. 2011). 

Even after all the requirements for the stability assay of a potential allergen are met, the 
results should be interpreted with caution, as some stable proteins are not allergens at all, 

 
Methods of Protein Digestive Stability Assay – State of the Art 

 

225 

and some other, which are completely degraded in the experimental conditions, still induce 
immune response in vivo (Faeste et al. 2007; Fu 2002; Jensen-Jarolim & Untersmayr 2006).  

One of the complicated moments during the immune response is that depending on the type 
of T-cell, the type of antibodies produced by the B-cell could be changed: Th2 cells produce 
a cocktail of cytokines that, among other actions, encourage plasma cells to switch to 
synthesis of IgE, while Th1 cells typically produce interleukin 2, interferon gamma, and 
tumor necrosis factor (TNF)-alpha/beta, that together downregulate IgE synthesis. Only one 
type of stimulation could be active for a given antigen, as Th1 cytokines suppress Th2 cell 
development, and vice versa. Structural investigations of several allergens have identified T 
epitopes implicated in the selective development of Th2-type lymphocytes. Some allergens, 
such as ovalbumin, have only a few epitopes that preferentially induce a Th2 response, 
whereas others, such as beta-lactoglobulin, have many. The potential to induce a polarized 
(Th1 or Th2) response is not exclusively an intrinsic property of particular epitopes; the 
quality of the T-cell response to any given epitope depends upon many factors, including 
the dose of protein or peptide given, the affinity of the peptide for MHC class II receptor, 
and the longevity of the class II/peptide complex.  Together, these parameters act to 
influence the dynamic epitope density on the surface of APCs. It is generally agreed that 
parameters that serve to increase ligand density, including greater affinity to MHC class II, 
higher levels of ligand loading, or longer-lived complexes favor Th1-type responses (Huby 
et al. 2000). 

In addition to the possible anti-allergic action of Th1 epitopes, a significant variety into 
experimental results is introduced due to the experimental conditions differences. Several 
investigators term protein as «stable» after incubation times ranging from 8 to 60 min 
(Bannon et al. 2003; Fu 2002; Herman et al. 2006). As far as the unstable proteins usually 
survive less than 15 sec in the similar assay conditions, such conclusion seems to be quite 
correct. However, the 8-min survival could potentially be an indication of the protein 
instability, as the simplified conditions of simulated gastric and intestinal fluid do not take 
into account intestinal mucosa peptidases or minor luminal endopeptidases. Then, albeit 
standardized in the last period, the enzyme to substrate ratios vary between different 
research groups (Herman et al. 2006), and thus obtained stability or instability may not 
adequately reflect the reality. 

Finally, the conditions inside the digestive tract during the potential allergen ingestion are of 
crucial importance. For example, during inflammation the permeability of digestive tract is 
increased (Perrier & Corthésy 2011); then, any elevation of the pH should result in 
hindrance of peptic degradation. Numerous situations with elevated stomach pH are 
known, e.g. in early childhood, in elderly, or in chronic atrophic gastritis. Moreover, there is 
a number of pathologies, like gastritis or ulcer, where acid neutralization or inhibition is an 
important therapeutic goal. Acid neutralization is state of the art during surgical care, 
corticosteroid or analgesic treatment. Moreover, anti-acids, H2-receptor blockers and proton 
pump inhibitors are increasingly consumed without prescriptions due to liberalization of 
the market by over-the-counter sale (Jensen-Jarolim & Untersmayr 2006). 

As a logical consequence of the aforementioned complications, immunogenicity assessment 
is typically done using a multistage strategy, generally including an digestive stability and 
antibody affinity screening assay, a specificity confirmation step, and in some cases a 
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characterization step. Samples are first evaluated in a screening assay, for which an assay 
threshold has been set based on the variability of samples from a drug naïve target patient 
population. Screen positive samples are further evaluated in a confirmatory assay to verify 
whether the signal observed in the screening assay is a result of a specific response to the 
protein therapeutic treatment. Confirmed positive samples are then put into downstream 
methods for sequential characterization based on the comprehensive consideration of 
immunogenicity risk assessment and mechanism of action for the protein therapeutic 
(Gorovits 2010; Peng et al. 2011). 

The studies of protein nutritive value usually rely on the in vivo experiments or on the data 
on protein amino acid composition. The point is that the most important aim of such studies 
is to tell, whether a given protein (perhaps after some processing) is suitable for supplying 
body needs for energy and essential amino acids. The question on how does an organism 
manage to consume that protein is often ignored, albeit it is tempting to speculate that the 
exact metabolic route from the whole protein to the amino acids and energy inside body 
cells could be important as well. One should note that as it was shown in section 2, there are 
several conceptually different steps in protein digestion (denaturation and splicing in large 
chunks in stomach, splicing in tetra- to dipeptides and individual amino acids in small 
intestine and various processing by the large intestine microbiota), whose efficiency could 
be independently affected by the protein structure and modifications, and thus during some 
pathological conditions a protein of a high nutritive value could suddenly lose it. 

The in vivo evaluation of nutritive value consists of animal feeding with test protein with 
subsequent analysis of either the amount of absorbed or unabsorbed protein fractions, or the 
degree to which such meal is able to sustain animal growth. The experiments are usually 
quite long, expensive and involve complex manipulations with animals. The direct 
determination of protein amino acid composition is much simpler. The only complication of 
such approach is that the degree to which the constituent amino acids of a food protein are 
actually available to the body is determined by such factors as protein configuration, amino 
acid bonding, other constituents of the diet, and the physiological condition of the 
gastrointestinal tract of the individual person or animal involved. However, the correlation 
between prediction and performance is quite good: prediction for poor performance of 
proteins devoid or nearly devoid of an essential amino acid as well as of good performance 
for proteins containing all essential amino acids according to idealized patterns is excellent. 
However, fine-line predictions of intermediate quality are less accurate, and surprises are 
not uncommon (Kies 1981). Thus the in vivo models are still a preferred way for nutritive 
value analysis. 

Enzymatic studies are usually concerned not with the stability of a some protein, but rather 
with the distribution, specificity and kinetics of a particular enzyme, and thus they usually 
implement some procedures of purification from animal tissues (Krzysik & Adibi 1977; 
Smith & Bergmann 1944; Sterchi & Woodley 1980a) or of expression of a recombinant 
enzyme in some prokaryotic or eukaryotic cells (Hauri et al. 1985; Lentze 1995). The 
applicability of such procedures is usually quite legitimate, albeit the biological significance 
and theoretical value of the obtained results could vary. The enzyme-to-substrate ratios in 
such studies usually do not resemble the in vivo situation, and thus the real significance of a 
given enzyme for the digestive process could not always be predicted. The differences of 
purification procedures complicate the integration of data from various research groups into  
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Name Reproduced conditions Time to complete and special 
conditions Reference 

In vitro methods 
Simulated gastric 
fluid 

Stomach lumen without 
mechanical forces after 
individual ingestion 

Hours (Thomas et al. 
2004) 

Simulated 
intestinal fluid 

Intestinal lumen without 
shed mucosal cells and 
mechanical forces after 
individual ingestion 

Hours (Tonglet et al. 
2001) 

Amino acid score Ability of protein to  be 
a source of essential 
amino acids 

Hours (Hansen 1975) 

Organ fragments Mucosal and 
intracellular digestion 

Hours; HPLC or MALDI 
analysis 

(Akimov et al. 
2010) 

A device with 
immobilized 
enzymes 

Luminal digestion with 
mechanical forces ant 
transitional times 
without mucosal 
enzymes 

Hours (single compartment) to 
days (whole digestive tract); 
requires a special device 

(Vardakou et al. 
2011) 

Ex vivo methods 
Caco-2 cell culture Luminal and 

intracellular intestinal 
digestion, transport  

Hours + cell culture 
preparation; requires animal 
cell culture facilities 

(Dhuique-Mayer 
et al. 2007) 

Isolated organs Luminal, mucosal and 
intracellular digestion of 
a given organ, transport

Hours (Curtis et al. 1978) 

Bacterial culture Microbial digestion in 
large intestine; ability to 
provide essential amino 
acids 

Hours; requires 
microbiological facilities 

(Bender 1958) 

In vivo methods 
Nitrogen balance Whole digestion process 

in a given health 
condition 

Days-weeks; may require 
isotope labeling 

(Mokady et al. 
1969) 

Cannula/probe Digestive process up to 
the point of probing 
without data on 
digestion products  

Days(cannula); hours(probe); 
applicable for human 

(Darragh & 
Hodgkinson 2000; 
Faber et al. 2010) 

In silico methods 
QSAR Predicts degradation in 

any conditions 
depending on model 

Minutes (computation), weeks 
to months (database and 
model development); requires 
large experimental body (data 
on 100-200 proteins) 

(Foltz et al. 2009) 

Table 2. A comparison of different method classes for protein digestibility evaluation 
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one picture (cf., for example, the discussion in the work by Sterchi et al. (Sterchi & Woodley 
1980a)). 

The aim of a substantial part of pharmacological studies of peptide- and protein-based 
therapeutics is often the evaluation of the disintegration, dissolution and drug release 
profiles of oral drug formulations (Vardakou et al. 2011). Thus another aspect of food 
digestion becomes important – the mechanical grinding and mixing forces, exerted on a 
pharmaceutical formulation by various digestive tract compartments. To simulate such 
conditions devices of various complexity are employed (Schasteen et al. 2002; Vardakou et 
al. 2011). The applicability of such devices for the drug form disintegration testing is 
unquestionable, however, usually they reproduce only the luminal phase of food digestion. 
Thus the evaluation of the ability of released protein or peptide to get to the blood flow 
intact requires additional methods. 

A short reference of available method types is provided in table 2. It should be noted, that 
some in vitro methods could be combined and expanded to provide more relevant data. For 
example, single-enzyme digestions by stomach and small intestine could be performed 
sequentially, the Caco-2 cell culture is often overlaid by a simulated gastric fluid and 
possibly mucin (to protect cells and imitate the similar layer present in vivo). The 
computational methods are the most adaptive and powerful ones, however, to date their 
usability is limited to large screening studies due to huge preparatory experimental work. 

5. Conclusion 
Significant progress has been made in the modeling of protein digestion and absorption in 
gastrointestinal tract since the first works on this topic in the beginning of the XX century. A 
multitude of methods of various complexity, biological significance, animal requirements 
and human applicability now exist to answer the question on digestibility of proteins and 
peptides. The degree of biological processes imitation ranges from single luminal enzymes 
in simulated gastric or intestinal fluid model to sophisticated devices, which take in account 
grinding, mixing and turbulence forces and transition times, as well as isolated animal 
organs. 

There is, however, no single method, which will suit every possible research goal. The 
problem is, that as the biological significance increases, time and labor requirements also 
rise tremendously, and methods became progressively less suitable for high throughput 
screening, which is often required. In addition to this, there is no experimental model, which 
could imitate every last component of the digestion process. The enzyme-only models and 
organ fragments ignore mechanical forces, digestive devices lack intracellular hydrolases 
and transport steps, isolated organs usually represent only one compartment of the whole 
system, and they fail to exert mechanical forces as well. As there is no efficient methodology 
of sampling of the digested products after they are absorbed, but before they enter blood or 
lymph, whole animal models are also limited – they can only answer questions, whether a 
protein was absorbed and if it was suitable for the sustaining normal growth of an 
organism. A very promising approach has appeared with the development of the high-
performance computation methods, that is, molecular modeling. Theoretically, 
mathematical modeling is able to join data on the digestion patterns of various proteins 
from in vitro experiments with the results of in vivo tests of the ability of an organism to 
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utilize these proteins. However, a vast array of preliminary data is required for optimization 
and validation of such models, and so they are relatively rare. 

Thus, when considering various methods of protein digestibility assay, one should first of 
all define the limitations of the research at hand. If a high throughput screening is required? 
If there is a need for any data on digestion products? If absorption efficiency could vary and 
is essential? If a protein should serve as food or not? A possible decision tree for method 
optimization is presented on figure 1, albeit it should be considered more as a reference than 
a rule. 

 
Fig. 1. A decision tree for protein or peptide digestibility assay choice 
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multitude of methods of various complexity, biological significance, animal requirements 
and human applicability now exist to answer the question on digestibility of proteins and 
peptides. The degree of biological processes imitation ranges from single luminal enzymes 
in simulated gastric or intestinal fluid model to sophisticated devices, which take in account 
grinding, mixing and turbulence forces and transition times, as well as isolated animal 
organs. 

There is, however, no single method, which will suit every possible research goal. The 
problem is, that as the biological significance increases, time and labor requirements also 
rise tremendously, and methods became progressively less suitable for high throughput 
screening, which is often required. In addition to this, there is no experimental model, which 
could imitate every last component of the digestion process. The enzyme-only models and 
organ fragments ignore mechanical forces, digestive devices lack intracellular hydrolases 
and transport steps, isolated organs usually represent only one compartment of the whole 
system, and they fail to exert mechanical forces as well. As there is no efficient methodology 
of sampling of the digested products after they are absorbed, but before they enter blood or 
lymph, whole animal models are also limited – they can only answer questions, whether a 
protein was absorbed and if it was suitable for the sustaining normal growth of an 
organism. A very promising approach has appeared with the development of the high-
performance computation methods, that is, molecular modeling. Theoretically, 
mathematical modeling is able to join data on the digestion patterns of various proteins 
from in vitro experiments with the results of in vivo tests of the ability of an organism to 
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utilize these proteins. However, a vast array of preliminary data is required for optimization 
and validation of such models, and so they are relatively rare. 

Thus, when considering various methods of protein digestibility assay, one should first of 
all define the limitations of the research at hand. If a high throughput screening is required? 
If there is a need for any data on digestion products? If absorption efficiency could vary and 
is essential? If a protein should serve as food or not? A possible decision tree for method 
optimization is presented on figure 1, albeit it should be considered more as a reference than 
a rule. 

 
Fig. 1. A decision tree for protein or peptide digestibility assay choice 
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1. Introduction 
Mesenteric ischemia occurs when perfusion of the visceral organs fails to meet normal 
metabolic requirements. This disorder is categorized as either acute and chronic, based on 
the duration of symptoms. Acute mesenteric ischemia (AMI) occurs rapidly over hours to 
days and frequently leads to acute intestinal infarction requiring resection. 

2. Anatomy of the visceral arteries 
The celiac artery arises from the abdominal aorta just caudal to the diaphragm at the level of 
L1 and is bordered by the median arcuate ligament at the aortic hiatus superiorly and the 
superior border of the pancreas inferiorly.Traditionally, the three branches from this 
common trunk include the left gastric, splenic, and common hepatic arteries. However, 
multiple variations of the true “trifurcation” can exist. Most frequently, the common hepatic 
artery and its branches arise from the SMA or directly from the abdominal aorta (1). 

The SMA arises a few centimeters caudal to the celiac trunk, and its origin is crossed by the 
neck of the pancreas and the splenic vein. 

The IMA is usually located 3 to 4 cm cephalic to the aortic bifurcation, just to the left of 
midline, and usually arises at the level of the third lumbar vertebra. 

2.1 Acute mesenteric ischemia 

2.1.1 Embolism 

The most common cause of AMI is embolization to the SMA. Arterial emboli are responsible 
for 40% to 50% of cases of AMI (2, 3, 4).The proximal source of the embolus is frequently 
intracardiac mural thrombus. Mural thrombus in proximal aneurysms in the thoracic or 
proximal abdominal aorta can also serve as embolic sources. Because the SMA arises at a less 
acute angle from the abdominal aorta compared with the other mesenteric vessels, it appears 
to be the most common final destination for mesenteric emboli. Additionally, such emboli tend 
to lodge several centimeters from the vessel's origin, usually distal to the middle colic artery. 

2.1.2 Arterial thrombosis 

Arterial thrombosis constitutes the next most common cause of AMI and occurs in 20% to 
35% of cases (4, 5). Preexisting atherosclerotic plaque affecting all visceral vessels is the  
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Fig. 1. Anatomy of the visceral arteries  

most common finding. The affected segment of artery is usually its origin at the level of the 
aorta. Patients with acute arterial thrombosis frequently have preexisting symptoms of CMI. 
Acute extension of an aortic dissection can also serve as a mechanism for abrupt mesenteric 
vessel occlusion and thrombosis. The degree of intestinal infarction was significantly greater 
in patients with SMA thrombosis compared with embolus. 

2.1.3 Nonocclusive mesenteric ischemia 

Impaired intestinal perfusion in the absence of thromboembolic occlusion is termed 
nonocclusive mesenteric ischemia (NOMI). Symptomatic patients are frequently found to 
have extensive atherosclerosis, with involvement of all three visceral arteries. However, 
NOMI can also occur in patients without mesenteric arterial occlusive disease (6, 7, 8). 
Visceral ischemia can occur due to low-flow states, especially in conjunction with intestinal 
atherosclerotic disease. NOMI most commonly occurs secondary to cardiac disease, 
particularly severe congestive heart failure (9). 
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2.1.4 Mesenteric venous thrombosis 

MVT constitutes 5% to 15% of all cases of mesenteric ischemia (10). Involvement is usually 
limited to the superior mesenteric vein but can also involve the inferior mesenteric vein and 
portal vein. The extent of bowel ischemia depends largely on the degree of venous 
involvement. Inherited or acquired hypercoagulable diseases, including protein-C and -S 
deficiency, polycythemia vera, antithrombin III deficiency, antiphospholipid antibody 
syndrome, and factor V Leiden mutation, are frequent causes.  

3. Clinical presentation 
3.1 Acute mesenteric ischemia 

The most common symptom of AMI associated with arterial thromboembolic disease is the 
sudden onset of abdominal pain. Lack of collateral flow to the visceral organs leads to a 
more dramatic presentation in AMI, with severe, rapid clinical deterioration. Nausea, 
vomiting, diarrhea, emptying symptoms, and abdominal distention can also occur. Patients 
with NOMI or MVT typically present with a slower clinical course. Frequently, patients 
with NOMI are critically ill, hospitalized, intubated patients who experience a sudden 
deterioration in their clinical condition. 

 
Fig. 2. Acute Mesenteric Ischemia (intraoperative photograph)  

3.2 Chronic mesenteric ischemia 

Postprandial abdominal pain and progressive weight loss are the most common symptoms 
in patients with CMI. Pain is often described as dull and crampy and located in the 
midepigastric region. The course of symptoms can be equated with intestinal claudication. 
Lack of energy leads to failure of the intestinal smooth muscle to relax, which intensifies the 
cramping pain. Pain often occurs 15 to 45 minutes after a meal, and the severity varies 
according to the size and type of meal. Patients typically develop “food fear” and decrease 
their oral intake in anticipation of severe pain after meals. Changes in bowel habits, nausea, 
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and vomiting are less common findings. CMI is believed to be more prevalent in elderly 
women (11). The variable nature of symptoms often makes the diagnosis confusing and can 
result in delayed treatment. The traditional risk factors for atherosclerosis are usually 
present. A heavy smoking history is frequently obtained. The majority of patients also have 
a history of symptomatic manifestations in other vascular beds, most commonly 
cerebrovascular, coronary, and peripheral arteries.  

Physical examination findings are usually nonspecific. Patients are commonly 
undernourished and cachectic.An abdominal bruit can sometimes be auscultated but is not 
always present. Bowel sounds are frequently hyperactive. Guarding and rebound 
tenderness are usually absent. Low prealbumin and albumin levels are often seen, owing to 
the patient's chronic malnourished state. 

4. Diagnostic evaluation 
4.1 Noninvasive evaluation 

Duplex ultrasonography is a useful tool for the early, noninvasive diagnosis of visceral 
ischemic syndromes. Color Doppler scanning can be used to assess the flow velocities and 
resistance index in the splanchnic arteries and their arterial beds, as well to evaluate end-
organ vascularity (12). 

Computed tomography (CT) is an accurate, noninvasive imaging modality for diagnosing 
mesenteric ischemia, CTA diagnosed AMI with a sensitivity of 96% and a specificity of 94%.  

Magnetic resonance angiography (MRA) is useful for diagnosing mesenteric occlusive 
disease. Because MRA takes significantly longer to perform than CTA, its role in evaluating 
patients with AMI is limited.  

4.2 Invasive evaluation 

Conventional angiography remains the “gold standard” in the diagnosis of mesenteric 
ischemia. Anteroposterior and lateral views of the visceral aorta as well as selective 
catheterization of the celiac trunk, SMA, and IMA, provide the most accurate and specific 
localization of stenotic and occlusive lesions. Therapeutic alternatives such as balloon 
angioplasty, stenting, and thrombolysis and percutaneous thrombus extraction can all be 
used to restore luminal visceral blood flow.  

5. Treatment of acute and chronic mesenteric ischemia 
Medical treatment alone is not effective in these patients. Preventive risk factor modification 
helps control the progression of atherosclerosis in the mesenteric circulation as well as other 
vascular beds. Patients with known risks for inheritable hypercoagulable disorders should 
undergo screening and should be treated with systemic anticoagulation if indicated. 

5.1 Endovascular treatment 

Advances in endovascular techniques have greatly expanded the role of percutaneous 
interventions for patients with mesenteric ischemia in recent years. However, endovascular 
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management remains largely limited to patients with CMI. Balloon angioplasty and stenting 
are the most common interventions, and recent reports have documented excellent technical 
results with low patient morbidity.Endovascular therapy should be the treatment of choice 
in high-risk patients with CMI (13, 14, 15, 16). High technical success rates and decreased 
patient morbidity and mortality rates have been reasonably well established in such 
individuals.  

 
Fig. 3. A, Lateral arteriogram of the celiac axis and superior mesenteric artery. Note the mild 
orificial stenosis in the celiac axis and the severe stenosis in the proximal superior 
mesenteric artery. B, Completion study after angioplasty and stenting of the superior 
mesenteric artery stenosis. Note the widely patent superior mesenteric artery, with no 
evidence of stenosis 

5.2 Surgical treatment 

Laparotomy with visceral revascularization can be used to treat patients with both AMI and 
CMI. Patients presenting with signs and symptoms of AMI require urgent abdominal 
exploration, assessment of bowel viability, and revascularization. Several techniques for the 
restoration of intestinal perfusion are available to the vascular surgeon, and familiarity with 
a variety of options is crucial. Before revascularization, large segments of both small and 
large intestine may appear dusky, ischemic, or necrotic.  

5.3 Acute mesenteric ischemia 

5.3.1 SMA embolectomy 

Perfusion of the mesenteric arteries is assessed by palpation and Doppler evaluation. In 
cases in which the obstruction is caused by an embolus, a proximal SMA pulse is often 



 
New Advances in the Basic and Clinical Gastroenterology 

 

238 

and vomiting are less common findings. CMI is believed to be more prevalent in elderly 
women (11). The variable nature of symptoms often makes the diagnosis confusing and can 
result in delayed treatment. The traditional risk factors for atherosclerosis are usually 
present. A heavy smoking history is frequently obtained. The majority of patients also have 
a history of symptomatic manifestations in other vascular beds, most commonly 
cerebrovascular, coronary, and peripheral arteries.  

Physical examination findings are usually nonspecific. Patients are commonly 
undernourished and cachectic.An abdominal bruit can sometimes be auscultated but is not 
always present. Bowel sounds are frequently hyperactive. Guarding and rebound 
tenderness are usually absent. Low prealbumin and albumin levels are often seen, owing to 
the patient's chronic malnourished state. 

4. Diagnostic evaluation 
4.1 Noninvasive evaluation 

Duplex ultrasonography is a useful tool for the early, noninvasive diagnosis of visceral 
ischemic syndromes. Color Doppler scanning can be used to assess the flow velocities and 
resistance index in the splanchnic arteries and their arterial beds, as well to evaluate end-
organ vascularity (12). 

Computed tomography (CT) is an accurate, noninvasive imaging modality for diagnosing 
mesenteric ischemia, CTA diagnosed AMI with a sensitivity of 96% and a specificity of 94%.  

Magnetic resonance angiography (MRA) is useful for diagnosing mesenteric occlusive 
disease. Because MRA takes significantly longer to perform than CTA, its role in evaluating 
patients with AMI is limited.  

4.2 Invasive evaluation 

Conventional angiography remains the “gold standard” in the diagnosis of mesenteric 
ischemia. Anteroposterior and lateral views of the visceral aorta as well as selective 
catheterization of the celiac trunk, SMA, and IMA, provide the most accurate and specific 
localization of stenotic and occlusive lesions. Therapeutic alternatives such as balloon 
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used to restore luminal visceral blood flow.  
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Medical treatment alone is not effective in these patients. Preventive risk factor modification 
helps control the progression of atherosclerosis in the mesenteric circulation as well as other 
vascular beds. Patients with known risks for inheritable hypercoagulable disorders should 
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management remains largely limited to patients with CMI. Balloon angioplasty and stenting 
are the most common interventions, and recent reports have documented excellent technical 
results with low patient morbidity.Endovascular therapy should be the treatment of choice 
in high-risk patients with CMI (13, 14, 15, 16). High technical success rates and decreased 
patient morbidity and mortality rates have been reasonably well established in such 
individuals.  

 
Fig. 3. A, Lateral arteriogram of the celiac axis and superior mesenteric artery. Note the mild 
orificial stenosis in the celiac axis and the severe stenosis in the proximal superior 
mesenteric artery. B, Completion study after angioplasty and stenting of the superior 
mesenteric artery stenosis. Note the widely patent superior mesenteric artery, with no 
evidence of stenosis 

5.2 Surgical treatment 

Laparotomy with visceral revascularization can be used to treat patients with both AMI and 
CMI. Patients presenting with signs and symptoms of AMI require urgent abdominal 
exploration, assessment of bowel viability, and revascularization. Several techniques for the 
restoration of intestinal perfusion are available to the vascular surgeon, and familiarity with 
a variety of options is crucial. Before revascularization, large segments of both small and 
large intestine may appear dusky, ischemic, or necrotic.  

5.3 Acute mesenteric ischemia 

5.3.1 SMA embolectomy 

Perfusion of the mesenteric arteries is assessed by palpation and Doppler evaluation. In 
cases in which the obstruction is caused by an embolus, a proximal SMA pulse is often 
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appreciated. Systemic heparinization is established. If the artery feels relatively soft and free 
of atherosclerotic disease, a transverse arteriotomy is performed distal to the area of 
obstruction, and the arterial lumen is assessed for thrombus. Balloon-tipped embolectomy 
catheters are gently passed proximally and distally until no more clot can be removed. Care 
must be taken not to overinflate the balloons and dissect the arterial intima. Distally, 
mesenteric vessels are very thin, and overinflation can result in rupture and intramesenteric 
extravasation. The transverse arteriotomy is then closed primarily with simple interrupted 
Prolene sutures if no endarterectomy is necessary. In cases in which a flow-limiting plaque 
is present, the arteriotomy is converted to a longitudinal one, and a local 
thromboendarterectomy is performed. Patch angioplasty with autogenous vein is the 
preferred method of revascularization owing to potential contamination from concomitant 
bowel resection. The arteriotomy site can also be used for distal anastomosis of an antegrade 
or retrograde bypass if necessary. 

5.4 Chronic mesenteric ischemia 

5.4.1 Transaortic endarterectomy 

Advantages of this operation include removal of atheroma from the aorta and both visceral 
arteries simultaneously. Limitations include the need for extended exposure of the upper 
abdominal aorta via medial visceral rotation and incomplete plaque removal if the atheroma 
extends to the distal artery or if transmural calcification is present. It is suitable for selected 
patients with CMI undergoing elective revascularizaion (17). 

 
Fig. 4. Endarteriektomie of the SMA  

5.5 Antegrade mesenteric bypass 

Reconstruction of the celiac artery and the SMA with a bifurcated prosthetic graft 
originating from the supraceliac aorta. The operation is done through an upper midline or 
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bilateral subcostal incision, depending on the patient’s body habitus and costal cartilage 
flare. Supraceliac-origin grafts are a poor choice in patients with compromised cardiac or 
pulmonary function or those with extensive atherosclerosis or circumferential calcification 
of the supraceliac aorta. In these cases, infrarenal sources of inflow are preferred (18, 19, 21). 

 
Fig. 5. Antegrade aortoceliac–superior mesenteric artery bypass 

5.6 Retrograde mesenteric bypass 

The infrarenal aorta, a prior infrarenal aortic graft, or the iliac artery are excellent inflow 
sources, Two-vessel reconstructions can be performed with retrograde grafts by doing a 
side-to-side anastomosis to the SMA and an end-to-side anastomosis to the common hepatic 
artery. These grafts may be passed on top of or beneath the pancreas and curved in a C 
shape toward the hepatic artery.  

6. Treatment of nonocclusive mesenteric ischemia 
The primary treatment for NOMI is medical, with extensive critical care support and 
prompt arteriography. Operative exploration is reserved for signs of peritonitis that suggest 
the presence of gangrenous bowel that requires excision. Interventional therapies can be 
initiated at the time of the diagnostic arteriogram and are targeted at relieving vasospasm 
using intra-arterial infusions of vasodilator medications. The most common intra-arterial 
agent is phosphodiesterase inhibitor papaverine and prostaglandin (22). Surgical 
exploration is required for all patients who have evidence of any threatened bowel, 
regardless of the underlying cause. The prognosis is poor, despite the absence of organic 
obstruction in the principal arteries. 
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Fig. 6. Retrograde aortoceliac–superior mesenteric artery bypass 

7. Treatment of mesenteric venous thrombosis 
Initial anticoagulation with heparin is the treatment of choice in patients without peritonitis. 
After initial anticoagulation, continued treatment with low-molecular-weight heparin 
(LMWH) or VKA is advocated. Uncertainties about bowel viability are assessed through 
laparotomy or laparoscopy; it is safer to perform a laparotomy to check for bowel viability 
in patients with signs of peritonitis and rebound tenderness. Endovascular treatment in 
combination with heparin infusion, with or without bowel resection, is an additional 
treatment tool (23, 24, 25, 26, 27). The indications for surgery are peritonitis, severe 
gastrointestinal bleeding, late small bowel perforation, and intestinal stricture; the last is 
often associated with chronic diarrhea. 

7.1 Splanchnic artery aneurysms 

True aneurysms of splanchnic arteries are less common than visceral artery 
pseudoaneurysms, but they remain an important vascular disease. Nearly 22% of these 
present as clinical emergencies, including 8.5% that result in death (28). The pathogenesis 
and natural history of these aneurysms have been reassessed, and in most instances 
redefined, within the past three decades as advances in imaging technology and 
endovascular treatments have begun to influence diagnostic and management strategies. 
Recognition of splanchnic artery aneurysms has increased because of the greater availability 
and widespread use of advanced imaging capabilities such as high-resolution computed 
tomography (CT) scanning, magnetic resonance angiography (MRA), sophisticated 
ultrasonography, and angiography. Selective arteriography remains the most valuable 
examination in planning therapy but noninvasive imaging techniques for diagnosis and 
operative planning are becoming increasingly important.  

Although surgery remains the mainstay of therapy for most splanchnic aneurysms, 
especially in the setting of rupture, many aneurysms (particularly those involving solid 
organs) are now treated with catheter-based interventions. Endovascular approaches are 
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commonly used to control the bleeding that accompanies aneurysm rupture (29), and 
prophylactic treatment of incidentally discovered intact aneurysms has become common 
(particularly those well-collateralized aneurysms that are imbedded within the pancreatic or 
hepatic parenchyma). Embolization has become the preferred treatment in patients at high 
surgical risk or for aneurysms in locations that are difficult to approach surgically.  
 

Arterial Location Incidence of Aneurysms 

Splenic 60.0% 

Hepatic 20.0% 

Superior mesenteric 5.5% 

Celiac 4.0% 

Gastric or gastroepiploic 4.0% 

Jejunal, ileal, or colic 3.0% 

Pancreaticoduodenal or pancreatic 2.0% 

Gastroduodenal 1.5% 

Inferior mesenteric Rare 

Table 1. Incidence of Aneurysms of the Splanchnic Arterial Circulation (30, 31) 

7.2 Splenic artery aneurysm 

The most common of the splanchnic artery aneurysms and account for as many as 60% of 
all reported splanchnic aneurysms (32). The most common clinical risk factors reported in 
association with Splenic Artery Aneurysm are female gender, a history of multiple 
pregnancies, and portal hypertension. A classic calcified ring may be noted in the left 
upper quadrant on a plain x-ray film of the abdomen.the patients may have an abdominal 
bruit, the majority of physical examinations are normal in patients with asymptomatic 
lesions. When rupture occurs, patients usually complain of acute left-sided abdominal 
pain. Shock, abdominal distention, and death can result from free intraperitoneal rupture 
of an Splenic Artery Aneurysm. The overall mortality of ruptured Splenic Artery 
Aneurysm is high (33). 

Splenic aneurysms that have ruptured or are symptomatic require urgent treatment. 
Additionally, aneurysms in pregnant women or those of childbearing age also absolutely 
warrant treatment. Less stringent indications for treatment include aneurysms that are 
noted to be enlarging or those greater than 2 cm in diameter. 

Endovascular exclusion of has been used more recently with general success. Treatment 
options include coil embolization of the splenic artery both proximal and distal to the 
aneurysm itself, thereby effectively “trapping” the lesion (34, 35). 

7.3 Hepatic artery aneurysms 

The hepatic artery is the second most common location for aneurysmal degeneration in the 
splanchnic circulation. The causes are degenerative (“atherosclerotic”), medial degeneration, 
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Endovascular exclusion of has been used more recently with general success. Treatment 
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The hepatic artery is the second most common location for aneurysmal degeneration in the 
splanchnic circulation. The causes are degenerative (“atherosclerotic”), medial degeneration, 
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fibrodysplasia, trauma, infection, biliary diseases and percutaneous or endoscopic 
procedures, polyarteritis nodosa, and congenital disorders. 

 
Fig. 7. Splenic Artery Aneurysm (intraoperative photograph) 

Symptoms can include epigastric or right upper quadrant pain and subsequent 
gastrointestinal hemorrhage and jaundice. Treatment options depend to a large extent on 
the anatomic location and morphology of the Hepatic Artery Aneurysms, underlying 
etiology, and status of the end organ (36, 37, 38, 39). 

7.4 Celiac artery aneurysms 

In contrast to Splenic Artery Aneurysms are Celiac Artery Aneurysms more commonly 
found in men. The causes are medial degeneration or atherosclerotic disease. Less common 
causes include trauma, collagen vascular disease, arterial dissection, anomalous splanchnic 
circulation, and mycotic aneurysms. Open surgical options included aneurysmectomy, 
aneurysmorrhaphy, and ligation (40). 

7.5 Superior mesenteric artery aneurysm 

Most commonly found within the first 5 cm of the artery,, these aneurysms are particularly 
dangerous because complications such as aneurysm rupture, acute thrombosis, or distal 
embolization may jeopardize the entire small bowel. 

Superior Mesenteric Artery Aneurysm associated with an infectious etiology in the majority 
of cases (Mycotic aneurysms). The majority of Superior Mesenteric Artery Aneurysms are 
symptomatic at initial evaluation. Treatment of Superior Mesenteric Artery Aneurysms 
should be considered regardless of size or symptomatology because of the high mortality 
risk associated with potential rupture. treatment must be individualized and based on the 
etiology, size, and anatomic location of the lesion; co-morbid conditions of the patient; and 
the potential morbidity of the proposed procedure (41, 42). 
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fibrodysplasia, trauma, infection, biliary diseases and percutaneous or endoscopic 
procedures, polyarteritis nodosa, and congenital disorders. 

 
Fig. 7. Splenic Artery Aneurysm (intraoperative photograph) 
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1. Introduction 
Clinicians are traditionally taught that the differential diagnosis of microcytic anemia is 
limited to a very few causes, with iron deficiency anemia on top of that list. While this may 
be true, the specific etiology of these causes and specifically the exact cause of the iron 
deficiency in each case is of clinical importance, as treatment of the anemia is very different 
for each cause. Just as the most common reason for severe microcytic anemia at any age is 
iron deficiency, the most common reasons for that deficiency at any age involve the 
gastrointestinal tract. The gastrointestinal tract is both the site of iron uptake and the most 
common site of blood loss. Thus, the gastrointestinal specialist plays a key role in 
diagnosing and managing microcytic anemia and must understand the various etiologies of 
microcytic anemia that are likely or possible in the population seen, including those cases 
that do not have a GI cause. In this chapter we will explain in a case based format the proper 
workup of the child and adolescent with microcytic anemia, emphasizing the role of the GI 
tract in the mechanism and of the GI specialist in the diagnosis and management. 

2. Overview of anemia 
Anemia refers to a hemoglobin (Hgb) or hematocrit (Hct) level lower than adult range or the 
age-adjusted range for healthy children. Normal values also vary depending on the gender 
and race of the patient. Since the main physiological role of red blood cells (RBCs) is to 
deliver oxygen to tissues, anemia is a condition where the body’s metabolic demands for 
oxygen may not be adequately achieved. The condition is usually secondary to various 
pathologic processes and is not considered a disease in itself.  

The causes for anemia can be broadly categorized into three pathological processes: 
decreased or ineffective erythropoiesis, increased hemolysis, and blood loss. However, cases 
where anemia is multifatorial in origin can exist. Anemia can also be further classified as 
microcytic, normocytic or macrocytic, referring to the mean corpuscular volume (MCV) 
which measures RBCs size, ranging from small, normal and large, respectively. This chapter 
will focus on microcytic anemia in children. The cases and information given are applicable 
to the general practitioner, but are aimed specifically at the pediatric gastroenterologist, 
focusing specifically on severe anemias that are severely microcytic, because these are the 
cases that impact the gastroenterologist most. An effort will be made to clarify much of the 
commonly thought but vague and misleading information about this condition.  
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microcytic anemia that are likely or possible in the population seen, including those cases 
that do not have a GI cause. In this chapter we will explain in a case based format the proper 
workup of the child and adolescent with microcytic anemia, emphasizing the role of the GI 
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2. Overview of anemia 
Anemia refers to a hemoglobin (Hgb) or hematocrit (Hct) level lower than adult range or the 
age-adjusted range for healthy children. Normal values also vary depending on the gender 
and race of the patient. Since the main physiological role of red blood cells (RBCs) is to 
deliver oxygen to tissues, anemia is a condition where the body’s metabolic demands for 
oxygen may not be adequately achieved. The condition is usually secondary to various 
pathologic processes and is not considered a disease in itself.  

The causes for anemia can be broadly categorized into three pathological processes: 
decreased or ineffective erythropoiesis, increased hemolysis, and blood loss. However, cases 
where anemia is multifatorial in origin can exist. Anemia can also be further classified as 
microcytic, normocytic or macrocytic, referring to the mean corpuscular volume (MCV) 
which measures RBCs size, ranging from small, normal and large, respectively. This chapter 
will focus on microcytic anemia in children. The cases and information given are applicable 
to the general practitioner, but are aimed specifically at the pediatric gastroenterologist, 
focusing specifically on severe anemias that are severely microcytic, because these are the 
cases that impact the gastroenterologist most. An effort will be made to clarify much of the 
commonly thought but vague and misleading information about this condition.  
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There have been numerous reviews on the evaluation of anemia and microcytic anemia in 
children (Jain & Kamat 2009, Janus & Moerschel 2010). Although these reviews attempt to be 
comprehensive, they tend to be overly simplistic and misleading. Specifically with regard to 
microcytic anemia, the impression given is that nutritional deficiency is the most frequent 
cause of iron deficiency and hence microcytic anemia. Although this may be true for mild 
anemia, it is certainly not true for severe anemia, where blood loss is far more common. 
While a child with a hemoglobin of 11 g/dL and mild microcytosis may have a lack of 
sufficient iron in his or her diet, a hemoglobin of 5 g/dL and MCV of 55 fL cannot be due to 
nutrition alone. Anyone at any age with such values requires investigation for a serious 
condition and should not be treated with iron supplementation alone. To assume that most 
cases of microcytosis should be treated with supplemental iron alone is to miss the 
opportunity and the necessity of the proper workup for significant pathology. 

2.1 Epidemiology of iron deficiency in children 

Iron deficiency and iron deficiency anemia affect a large proportion of people worldwide 
(Beard & Stoltzfus, 2001; Benoit 2001; Stoltzfus, 2001). According to the Fourth National 
Health and Nutrition Examination Survey (NHANES IV), iron deficiency without anemia 
exists in 7% of toddlers aged 1 to 2 years, 9% of adolescent girls, and 16% of women of 
childbearing age, (Looker, 2002) a true public health concern. Unfortunately, studies of the 
prevalence of iron deficiency anemia use arbitrary definitions of anemia and iron deficiency, 
such as a hemoglobin less than 11 (Eden & Mir, 1997). There is often no attempt to separate 
iron deficiency based on severity, so that the true incidence of severe iron deficiency anemia 
is unknown. 

It must be remembered that iron deficiency and iron deficiency anemia are somewhat 
distinct, but overlapping and related disorders. Although confirmatory studies are lacking, 
it is probably true that the greatest cause of iron deficiency worldwide and in the United 
States is nutrition, i.e. lack of sufficient iron in the diet, and the greatest cause of iron 
deficiency anemia worldwide and in the United States is slow gastrointestinal bleeding. 
Statistics stating the leading causes of these conditions can easily mislead the practitioner, 
since the epidemiology of iron deficiency and iron deficiency are different, and also varies 
by age, gender, socioeconomic status and geography. Worldwide, and especially in poor 
countries, infestation by hookworm (mostly Necator americanus and Ancylostoma 
duodenale) is the leading cause of gastrointestinal blood loss leading to iron deficiency and 
iron deficiency anemia. Infestation by Trichuris trichiura, the cause of trichuriasis 
(whipworm) infection is common throughout many parts of the world, and symptomatic 
infestations leading to iron deficiency or growth retardation preferentially affect children 
between 2 and 10 years of age. By contrast, in the United States, parasitic infestation has 
become distinctly rare due to improved sanitation and the fact that most children in the U.S. 
now wear shoes when outdoors. In the United States, cultural differences in feeding 
practices affect the incidence of iron deficiency anemia (Kwiatowski, 1999) 

2.2 Health effects of iron deficiency 

The association between iron deficiency anemia and impaired neurocognitive function is 
well established, and is independent of psychosocial and environmental factors. The 
association is especially strong in young children and infants (Oski, 1979). There is evidence 
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that iron deficiency that has not progressed to anemia is also associated with poor 
neurocognitive function (Akman et al., 2004; Cook & Lynch 1986; Grantham-McGregor & 
Ani, 2001; Oski, 1983, 1985; Pollitt et al., 1986). Many possible mechanisms for the 
association have been suggested and investigated, but the true etiology is unknown (Beard, 
2001; Erikson et al., 2001; Ortiz et al., 2004). Whether and to what extent this poor 
neurocognitive function can be reversed by correcting the deficiency is debated (Akman et 
al, 2004; Lozoff et al., 1982, 1996, 2000; Oski, 1983; Walter et al., 1989) 

Many types of anemia such as hemoglobinopathies, hemolytic anemias and iron deficiency 
lead to increased absorption of both iron and lead from the GI tract. Coupled with the 
increased incidence of pica in these anemias, one effect of anemia, including that due to iron 
deficiency, is the increased incidence of lead poisoning and its health effects.  

3. Differential diagnosis of microcytic anemia 
Students are traditional taught that the differential diagnosis of microcytic anemia includes 
five possible conditions: 

1. Iron deficiency anemia 
2. Thalassemia trait 
3. Lead poisoning 
4. Chronic disease 
5. Sideroblastic anemia 

Figure 1 shows a general schema for distinguishing these disorder based on RBC size (MCV) 
and hemoglobin level. The figure is not meant to show the exact values for these disorders, 
but to emphasize the relative values and emphasizes their overlap. After considering some 
of the disorders that overlap with iron deficiency, this chapter will focus on the severe 
anemias that are severely microcytic, i.e. those that are most likely due to iron deficiency. 
Note that lead poisoning is not included in the figure because as explained below it is now 
considered more of a consequence than a cause of iron deficiency; sideroblastic anemia is 
also not seen because it is not a distinct condition and thus shows considerable 
heterogeneity in hemoglobin and MCV. Likewise, bone marrow failure syndromes such as 
Diamond-Blackfan anemia, the erythropoietin deficiency of end stage renal failure, transient 
erythroblastopenia of childhood, and leukemia encompass a wide variety of separate 
disorders with different combinations of MCV and hemoglobin, but none of these are 
microcytic. 

It is important to keep in mind that the presence of one disorder does not exclude others. 
For example, iron deficiency may occur in patients with thalassemia, and patients may have 
concomitant acute and chronic bleeding. Also, the relationship is altered by therapy; hence 
patients who have been partially or inadequately treated may have values that do not fit the 
expected relationships. 

From a practical sense, when considering the above five disorders, the severely microcytic 
anemias limit this differential for the most part to the top two, and further considering only 
those that are severely anemic to a large extent eliminates all but the first. As we shall see, a 
large part of microcytic anemia in children, as in adults, and certainly the severe clinically 
important cases, is due to iron deficiency anemia. As will be discussed, once iron deficiency  



 
New Advances in the Basic and Clinical Gastroenterology 248 
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that iron deficiency that has not progressed to anemia is also associated with poor 
neurocognitive function (Akman et al., 2004; Cook & Lynch 1986; Grantham-McGregor & 
Ani, 2001; Oski, 1983, 1985; Pollitt et al., 1986). Many possible mechanisms for the 
association have been suggested and investigated, but the true etiology is unknown (Beard, 
2001; Erikson et al., 2001; Ortiz et al., 2004). Whether and to what extent this poor 
neurocognitive function can be reversed by correcting the deficiency is debated (Akman et 
al, 2004; Lozoff et al., 1982, 1996, 2000; Oski, 1983; Walter et al., 1989) 

Many types of anemia such as hemoglobinopathies, hemolytic anemias and iron deficiency 
lead to increased absorption of both iron and lead from the GI tract. Coupled with the 
increased incidence of pica in these anemias, one effect of anemia, including that due to iron 
deficiency, is the increased incidence of lead poisoning and its health effects.  

3. Differential diagnosis of microcytic anemia 
Students are traditional taught that the differential diagnosis of microcytic anemia includes 
five possible conditions: 

1. Iron deficiency anemia 
2. Thalassemia trait 
3. Lead poisoning 
4. Chronic disease 
5. Sideroblastic anemia 

Figure 1 shows a general schema for distinguishing these disorder based on RBC size (MCV) 
and hemoglobin level. The figure is not meant to show the exact values for these disorders, 
but to emphasize the relative values and emphasizes their overlap. After considering some 
of the disorders that overlap with iron deficiency, this chapter will focus on the severe 
anemias that are severely microcytic, i.e. those that are most likely due to iron deficiency. 
Note that lead poisoning is not included in the figure because as explained below it is now 
considered more of a consequence than a cause of iron deficiency; sideroblastic anemia is 
also not seen because it is not a distinct condition and thus shows considerable 
heterogeneity in hemoglobin and MCV. Likewise, bone marrow failure syndromes such as 
Diamond-Blackfan anemia, the erythropoietin deficiency of end stage renal failure, transient 
erythroblastopenia of childhood, and leukemia encompass a wide variety of separate 
disorders with different combinations of MCV and hemoglobin, but none of these are 
microcytic. 

It is important to keep in mind that the presence of one disorder does not exclude others. 
For example, iron deficiency may occur in patients with thalassemia, and patients may have 
concomitant acute and chronic bleeding. Also, the relationship is altered by therapy; hence 
patients who have been partially or inadequately treated may have values that do not fit the 
expected relationships. 

From a practical sense, when considering the above five disorders, the severely microcytic 
anemias limit this differential for the most part to the top two, and further considering only 
those that are severely anemic to a large extent eliminates all but the first. As we shall see, a 
large part of microcytic anemia in children, as in adults, and certainly the severe clinically 
important cases, is due to iron deficiency anemia. As will be discussed, once iron deficiency  
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Fig. 1. Approximate relationship of anemias according to hemoglobin and red cell size 
(MCV) 

is determined to be likely, the cause of the deficiency must be determined, and it is 
important for the clinician to distinguish blood loss from other causes. This list of causes 
varies depending on the age of the patient, the severity of the anemia and the severity of 
microcytosis. The chapter will outline a more thorough differential for all causes, leading 
towards a proper diagnosis before initiating treatment. We will emphasize that iron therapy 
alone is not adequate therapy; as such treatment alone will leave the cause of the anemia 
undiagnosed and untreated. 

3.1 Acute blood loss 

Since iron deficiency anemia is almost always due to chronic blood loss, the distinction 
between acute and chronic blood loss must be made. While both lead to anemia, the causes 
as well as the signs and symptoms are profoundly different between the two. As to the 
cause, acute blood loss can occur externally by any route or internally into practically any 
space, including intracranial, intrathoracic, retroperitoneal and abdominal. Isolated acute 
blood loss is normocytic, with a reticulocyte count that is not elevated until several days 
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after the event, providing the patient survives and has adequate iron stores, i.e. there is not 
coexistent chronic blood loss. Therefore the anemia of acute blood loss is due to blood loss, 
while the anemia of iron deficiency is due to iron loss, and is in fact a bone marrow failure 
syndrome limited to red cells due to lack of substrate (iron). 

Signs and symptoms of acute blood loss are very different from those of chronic blood loss. 
Acute blood loss leads to volume depletion and can rapidly progress to tissue 
hypoperfusion and shock, while the slow onset of anemia that occurs with chronic blood 
loss allows hemodynamic compensation. Children especially can tolerate extremely low 
hemoglobins if gradual in onset, without cardiac decompensation and no end organ effects. 
These children will appear pale, and have compensatory tachycardia, and may have 
dyspnea and headache on exertion, but very small children may have no signs other than 
pallor and mild fussiness. Some children will appear “yellow” due to underlying skin 
pigmentation, especially if the diet includes yellow vegetables, but actual jaundice is easy to 
exclude due to the lack of scleral icterus. 

We will now discuss in some detail the five traditional causes of microcytic anemia, using 
some specific cases to illustrate. 

3.2 Sideroblastic anemia 

The sideroblastic anemias are a heterogeneous group of congenital and acquired bone 
marrow disorders defined by the presence of pathologic iron deposits within the 
mitochondria of erythroid precursors. The anemia may be mild, moderate or severe and 
may be normocytic, microcytic, or macrocytic and is typically characterized by a relative 
reticulocytopenia (Flemming, 2009). There are several known and incompletely 
characterized congenital causes, but all are rare including atransferrinemia, 
hypotranferrinemia (Shamsian et al., 2009), and others (Iolascon et al., 2009). Acquired 
causes include a variety of toxic exposures, drugs, and myelodysplastic syndromes, as well 
as copper deficiency. Many of these, although included in a full discussion of anemia and 
microcytic anemia, do not need to be considered in this chapter because they only rarely 
present as a severe anemia that is severely microcytic. Copper deficiency, for example is 
extremely rare, is usually normocytic, and the major manifestations are neurologic rather 
than hematologic. 

3.3 The anemia of “chronic disease” (Case 1) 

A 10 year old boy was referred to pediatric hematology clinic for anemia occurring on a 
previous blood test. Two months earlier he had been hospitalized briefly for a high fever 
and rash. While in the hospital, a CBC showed a mild microcytic anemia (hgb 10.0 g/dL 
(normal 11.9-15.4 g/dL), MCV 75 fL (normal 80-95 fL). He recovered well and was 
subsequently discharged. He had since been well, with no subsequent fevers, and no weight 
loss or night sweats. He had had no increased fatigue or exercise intolerance. His family 
history was negative for any hematologic disorders or malignancies. He had no chronic 
medical conditions, took no medications, and had no known drug allergies. 

In clinic, he appeared healthy, cooperative and in no distress. His skin showed no rash, 
bruises, jaundice, or pallor. He had no lymphadenopathy, scleral icterus, or conjunctival 
pallor. His lungs were clear with no wheezes, and his heart sounds were normal with no 
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is determined to be likely, the cause of the deficiency must be determined, and it is 
important for the clinician to distinguish blood loss from other causes. This list of causes 
varies depending on the age of the patient, the severity of the anemia and the severity of 
microcytosis. The chapter will outline a more thorough differential for all causes, leading 
towards a proper diagnosis before initiating treatment. We will emphasize that iron therapy 
alone is not adequate therapy; as such treatment alone will leave the cause of the anemia 
undiagnosed and untreated. 

3.1 Acute blood loss 

Since iron deficiency anemia is almost always due to chronic blood loss, the distinction 
between acute and chronic blood loss must be made. While both lead to anemia, the causes 
as well as the signs and symptoms are profoundly different between the two. As to the 
cause, acute blood loss can occur externally by any route or internally into practically any 
space, including intracranial, intrathoracic, retroperitoneal and abdominal. Isolated acute 
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after the event, providing the patient survives and has adequate iron stores, i.e. there is not 
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murmur. His abdomen was soft and nontender with no organomegaly, although his liver 
was palpable and slightly tender to palpation, but his spleen was not palpable. His 
extremities were well perfused with no edema. Two months after his original CBC his 
hemoglobin had risen to 11 g/dL (normal 12-15 g/dL), and MCV was 72.9 fL (normal 74-
82). His ferritin was 38 ng/mL (normal 10-200 ng/mL). Iron studies were normal as was his 
hemoglobin electrophoresis and blood smear. 

3.3.1 Discussion 

Typically the anemia of chronic disease, also called the anemia of inflammation, is a mild 
normocytic or mildly microcytic anemia. Usually it is associated with chronic conditions such 
as IBD, and the anemia resolves with effective treatment of the underlying condition. As this 
case illustrates however, the anemia of “chronic“ disease can be associated with 
inflammatory conditions of shorter duration such as chronic strep infections, recurrent otitis 
media, or viral infections. The RDW is often slightly elevated as a result of slight anisocytosis, 
reflecting ineffective iron recycling. The anemia itself is mild and asymptomatic and will not 
respond to iron unless there is concomitant iron deficiency. Since ferritin is an acute phase 
reactant, an elevated level does not imply the patient has adequate iron stores, but a low level 
indicates inadequate stores. Again, this type of anemia is included in a full discussion of 
microcytic anemia in children, but will not be discussed further in this chapter because the 
anemia by itself does not have the features that would or should bring it to the attention of a 
gastroenterologist, i.e. by the severity of the anemia or the microcytosis, although the 
underlying inflammatory condition itself may involve the GI tract. Distinguishing iron 
deficiency from the anemia of inflammation is usually not difficult from the history and CBC, 
but serum transferrin receptor (sTfR) levels, if available, have been shown to help distinguish 
them (Oliveras et al., 2000; Skikne, 1998, Vazquez et al., 2006). 

3.4 Lead poisoning 

The association between lead poisoning and microcytic anemia has long been assumed to be 
a direct inhibition of lead on heme synthesis, leading to a sideroblastic effect. This 
mechanism is supported by the basophilic stippling present and the markedly elevated free 
erythrocyte protoporphyrin values in these patients. More likely, however, the lead 
poisoning is a secondary effect of severe iron deficiency. The mechanism is twofold, in that 
severe iron deficiency increases the incidence of pica (Buchanan, 1999, 2003; Eden, 1999), 
and increases the absorption of lead from the gut. The incidence of Pica may be higher than 
generally assumed (Corbett et al., 2003). The precise pathophysiology of Pica is unknown, 
but is probably related to CNS iron deficiency. Patients often consume laundry starch, ice, 
soil, or clay. Both clay and starch can bind iron in the gastrointestinal tract and exacerbate 
iron deficiency (Crosby, 1982; Gonzalez et al., 1982; Thomas et al., 1976). At any 
concentration of lead, inhibition of ferrochelatase is most marked when the iron 
concentration is lower (Piomelli et al., 1987), but the neurologic effects of lead may be severe 
in the absence of anemia in children. Thus, it is important to address both the lead poisoning 
and the anemia and to find and treat the cause of the bleeding rather than solely addressing 
the lead poisoning. There is evidence that replacing iron in patients with concomitant iron 
deficiency and lead poisoning helps the body eliminate lead (McGeehan, 2003; Rondó et al., 
2006; Wright et al., 2003). 
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3.5 Thalassemia trait (Case 2) 

A 23 month old girl was referred to Pediatric Hematology for investigation of anemia. 
Thalassemia was suspected due to a family history of “Mediterranean anemia.” Her father 
and some of his family members were known to be a carrier for thalassemia. He had been 
treated with high dose iron, but said that it did not help and made him ill. His family was 
originally from Sicily, where he lived for 8 years. She had no siblings. 

The patient had generally been healthy, with normal growth and development, except for a 
brief febrile seizure a few months earlier. Her diet included fruits, vegetables, pasta, and 
lentils. She took no medications. On exam, she appeared healthy and alert. She was engaging 
and playful. She was slightly pale but showed no signs of icterus, petechiae, or ecchymoses. 
She had no adenopathy or splenomegaly. Her heart rate was regular, and her lungs were clear. 

Screening lab work was remarkable for a mild anemia that was severely microcytic with a 
hemoglobin of 11 g/dL (normal 10.5-14 g/dL), MCV 60.2 fL (normal 70-90 fL) a year earlier 
and more recently 9.6 g/dL and 54.9 fL. A hemoglobin electrophoresis was remarkable for 
an elevated hgb A2 of 5.5 percent. Molecular studies had been done and showed that she 
was a carrier of two separate thalassemia mutations. 

3.5.1 Discussion 

This patient is a carrier of beta thalassemia, as is clear from the history as well as lab results. 
The clue is the relatively mild anemia with severe microcytosis. The blood smear in 
thalassemia trait typically has significant target cells present, and usually a hemoglobin 
electrophoresis shows an elevated hemoglobin A2 or F percentage. More quantitative ways 
to distinguish thalassemia trait from iron deficiency include the Mentzer index (Mentzer, 
1973), as well as a variety of other methods of varying degrees of sensitivity and specificity 
(Demir et al. ,2002; Piomelli et al., 1976). The Mentzer index is calculated as the MCV 
divided by the RBC; a value over 13 is somewhat predictive of iron deficiency, while a value 
below 13 is more typical of beta thalassemia trait. Unfortunately in a practical sense, many 
cases fall near the line, especially those that are not clinically obvious one way or the other. 
The RDW is of limited use since it is increased in iron deficiency as well as a variety of 
hemoglobinopathies including thalassemia. 

The presence of thalassemia trait does not exclude iron deficiency, which usually can be 
ruled out with a ferritin level and iron studies. Without iron deficiency, regular iron 
supplementation should not be given; not only will iron not improve the mild anemia, but 
over time could lead to iron overload, particularly because the mild anemia causes increased 
iron absorption form the gut. Thalassemia trait itself requires no therapy or follow-up, but 
genetic counseling should be considered because of the risk of having children with 
thalassemia major. To avoid unnecessary lab evaluations and therapy, the patient and 
family need to have a clear understanding of these points. Iron or folic acid deficiency, 
pregnancy or intercurrent illness may exacerbate the anemia in patients with thalassemia 
trait. The specific clinical phenotype depends on the precise genetic defect in heterozygous 
and especially homozygous individuals. In patients with microcytosis, hypochromia and 
erythrocytosis but without evidence of iron deficiency or elevated hgb A2 and Hgb F levels, 
one of the alpha thalassemia carrier states is likely. These too are benign conditions where 
proper genetic and medical counseling of the patient and family is imperative.  



 
New Advances in the Basic and Clinical Gastroenterology 252 

murmur. His abdomen was soft and nontender with no organomegaly, although his liver 
was palpable and slightly tender to palpation, but his spleen was not palpable. His 
extremities were well perfused with no edema. Two months after his original CBC his 
hemoglobin had risen to 11 g/dL (normal 12-15 g/dL), and MCV was 72.9 fL (normal 74-
82). His ferritin was 38 ng/mL (normal 10-200 ng/mL). Iron studies were normal as was his 
hemoglobin electrophoresis and blood smear. 

3.3.1 Discussion 

Typically the anemia of chronic disease, also called the anemia of inflammation, is a mild 
normocytic or mildly microcytic anemia. Usually it is associated with chronic conditions such 
as IBD, and the anemia resolves with effective treatment of the underlying condition. As this 
case illustrates however, the anemia of “chronic“ disease can be associated with 
inflammatory conditions of shorter duration such as chronic strep infections, recurrent otitis 
media, or viral infections. The RDW is often slightly elevated as a result of slight anisocytosis, 
reflecting ineffective iron recycling. The anemia itself is mild and asymptomatic and will not 
respond to iron unless there is concomitant iron deficiency. Since ferritin is an acute phase 
reactant, an elevated level does not imply the patient has adequate iron stores, but a low level 
indicates inadequate stores. Again, this type of anemia is included in a full discussion of 
microcytic anemia in children, but will not be discussed further in this chapter because the 
anemia by itself does not have the features that would or should bring it to the attention of a 
gastroenterologist, i.e. by the severity of the anemia or the microcytosis, although the 
underlying inflammatory condition itself may involve the GI tract. Distinguishing iron 
deficiency from the anemia of inflammation is usually not difficult from the history and CBC, 
but serum transferrin receptor (sTfR) levels, if available, have been shown to help distinguish 
them (Oliveras et al., 2000; Skikne, 1998, Vazquez et al., 2006). 

3.4 Lead poisoning 

The association between lead poisoning and microcytic anemia has long been assumed to be 
a direct inhibition of lead on heme synthesis, leading to a sideroblastic effect. This 
mechanism is supported by the basophilic stippling present and the markedly elevated free 
erythrocyte protoporphyrin values in these patients. More likely, however, the lead 
poisoning is a secondary effect of severe iron deficiency. The mechanism is twofold, in that 
severe iron deficiency increases the incidence of pica (Buchanan, 1999, 2003; Eden, 1999), 
and increases the absorption of lead from the gut. The incidence of Pica may be higher than 
generally assumed (Corbett et al., 2003). The precise pathophysiology of Pica is unknown, 
but is probably related to CNS iron deficiency. Patients often consume laundry starch, ice, 
soil, or clay. Both clay and starch can bind iron in the gastrointestinal tract and exacerbate 
iron deficiency (Crosby, 1982; Gonzalez et al., 1982; Thomas et al., 1976). At any 
concentration of lead, inhibition of ferrochelatase is most marked when the iron 
concentration is lower (Piomelli et al., 1987), but the neurologic effects of lead may be severe 
in the absence of anemia in children. Thus, it is important to address both the lead poisoning 
and the anemia and to find and treat the cause of the bleeding rather than solely addressing 
the lead poisoning. There is evidence that replacing iron in patients with concomitant iron 
deficiency and lead poisoning helps the body eliminate lead (McGeehan, 2003; Rondó et al., 
2006; Wright et al., 2003). 

 
A Case Based Approach to Severe Microcytic Anemia in Children 253 

3.5 Thalassemia trait (Case 2) 

A 23 month old girl was referred to Pediatric Hematology for investigation of anemia. 
Thalassemia was suspected due to a family history of “Mediterranean anemia.” Her father 
and some of his family members were known to be a carrier for thalassemia. He had been 
treated with high dose iron, but said that it did not help and made him ill. His family was 
originally from Sicily, where he lived for 8 years. She had no siblings. 

The patient had generally been healthy, with normal growth and development, except for a 
brief febrile seizure a few months earlier. Her diet included fruits, vegetables, pasta, and 
lentils. She took no medications. On exam, she appeared healthy and alert. She was engaging 
and playful. She was slightly pale but showed no signs of icterus, petechiae, or ecchymoses. 
She had no adenopathy or splenomegaly. Her heart rate was regular, and her lungs were clear. 

Screening lab work was remarkable for a mild anemia that was severely microcytic with a 
hemoglobin of 11 g/dL (normal 10.5-14 g/dL), MCV 60.2 fL (normal 70-90 fL) a year earlier 
and more recently 9.6 g/dL and 54.9 fL. A hemoglobin electrophoresis was remarkable for 
an elevated hgb A2 of 5.5 percent. Molecular studies had been done and showed that she 
was a carrier of two separate thalassemia mutations. 

3.5.1 Discussion 

This patient is a carrier of beta thalassemia, as is clear from the history as well as lab results. 
The clue is the relatively mild anemia with severe microcytosis. The blood smear in 
thalassemia trait typically has significant target cells present, and usually a hemoglobin 
electrophoresis shows an elevated hemoglobin A2 or F percentage. More quantitative ways 
to distinguish thalassemia trait from iron deficiency include the Mentzer index (Mentzer, 
1973), as well as a variety of other methods of varying degrees of sensitivity and specificity 
(Demir et al. ,2002; Piomelli et al., 1976). The Mentzer index is calculated as the MCV 
divided by the RBC; a value over 13 is somewhat predictive of iron deficiency, while a value 
below 13 is more typical of beta thalassemia trait. Unfortunately in a practical sense, many 
cases fall near the line, especially those that are not clinically obvious one way or the other. 
The RDW is of limited use since it is increased in iron deficiency as well as a variety of 
hemoglobinopathies including thalassemia. 

The presence of thalassemia trait does not exclude iron deficiency, which usually can be 
ruled out with a ferritin level and iron studies. Without iron deficiency, regular iron 
supplementation should not be given; not only will iron not improve the mild anemia, but 
over time could lead to iron overload, particularly because the mild anemia causes increased 
iron absorption form the gut. Thalassemia trait itself requires no therapy or follow-up, but 
genetic counseling should be considered because of the risk of having children with 
thalassemia major. To avoid unnecessary lab evaluations and therapy, the patient and 
family need to have a clear understanding of these points. Iron or folic acid deficiency, 
pregnancy or intercurrent illness may exacerbate the anemia in patients with thalassemia 
trait. The specific clinical phenotype depends on the precise genetic defect in heterozygous 
and especially homozygous individuals. In patients with microcytosis, hypochromia and 
erythrocytosis but without evidence of iron deficiency or elevated hgb A2 and Hgb F levels, 
one of the alpha thalassemia carrier states is likely. These too are benign conditions where 
proper genetic and medical counseling of the patient and family is imperative.  
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4. Iron deficiency 
As is evident above, cases of microcytic anemia that are NOT due to iron deficiency are 
usually easy to distinguish. The remaining cases in this chapter are all due to iron 
deficiency. With two notable exceptions, severely microcytic severe anemias in children are 
due to chronic gastrointestinal blood loss. Figure 2 shows the relative frequencies of the 
major causes of iron deficiency anemia to be explained in the following sections, illustrating 
the 2 major sites of blood loss (gastrointestinal and vaginal) and the two major 
gastrointestinal etiologies (blood loss and iron malabsorption). 

 
Fig. 2. Relative frequencies of causes of iron deficiency anemia (not to scale) 

Because so much of the body’s iron resides in hemoglobin, anemia is one of the first signs of 
iron deficiency, but anemia is actually a late stage of iron depletion. Iron deficiency leading 
to anemia is a continuum, but there are three recognized phases: 

1. Prelatent iron deficiency occurs when tissue stores are depleted, without a change in 
hemoglobin level. The serum ferritin level will be low.  

2. Latent iron deficiency occurs with depletion of iron from the reticuloendothelial system. 
TIBC increases and the serum iron level will fall as newly produced erythrocytes will be 
iron deficient, but the overall hemoglobin level and MCV remain normal. 

3. Iron deficiency anemia occurs when a substantial portion of the erythrocyte population is 
affected, resulting in anemia, microcytosis and hypochromia. 

With adequate treatment, these stages occur in reverse, i.e. the anemia resolves before 
adequate iron stores are replenished. 

Several pediatric cases will be presented and discussed to illustrate the importance of the 
gastrointestinal tract in severe iron deficiency anemia. However, the initial case is of severe 
microcytic anemia occurring in an adult to make the connection between microcytic anemias 
and gastrointestinal blood loss clear. 
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4.1 Severe microcytic anemia in an adult (Case 3) 

A 63 year old male presented to his physician with complaints of fatigue and shortness of 
breath, progressive over several weeks. The physician noted that the patient looked pale and 
ordered a complete blood count. The CBC revealed a hemoglobin of 5.9 g/dL and an MCV 
of 59 fL. The physician correctly interpreted this as a severe microcytic anemia, and that this 
anemia was of relatively recent onset. The physician considered transfusions and a 
prescription for oral iron as therapy for the anemia. However, upon considering the etiology 
of the anemia with the above history, he knows that the microcytosis is not consistent with a 
lesion leading to acute blood loss. Chronic blood loss is the only possibility, and that blood 
loss MUST be gastrointestinal. He referred the man to a gastroenterologist for a thorough 
investigation. 

4.1.1 Discussion 

For this patent, while several more benign lesions leading to chronic blood loss can be 
responsible, the lesion must be found, as colon cancer must be considered highly likely until 
proven otherwise. The sequence of events is therefore clear: The patient has developed a 
lesion in his GI tract that has been losing blood slowly over at least several months. Since the 
blood loss is relatively slow, the patient‘s bone marrow easily makes up for the anemia at 
first, but eventually stores of iron are depleted from his liver and other sites. At that point 
his anemia becomes more severe and begins to be microcytic, until the anemia itself 
becomes severe enough to cause the complaints that lead him to seek help from his 
physician. In retrospect the patient may or may not have noticed the typically black or tarry 
stools, depending on the rate of bleeding, and in fact the stool may not even consistently test 
positive for blood since the bleeding is often intermittent. In fact, testing the stool for blood 
in such a case is not necessary, as there can be no other cause of this type of anemia in this 
man but gastrointestinal bleeding. A negative stool test is in no way reassuring; this man 
must be referred to find the specific lesion. Transfusion and iron therapy do not treat the 
bleeding. It should even be stated that in such a case of anemia the hematologist plays no 
role. At any age the more severe the anemia and the microcytosis, the more likely that blood 
loss rather than a nutritional cause is the responsible mechanism. 

The following pediatric cases will use the same concepts illustrated in the above case to 
emphasize the role of the gastroenterologic system in the etiology and therapy of severe 
microcytic anemias. 

4.2 Milk enteropathy (Case 4) 

A 14 month old boy presented to his pediatrician for a one year well child checkup. At the 
visit however his parents explained to the pediatrician that he had been pale for about the 
last month or so, not feeding well, and had some pica like behaviors. He had recently been 
more fussy and was sleeping poorly. They denied any jaundice, change in bowel or urinary 
habits or breathing difficulties. They denied bloody or black stools. They reported poor 
feeding when offered a variety of foods, and until very recently his diet relied heavily on 
milk, and he would typically go through a gallon every other day. The family lived in an 
older apartment with chipping paint that the parents admitted the child sometimes peeled 
from the walls. His growth and development had otherwise been normal. He took no 
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medications and had no known allergies. He had three healthy half siblings. His mother was 
of German ancestry and had been anemic herself in the past. The father also denied any 
significant family history. 

In clinic, the patient was alert and active but fussy during the exam. He was markedly pale, 
with no jaundice, bruising, petechiae, or rash. His tympanic membranes and oropharynx 
were clear. He had no adenopathy. His lungs were clear with no wheezes, and heart sounds 
were normal with no murmurs. His abdomen was soft and nontender with no 
hepatosplenomegaly. His extremities were well perfused with no edema. 

Blood work was remarkable for a hemoglobin of 4.7 g/dL and MCV of 63 g/dL, a severe 
(and severely microcytic) anemia. His CBC was otherwise unremarkable except for red cell 
morphologic abnormalities consistent with severe iron deficiency. A serum lead level was 
only 4 mcg/dL. 

The patient had a severe microcytic, hypochromic anemia, but was well compensated with 
no sign of heart failure. His parents were instructed to stop his milk entirely and he was 
started on therapeutic iron supplements. They were instructed that concomitant intake of 
orange juice would aid absorption of the iron. Follow-up labs were planned to assure his 
anemia was improving, but the plan was for him to continue taking the iron for several 
months after his anemia resolved, in order to replenish his iron stores. Milk could be added 
back to the diet, but only with meals, as soon as the anemia had begun to improve. 

4.2.1 Discussion 

This child presents with a common cause of iron deficiency anemia in the 1-2 year old. Just 
as in the adult male in the first case above, he has an acquired, severe anemia that is severely 
microcytic, and by far the most likely cause is chronic gastrointestinal blood loss. And like 
the adult, this child requires a GI workup. However, in this case an adequate workup 
consists mostly of the history of excess milk consumption along with the physical exam and 
some simple labs to classify the severity and type of anemia, so no referral to a pediatric 
gastroenterologist is required, and endoscopic procedures are not needed. If the history of 
excessive milk consumption were not present, then such a referral would be required, and 
procedures such as a Meckel’s scan or endoscopy would be needed to find another cause, 
i.e. a specific gastrointestinal lesion. 

Consumption of cow’s milk may contribute to iron deficiency through several mechanisms. 
Whole milk given to young infants under a year of age, especially under 6 months of age, 
leads to iron deficiency anemia (American Academy of Pediatrics, 1992; Chessare, 1988; 
Fomon et al., 1981; Tunnessen & Oski, 1987; Wilson et al., 1964). Cow’s milk and human 
milk both have low iron content, but the bioavailability of iron in human milk is greater. 
(Picciano & Deering, 1980) Cow‘s milk also replaces iron-rich foods in the diet. In addition, 
components in cow’s milk such as calcium and caseinophosphopeptide can directly interfere 
with iron absorption (Ani-Kibangou et al., 2005; Hallberg et al., 1992). For severe anemia, 
these mechanisms can exacerbate the anemia, along with increased demand from the 
neonatal growth spurt, but the major mechanism is direct gastrointestinal bleeding. 

Whole milk protein causes an enteropathy in the immature gut that leads to GI bleeding. 
What is not generally understood however is that these same effects continue into the 
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second year of life for some children, so that excessive whole milk given to some toddlers 
causes an enteropathy with enough chronic blood loss to create severe iron deficiency 
anemia (Buchanan, 1999; Kwiatowski et al., 1999). For these severe anemias the cause is 
often misunderstood to be “nutritional” due to the above mechanisms of poor iron 
bioavailability and absorption. While inadequate iron in the diet might lead to a mild iron 
deficiency, the severe anemia in the case above can only be caused by chronic 
gastrointestinal bleeding. As for the adult, testing for occult blood is not needed. The 
etiology of the blood loss is exposure of the gut to the excessive milk protein. Treatment 
includes iron supplementation, but the enteropathy must be treated as well, by removing 
the excess milk from the diet. Transfusion therapy is usually not needed regardless of how 
low the hemoglobin, unless signs of decompensation such as heart failure are present, and 
in those cases must be done cautiously. A reasonable approach in these severe cases is to 
stop the milk entirely and provide therapeutic iron. After several weeks, when labs indicate 
improvement in the hemoglobin from the therapeutic iron, milk can be restarted, in 
moderate amounts with meals. 

Compliance with iron therapy can be an issue, especially in this age group. Intravenous iron 
can be considered in these cases, or other forms of iron such as heme iron (Proferrin®, 
Colorado Biolabs, Inc.), (Nissenson et al. , 2003) that can be more palatable and well 
absorbed with fewer side effects, but efficacy studies in children are lacking. 

4.3 Crohn’s disease (Case 4) 

A 14-year-old male was seen in pediatric hematology clinic in consultation for anemia. A 
month earlier he had had two episodes of pneumonia and bronchitis that were treated with 
antibiotics. He then started complaining of fatigue, prompting a CBC that revealed 
microcytic anemia that was subsequently shown to be due to iron deficiency. 

The patient reported a long history of diarrhea once or twice a day, associated with bloating 
and cramping, especially after eating but could not relate it to any particular food. He 
denied any history of bloody stools, hematuria, or mucosal bleeding. There was no history 
of fevers, weight loss, cough, or difficulty breathing, and the rest of the review of systems 
was negative. His development had been normal. He had had no previous hospitalizations 
or surgeries. His immunizations were up-to-date. His only current medication was iron 325 
mg PO daily started a week prior. 

The patient had four healthy sisters. His mother had a history of iron deficiency with heavy 
periods but there was no other history of anemia in the family. His paternal grandfather has 
a history of diverticulitis and a cousin of his father had a history of Crohn's disease. 

On exam his weight was 59.5 kg, between the 25th and 50th percentiles for age. His exam 
was mostly normal, with some voluntary guarding but no obvious abdominal tenderness, 
masses or organomegaly. Abdomen was nondistended, soft, nontender, with active bowel 
sounds. His extremities showed full range of motion of all joints, nontender, and well 
perfused, and his neurologic exam was grossly intact.  

His CBC was normal except for a microcytic anemia (hgb 10.2 g/dL, MCV 67.1 fL), and a 
mild thrombocytopenia, all consistent with iron deficiency anemia. Hemoglobin 
electrophoresis was normal and his blood smear was normal. 
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medications and had no known allergies. He had three healthy half siblings. His mother was 
of German ancestry and had been anemic herself in the past. The father also denied any 
significant family history. 

In clinic, the patient was alert and active but fussy during the exam. He was markedly pale, 
with no jaundice, bruising, petechiae, or rash. His tympanic membranes and oropharynx 
were clear. He had no adenopathy. His lungs were clear with no wheezes, and heart sounds 
were normal with no murmurs. His abdomen was soft and nontender with no 
hepatosplenomegaly. His extremities were well perfused with no edema. 

Blood work was remarkable for a hemoglobin of 4.7 g/dL and MCV of 63 g/dL, a severe 
(and severely microcytic) anemia. His CBC was otherwise unremarkable except for red cell 
morphologic abnormalities consistent with severe iron deficiency. A serum lead level was 
only 4 mcg/dL. 

The patient had a severe microcytic, hypochromic anemia, but was well compensated with 
no sign of heart failure. His parents were instructed to stop his milk entirely and he was 
started on therapeutic iron supplements. They were instructed that concomitant intake of 
orange juice would aid absorption of the iron. Follow-up labs were planned to assure his 
anemia was improving, but the plan was for him to continue taking the iron for several 
months after his anemia resolved, in order to replenish his iron stores. Milk could be added 
back to the diet, but only with meals, as soon as the anemia had begun to improve. 

4.2.1 Discussion 

This child presents with a common cause of iron deficiency anemia in the 1-2 year old. Just 
as in the adult male in the first case above, he has an acquired, severe anemia that is severely 
microcytic, and by far the most likely cause is chronic gastrointestinal blood loss. And like 
the adult, this child requires a GI workup. However, in this case an adequate workup 
consists mostly of the history of excess milk consumption along with the physical exam and 
some simple labs to classify the severity and type of anemia, so no referral to a pediatric 
gastroenterologist is required, and endoscopic procedures are not needed. If the history of 
excessive milk consumption were not present, then such a referral would be required, and 
procedures such as a Meckel’s scan or endoscopy would be needed to find another cause, 
i.e. a specific gastrointestinal lesion. 

Consumption of cow’s milk may contribute to iron deficiency through several mechanisms. 
Whole milk given to young infants under a year of age, especially under 6 months of age, 
leads to iron deficiency anemia (American Academy of Pediatrics, 1992; Chessare, 1988; 
Fomon et al., 1981; Tunnessen & Oski, 1987; Wilson et al., 1964). Cow’s milk and human 
milk both have low iron content, but the bioavailability of iron in human milk is greater. 
(Picciano & Deering, 1980) Cow‘s milk also replaces iron-rich foods in the diet. In addition, 
components in cow’s milk such as calcium and caseinophosphopeptide can directly interfere 
with iron absorption (Ani-Kibangou et al., 2005; Hallberg et al., 1992). For severe anemia, 
these mechanisms can exacerbate the anemia, along with increased demand from the 
neonatal growth spurt, but the major mechanism is direct gastrointestinal bleeding. 

Whole milk protein causes an enteropathy in the immature gut that leads to GI bleeding. 
What is not generally understood however is that these same effects continue into the 
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second year of life for some children, so that excessive whole milk given to some toddlers 
causes an enteropathy with enough chronic blood loss to create severe iron deficiency 
anemia (Buchanan, 1999; Kwiatowski et al., 1999). For these severe anemias the cause is 
often misunderstood to be “nutritional” due to the above mechanisms of poor iron 
bioavailability and absorption. While inadequate iron in the diet might lead to a mild iron 
deficiency, the severe anemia in the case above can only be caused by chronic 
gastrointestinal bleeding. As for the adult, testing for occult blood is not needed. The 
etiology of the blood loss is exposure of the gut to the excessive milk protein. Treatment 
includes iron supplementation, but the enteropathy must be treated as well, by removing 
the excess milk from the diet. Transfusion therapy is usually not needed regardless of how 
low the hemoglobin, unless signs of decompensation such as heart failure are present, and 
in those cases must be done cautiously. A reasonable approach in these severe cases is to 
stop the milk entirely and provide therapeutic iron. After several weeks, when labs indicate 
improvement in the hemoglobin from the therapeutic iron, milk can be restarted, in 
moderate amounts with meals. 

Compliance with iron therapy can be an issue, especially in this age group. Intravenous iron 
can be considered in these cases, or other forms of iron such as heme iron (Proferrin®, 
Colorado Biolabs, Inc.), (Nissenson et al. , 2003) that can be more palatable and well 
absorbed with fewer side effects, but efficacy studies in children are lacking. 

4.3 Crohn’s disease (Case 4) 

A 14-year-old male was seen in pediatric hematology clinic in consultation for anemia. A 
month earlier he had had two episodes of pneumonia and bronchitis that were treated with 
antibiotics. He then started complaining of fatigue, prompting a CBC that revealed 
microcytic anemia that was subsequently shown to be due to iron deficiency. 

The patient reported a long history of diarrhea once or twice a day, associated with bloating 
and cramping, especially after eating but could not relate it to any particular food. He 
denied any history of bloody stools, hematuria, or mucosal bleeding. There was no history 
of fevers, weight loss, cough, or difficulty breathing, and the rest of the review of systems 
was negative. His development had been normal. He had had no previous hospitalizations 
or surgeries. His immunizations were up-to-date. His only current medication was iron 325 
mg PO daily started a week prior. 

The patient had four healthy sisters. His mother had a history of iron deficiency with heavy 
periods but there was no other history of anemia in the family. His paternal grandfather has 
a history of diverticulitis and a cousin of his father had a history of Crohn's disease. 

On exam his weight was 59.5 kg, between the 25th and 50th percentiles for age. His exam 
was mostly normal, with some voluntary guarding but no obvious abdominal tenderness, 
masses or organomegaly. Abdomen was nondistended, soft, nontender, with active bowel 
sounds. His extremities showed full range of motion of all joints, nontender, and well 
perfused, and his neurologic exam was grossly intact.  

His CBC was normal except for a microcytic anemia (hgb 10.2 g/dL, MCV 67.1 fL), and a 
mild thrombocytopenia, all consistent with iron deficiency anemia. Hemoglobin 
electrophoresis was normal and his blood smear was normal. 
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The patient was referred to Pediatric Gastroenterology where endoscopic exam showed 
mild esophagitis, chronic gastritis, a normal duodenum, lymphoid aggregates and a focal 
granuloma in his colon, consistent with Crohn’s disease. Medical treatment was successful 
in alleviating his symptoms and his anemia.  

4.3.1 Discussion 

This boy presented with an acquired moderate anemia that was severely microcytic. As with 
the previous two cases, chronic slow gastrointestinal bleeding is the likely cause, leading to 
iron loss, eventually leading to depletion of stores of iron and the characteristic anemia. A 
full discussion of the pathophysiology and therapy of Crohn’s disease and inflammatory 
bowel disease is beyond the scope of this chapter but the hematologic manifestations are 
likely due to the slow blood loss, although the anemia of inflammation may play a role as 
well. 

4.4 Iron deficiency from gastrointestinal bleeding – Summary 

In all three of these cases, the microcytic anemia was due to slow gastrointestinal blood loss, 
although the specific cause of the blood loss was different, and to a large extent age 
dependent. The approach to the underlying cause is therefore age dependent: 

Toddler   Excessive whole milk ingestion 

   Other causes, e.g. Meckel’s diverticulum 

School age/Teen  Inflammatory bowel disease 

   Menorrhagia 

   Other causes, e.g. AV malformation, ulcer 

Adult   Colon Cancer 

   Other causes, e.g. ulcer 

One common feature of the above cases is that although all presented with a severe 
microcytic anemia, none of the underlying causes were fundamentally hematologic in 
nature. Therefore in the overwhelming majority of cases of microcytic anemia, these patients 
have a gastrointestinal cause (slow gastrointestinal blood loss) and need to be referred to a 
gastroenterologist for diagnosis of the underlying cause. There are two exceptions to the 
above generalizations. One is a special case of non gastrointestinal blood loss, and the other 
is due to a defect in iron absorption, although even that cause is still gastrointestinal. These 
exceptions are illustrated in the two cases below:  

5. Iron deficiency not due to gastrointestinal bleeding 
5.1 Menorrhagia (Case 6) 

A 12-year-old female was referred to pediatric hematology clinic for a possible bleeding 
disorder. She had had heavy menstrual periods since menarche 6 months previously. She 
had been admitted to a local community hospital 4 months earlier at which time she was 
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found to be profoundly anemic with a hemoglobin of 5.9 g/dL, MCV 68.2 fL with symptoms 
of anemia requiring several blood transfusions. She was started on oral birth control pills 
with resolution of her menorrhagia. She was also started on daily iron sulfate tablets. 

Apart from dysfunctional uterine bleeding, the patient did not have a past medical history 
of bleeding problems, nosebleeds, easy bruising, petechiae or mucosal bleeding. She denied 
any loose, bloody, tarry stools or abdominal pain. She had no food allergies. She was 
healthy before the onset of menarche except for daily headaches which had been evaluated 
by CT. Her father said he experienced similar headaches as an adolescent. Her father denied 
a family history of bleeding disorders or menorrhagia. She was doing well in 7th grade and 
enjoyed cheerleading. 

In clinic the patient was alert and in no apparent distress. She was afebrile, with normal vital 
signs. Skin was unremarkable with no petechiae or bruising. Her conjunctivae were pink 
without pallor. Abdomen was soft, nontender, nondistended without hepatosplenomegaly. 
A comprehensive coagulation workup showed no evidence of a systemic bleeding disorder. 
At the time of her visit to pediatric hematology clinic her hemoglobin was 12.5 g/dL, MCV 
82.4, fL, both normal. A ferritin level was normal. 

5.1.1 Discussion 

As demonstrated by the first three cases above, acquired severe microcytic anemias are 
almost always due to chronic gastrointestinal blood (i.e. iron) loss. One notable exception 
is demonstrated in this case, in which the route of bleeding is vaginal. There is a common 
misconception that menstruating females have lower average hemoglobin levels because 
of normal menstrual bleeding. While there is overlap between the normal ranges of males 
and female hemoglobins, the lower average values in females are due to lower 
testosterone levels, not vaginal bleeding. Hence adults have higher hemoglobins than 
children, and males have higher values than females. Normal menstruation can lead to 
iron deficiency but not anemia; therefore actual anemia implies abnormal bleeding. 
Abnormal bleeding can be an acute vaginal hemorrhage from a single or a few heavy 
periods, but it is chronic bleeding from many heavy periods that leads to iron deficiency 
anemia, as in this case. 

As most cases of severe microcytic anemia have a GI cause, a gastroenterologist rather than 
a hematologist should be involved. Dysfunctional uterine bleeding requires a gynecologic 
workup, but a proportion of these cases have an underlying bleeding disorder, so it is these 
cases that should also be referred to a hematologist for an adequate workup for conditions 
such as von Willebrand’s disease and platelet function disorders. Women with menorrhagia, 
especially if present since menarche, have an incidence of von Willebrand’s disease of 
around 13%, considerably higher than the general population incidence of 1% to 2% (Kadir 
et al., 1998; Lukes et. al., 2005). For the most part however, the management involves oral 
contraceptive pills. It should be noted that if there is not a convincing history of several 
heavy periods, a gastrointestinal cause should still be sought. 

Other causes of chronic bleeding and iron loss leading to iron deficiency anemia are rare 
and usually obvious from the history. Iron deficiency and iron deficiency anemia can result 
from pulmonary hemosiderosis and from renal bleeding in Berger’s disease. These rare 
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The patient was referred to Pediatric Gastroenterology where endoscopic exam showed 
mild esophagitis, chronic gastritis, a normal duodenum, lymphoid aggregates and a focal 
granuloma in his colon, consistent with Crohn’s disease. Medical treatment was successful 
in alleviating his symptoms and his anemia.  

4.3.1 Discussion 

This boy presented with an acquired moderate anemia that was severely microcytic. As with 
the previous two cases, chronic slow gastrointestinal bleeding is the likely cause, leading to 
iron loss, eventually leading to depletion of stores of iron and the characteristic anemia. A 
full discussion of the pathophysiology and therapy of Crohn’s disease and inflammatory 
bowel disease is beyond the scope of this chapter but the hematologic manifestations are 
likely due to the slow blood loss, although the anemia of inflammation may play a role as 
well. 

4.4 Iron deficiency from gastrointestinal bleeding – Summary 

In all three of these cases, the microcytic anemia was due to slow gastrointestinal blood loss, 
although the specific cause of the blood loss was different, and to a large extent age 
dependent. The approach to the underlying cause is therefore age dependent: 

Toddler   Excessive whole milk ingestion 

   Other causes, e.g. Meckel’s diverticulum 

School age/Teen  Inflammatory bowel disease 

   Menorrhagia 

   Other causes, e.g. AV malformation, ulcer 

Adult   Colon Cancer 

   Other causes, e.g. ulcer 

One common feature of the above cases is that although all presented with a severe 
microcytic anemia, none of the underlying causes were fundamentally hematologic in 
nature. Therefore in the overwhelming majority of cases of microcytic anemia, these patients 
have a gastrointestinal cause (slow gastrointestinal blood loss) and need to be referred to a 
gastroenterologist for diagnosis of the underlying cause. There are two exceptions to the 
above generalizations. One is a special case of non gastrointestinal blood loss, and the other 
is due to a defect in iron absorption, although even that cause is still gastrointestinal. These 
exceptions are illustrated in the two cases below:  

5. Iron deficiency not due to gastrointestinal bleeding 
5.1 Menorrhagia (Case 6) 

A 12-year-old female was referred to pediatric hematology clinic for a possible bleeding 
disorder. She had had heavy menstrual periods since menarche 6 months previously. She 
had been admitted to a local community hospital 4 months earlier at which time she was 
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found to be profoundly anemic with a hemoglobin of 5.9 g/dL, MCV 68.2 fL with symptoms 
of anemia requiring several blood transfusions. She was started on oral birth control pills 
with resolution of her menorrhagia. She was also started on daily iron sulfate tablets. 

Apart from dysfunctional uterine bleeding, the patient did not have a past medical history 
of bleeding problems, nosebleeds, easy bruising, petechiae or mucosal bleeding. She denied 
any loose, bloody, tarry stools or abdominal pain. She had no food allergies. She was 
healthy before the onset of menarche except for daily headaches which had been evaluated 
by CT. Her father said he experienced similar headaches as an adolescent. Her father denied 
a family history of bleeding disorders or menorrhagia. She was doing well in 7th grade and 
enjoyed cheerleading. 

In clinic the patient was alert and in no apparent distress. She was afebrile, with normal vital 
signs. Skin was unremarkable with no petechiae or bruising. Her conjunctivae were pink 
without pallor. Abdomen was soft, nontender, nondistended without hepatosplenomegaly. 
A comprehensive coagulation workup showed no evidence of a systemic bleeding disorder. 
At the time of her visit to pediatric hematology clinic her hemoglobin was 12.5 g/dL, MCV 
82.4, fL, both normal. A ferritin level was normal. 

5.1.1 Discussion 

As demonstrated by the first three cases above, acquired severe microcytic anemias are 
almost always due to chronic gastrointestinal blood (i.e. iron) loss. One notable exception 
is demonstrated in this case, in which the route of bleeding is vaginal. There is a common 
misconception that menstruating females have lower average hemoglobin levels because 
of normal menstrual bleeding. While there is overlap between the normal ranges of males 
and female hemoglobins, the lower average values in females are due to lower 
testosterone levels, not vaginal bleeding. Hence adults have higher hemoglobins than 
children, and males have higher values than females. Normal menstruation can lead to 
iron deficiency but not anemia; therefore actual anemia implies abnormal bleeding. 
Abnormal bleeding can be an acute vaginal hemorrhage from a single or a few heavy 
periods, but it is chronic bleeding from many heavy periods that leads to iron deficiency 
anemia, as in this case. 

As most cases of severe microcytic anemia have a GI cause, a gastroenterologist rather than 
a hematologist should be involved. Dysfunctional uterine bleeding requires a gynecologic 
workup, but a proportion of these cases have an underlying bleeding disorder, so it is these 
cases that should also be referred to a hematologist for an adequate workup for conditions 
such as von Willebrand’s disease and platelet function disorders. Women with menorrhagia, 
especially if present since menarche, have an incidence of von Willebrand’s disease of 
around 13%, considerably higher than the general population incidence of 1% to 2% (Kadir 
et al., 1998; Lukes et. al., 2005). For the most part however, the management involves oral 
contraceptive pills. It should be noted that if there is not a convincing history of several 
heavy periods, a gastrointestinal cause should still be sought. 

Other causes of chronic bleeding and iron loss leading to iron deficiency anemia are rare 
and usually obvious from the history. Iron deficiency and iron deficiency anemia can result 
from pulmonary hemosiderosis and from renal bleeding in Berger’s disease. These rare 
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routes should be considered if the history is not consistent with the more common causes or 
if the patient does not respond adequately to therapy. 

5.2 Celiac disease (Case 7) 

A five year old boy presented to his primary care physician with pallor and was found to 
have a severe microcytic anemia. Stool was negative for occult blood. He was referred to a 
pediatric hematologist who diagnosed iron deficiency anemia. He had occasional 
complaints of abdominal pain but no vomiting, diarrhea or constipation. He had not lost 
any weight but had grown poorly over the past year, falling from the 60th to the 30th 
percentile for weight and the 50th to the 40th for height. He was referred to a pediatric 
gastroenterologist, where further studies were done, including an endoscopy showing 
villous atrophy with increased numbers of intraepithelial lymphocytes consistent with celiac 
disease. He was placed on a gluten free diet. Three months later his hemoglobin was normal 
and his weight had increased to the 50th percentile. 

5.2.1 Discussion 

Although chronic gastrointestinal bleeding is the major cause of severe iron deficiency 
anemia, there are notable exceptions that involve the GI tract, and lead to severe anemia due 
to poor iron absorption alone. The model disorders that fit into this category are celiac 
disease and tropical sprue (Lombardo, 2006). Celiac disease has been shown to be a 
relatively common cause of anemia in adults, and therefore may be underdiagnosed in 
children; it is increasingly recognized as presenting with a spectrum of severity (Van Heel, 
2005). Genetics play a strong role in susceptibility but the full genetic pattern is incompletely 
understood. 

Iron absorption may also be disrupted when substantial segments of bowel, particularly the 
proximal duodenum, are removed surgically. Intractable inflammatory bowel disease, 
traumatic abdominal injury, and structural defects such as intestinal volvulus or 
intussusception, as well as necrotizing enterocolitis and typhlitis may necessitate intestinal 
resection, leading to a defect in iron absorption that may take years to manifest clinically. 
There are also rare gastrointestinal disorders leading to either malabsorption of iron or 
chronic blood loss or both, such as collagenous gastritis (Suskind et al., 2009), epidermolysis 
bullosa (Fridge & Vichinsky, 1998) and short gut syndromes. 

To the general practitioner however, it is enough to remember that unless dysfunctional 
uterine bleeding is elicited from the history, or for any male or prepubertal female, the cause 
of any severe, acquired severely microcytic anemia must be gastrointestinal, which should 
guide the appropriate referral. 

6. Initial workup of suspected anemia in children 
In a child with suspected anemia based on history and exam, a minimal workup should be 
obtained. The goal is to characterize the anemia, and to evaluate the other cell lines 
(platelets, granulocytes) that define bone marrow function. In most cases a CBC with 
differential, reticulocyte count, iron panel, ferritin level, and lead level give a strong 
indication as to the cause and define the therapy. 
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In general, the more cell lines that are depressed, and the lower the values, the more likely is 
an underlying marrow disease. Hence, pancytopenia (neutropenia, anemia, and 
thrombocytopenia) makes leukemia more likely while an isolated single cytopenia 
(neutropenia, anemia, or thrombocytopenia) makes a peripheral disorder outside the 
marrow more likely. If leukemia or a primary marrow failure is suspected, referral to a 
pediatric hematologist/oncologist should be made promptly for further testing, including a 
marrow evaluation. An isolated severe microcytic anemia is not consistent with leukemia 
and indicates slow blood (i.e. iron) loss (gastrointestinal or vaginal), or in the case of celiac 
disease, lack of iron absorption. The severe depletion of iron leads to marrow failure in a 
sense, in that the marrow is unable to complete heme synthesis. Despite the marrow 
“failure,“ further marrow evaluation of marrow function is not part of the evaluation, as the 
underlying cause is entirely outside the marrow. 

In iron deficiency anemia a clue to otherwise normal marrow function is often provided by a 
“left shift” of the other cell lines; leukocytosis, elevated neutrophil count, increased bands and 
other immature forms, and an elevated platelet count with large platelets. The reticulocyte 
count is often only mildly elevated, reflecting the lack of iron substrate. Hemolytic anemias 
such as sickle cell disease, autoimmune hemolytic anemia and hereditary spherocytosis also 
shift cell lines to the left, but are not microcytic and present with a much higher reticulocyte 
count. A high reticulocyte count makes a hemolytic anemia likely, especially if the anemia is 
normocytic or mildly macrocytic. B12 and folate deficiency are not microcytic and are 
considerably rarer than iron deficiency. The iron panel is usually consistent with other studies, 
but serum iron may be misleading, as recent ingestion of iron may elevate the value. Ferritin, 
as an acute phase reactant, may also be elevated in a deficiency state, but low values always 
represent iron deficiency, and occur in no other condition. A lead level should be considered, 
not as a cause of microcytic anemia, but because of its association with iron deficiency due to 
pica and increased lead absorption, especially in small children. 

Children, especially the very young tolerate chronic anemia extremely well. It is not unusual 
for a toddler with a hemoglobin well below five to act perfectly normal, with the very slow 
onset of pallor as the only manifestation of the anemia. Some fussiness and irritability might 
be noticed in retrospect. Often these children appear yellow due to underlying normal 
pigments. True jaundice can be ruled out if the sclerae are white, and lab evaluation of liver 
function is therefore not necessary. Hepatosplenomegaly is unusual, as is true 
decompensation e.g. heart failure, but shortness of breath on exertion and headache are 
common in older children and young adults. 

7. Therapy of iron deficiency anemia 
The therapy of iron deficiency anemia is strongly guided by the cause. Iron therapy is only 
part of the treatment. For mild anemias due to previous iron loss that has resolved, oral iron 
is all that is required. If bleeding is ongoing, iron may partially correct the anemia without 
affecting the underlying cause, leading to delay in diagnosis and therapy of the underlying 
cause. The most egregious example is the adult with colon cancer; Iron therapy alone would 
allow the cancer to progress without diagnosis. 

Transfusions are usually not required, especially in children, but should be considered in 
cases of decompensation or heart failure. It is said that transfusions for chronic anemia in 



 
New Advances in the Basic and Clinical Gastroenterology 260 

routes should be considered if the history is not consistent with the more common causes or 
if the patient does not respond adequately to therapy. 

5.2 Celiac disease (Case 7) 

A five year old boy presented to his primary care physician with pallor and was found to 
have a severe microcytic anemia. Stool was negative for occult blood. He was referred to a 
pediatric hematologist who diagnosed iron deficiency anemia. He had occasional 
complaints of abdominal pain but no vomiting, diarrhea or constipation. He had not lost 
any weight but had grown poorly over the past year, falling from the 60th to the 30th 
percentile for weight and the 50th to the 40th for height. He was referred to a pediatric 
gastroenterologist, where further studies were done, including an endoscopy showing 
villous atrophy with increased numbers of intraepithelial lymphocytes consistent with celiac 
disease. He was placed on a gluten free diet. Three months later his hemoglobin was normal 
and his weight had increased to the 50th percentile. 

5.2.1 Discussion 

Although chronic gastrointestinal bleeding is the major cause of severe iron deficiency 
anemia, there are notable exceptions that involve the GI tract, and lead to severe anemia due 
to poor iron absorption alone. The model disorders that fit into this category are celiac 
disease and tropical sprue (Lombardo, 2006). Celiac disease has been shown to be a 
relatively common cause of anemia in adults, and therefore may be underdiagnosed in 
children; it is increasingly recognized as presenting with a spectrum of severity (Van Heel, 
2005). Genetics play a strong role in susceptibility but the full genetic pattern is incompletely 
understood. 

Iron absorption may also be disrupted when substantial segments of bowel, particularly the 
proximal duodenum, are removed surgically. Intractable inflammatory bowel disease, 
traumatic abdominal injury, and structural defects such as intestinal volvulus or 
intussusception, as well as necrotizing enterocolitis and typhlitis may necessitate intestinal 
resection, leading to a defect in iron absorption that may take years to manifest clinically. 
There are also rare gastrointestinal disorders leading to either malabsorption of iron or 
chronic blood loss or both, such as collagenous gastritis (Suskind et al., 2009), epidermolysis 
bullosa (Fridge & Vichinsky, 1998) and short gut syndromes. 

To the general practitioner however, it is enough to remember that unless dysfunctional 
uterine bleeding is elicited from the history, or for any male or prepubertal female, the cause 
of any severe, acquired severely microcytic anemia must be gastrointestinal, which should 
guide the appropriate referral. 

6. Initial workup of suspected anemia in children 
In a child with suspected anemia based on history and exam, a minimal workup should be 
obtained. The goal is to characterize the anemia, and to evaluate the other cell lines 
(platelets, granulocytes) that define bone marrow function. In most cases a CBC with 
differential, reticulocyte count, iron panel, ferritin level, and lead level give a strong 
indication as to the cause and define the therapy. 
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In general, the more cell lines that are depressed, and the lower the values, the more likely is 
an underlying marrow disease. Hence, pancytopenia (neutropenia, anemia, and 
thrombocytopenia) makes leukemia more likely while an isolated single cytopenia 
(neutropenia, anemia, or thrombocytopenia) makes a peripheral disorder outside the 
marrow more likely. If leukemia or a primary marrow failure is suspected, referral to a 
pediatric hematologist/oncologist should be made promptly for further testing, including a 
marrow evaluation. An isolated severe microcytic anemia is not consistent with leukemia 
and indicates slow blood (i.e. iron) loss (gastrointestinal or vaginal), or in the case of celiac 
disease, lack of iron absorption. The severe depletion of iron leads to marrow failure in a 
sense, in that the marrow is unable to complete heme synthesis. Despite the marrow 
“failure,“ further marrow evaluation of marrow function is not part of the evaluation, as the 
underlying cause is entirely outside the marrow. 

In iron deficiency anemia a clue to otherwise normal marrow function is often provided by a 
“left shift” of the other cell lines; leukocytosis, elevated neutrophil count, increased bands and 
other immature forms, and an elevated platelet count with large platelets. The reticulocyte 
count is often only mildly elevated, reflecting the lack of iron substrate. Hemolytic anemias 
such as sickle cell disease, autoimmune hemolytic anemia and hereditary spherocytosis also 
shift cell lines to the left, but are not microcytic and present with a much higher reticulocyte 
count. A high reticulocyte count makes a hemolytic anemia likely, especially if the anemia is 
normocytic or mildly macrocytic. B12 and folate deficiency are not microcytic and are 
considerably rarer than iron deficiency. The iron panel is usually consistent with other studies, 
but serum iron may be misleading, as recent ingestion of iron may elevate the value. Ferritin, 
as an acute phase reactant, may also be elevated in a deficiency state, but low values always 
represent iron deficiency, and occur in no other condition. A lead level should be considered, 
not as a cause of microcytic anemia, but because of its association with iron deficiency due to 
pica and increased lead absorption, especially in small children. 

Children, especially the very young tolerate chronic anemia extremely well. It is not unusual 
for a toddler with a hemoglobin well below five to act perfectly normal, with the very slow 
onset of pallor as the only manifestation of the anemia. Some fussiness and irritability might 
be noticed in retrospect. Often these children appear yellow due to underlying normal 
pigments. True jaundice can be ruled out if the sclerae are white, and lab evaluation of liver 
function is therefore not necessary. Hepatosplenomegaly is unusual, as is true 
decompensation e.g. heart failure, but shortness of breath on exertion and headache are 
common in older children and young adults. 

7. Therapy of iron deficiency anemia 
The therapy of iron deficiency anemia is strongly guided by the cause. Iron therapy is only 
part of the treatment. For mild anemias due to previous iron loss that has resolved, oral iron 
is all that is required. If bleeding is ongoing, iron may partially correct the anemia without 
affecting the underlying cause, leading to delay in diagnosis and therapy of the underlying 
cause. The most egregious example is the adult with colon cancer; Iron therapy alone would 
allow the cancer to progress without diagnosis. 

Transfusions are usually not required, especially in children, but should be considered in 
cases of decompensation or heart failure. It is said that transfusions for chronic anemia in 
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children are given because of the elevated heart rate of the doctor, rather than the patient. If 
used, packed red cells should be given slowly under the direction of a pediatric 
hematologist or other experienced clinician to avoid the risk of fluid overload due to the 
hyperdynamic state of chronic severe anemia. 

Response to therapy depends on the disorder, the severity of the deficiency and compliance, 
not only with the prescribed iron, but in removing the bleeding source. Especially in 
children whose bleeding is due to excess whole milk, the response to oral iron will be slow 
or nonexistent if the milk intake is not severely cut back or eliminated from the diet. Intake 
of acid foods such as orange juice aid iron absorption, and hypochorhydric states, such as 
produced by proton pump inhibitors, has been reported to impair absorption (Sharma et al., 
2004). The amount of iron in typical vitamin supplements (about 10 mg of elemental iron 
daily), while sufficient to prevent deficiency, is well below the 3-6 mg per kg required as 
treatment. If compliant with therapy, the hemoglobin should rise by 1 g/dL or more during 
the first week, along with an increased reticulocyte count, and the hemoglobin should be 
nearly normal by 4-6 weeks. Iron therapy should be continued for several weeks beyond 
normalization of the hemoglobin, as pointed out previously, in order to replenish iron stores 
in the body. 

8. Conclusion 
Iron deficiency anemia is the leading cause of microcytic anemia when both the anemia and 
the microcytosis are severe. Regardless of the age of the patient, gastrointestinal disorders 
are the most frequent causes, and most of these are due to chronic gastrointestinal bleeding. 
The frequency of the specific causes of the bleeding varies with age. In most cases of severe 
microcytic anemia in children, as in adults, referral to a gastroenterologist is appropriate or 
required.  
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1. Introduction 
The main purpose of the gastrointestinal tract is to digest and absorb nutrients (fat, 
carbohydrates, and proteins), micronutrients (vitamins and trace minerals), water, and 
electrolytes. Digestion involves both mechanical and enzymatic breakdown of food. 
Mechanical processes include chewing, gastric churning, and the to-and-fro mixing in the 
small intestine. Enzymatic hydrolysis is initiated by intraluminal processes requiring gastric, 
pancreatic, and biliary secretions. The final products of digestion are absorbed through the 
intestinal epithelial cells.  

Malabsorption is a state arising from abnormality in absorption of food nutrients across the 
gastrointestinal (GI) tract. Depending on the abnormality, impairment can be of single or 
multiple nutrients leading to malnutrition and a variety of anaemias. Symptoms of 
malabsorption are varied because the disorder affects so many systems. General symptoms 
may include loss of appetite (anorexia), weight loss, fatigue, shortness of breath, 
dehydration, low blood pressure, and swelling (edema). Nutritional disorders may cause 
anemia (lack of iron, folate and vitamin B12), bleeding tendency (lack of vitamin K), or bone 
disease (lack of vitamin D). Gastrointestinal symptoms include flatulence, stomach 
distention, borborygmi (rumbling in the bowels), discomfort, diarrhea, steatorrhea 
(excessive fat in stool) and frequent bowel movements (Bai, 1998). Intestinal malabsorption 
can be due to : mucosal damage (enteropathy), congenital or acquired reduction in 
absorptive surface, defects of specific hydrolysis, defects of ion transport, impaired 
enterohepatic circulation or pancreatic insufficiency (Walker-Smith & al.,2002). This chapter 
will particularly focus on fat malabsorption, the overriding problem caused by severe 
pancreatic insufficiency. 

Pancreatic insufficiency is a condition commonly associated with diseases such as 
pancreatitis or cystic fibrosis. Patients suffering from these pathologies show a shortage of 
the digestive enzymes necessary to break down food. Hence, a common feature of these 
diseases is a severe dietary malabsorption due to the poor hydrolysis of lipid in the lumen of 
small intestine. Digestive lipases are the key enzymes of fat digestion. The most common 
example of these enzymes is human pancreatic lipase. Nevertheless, the human lipases 
include the pre-duodenal lingual and gastric lipase, the extra-duodenal pancreatic, hepatic, 
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lipoprotein and the recently described endothelial lipase. In this chapter, a short basic 
overview of these fat-digesting enzymes and their physiological contribution to fat digestion 
is first presented. Thereafter, pathophysiology of fat malabsorption resulting from exocrine 
pancreatic insufficiency, clinical symptoms, incidence and diagnosis of the pathology are 
described as well. 

Standard strategies for exocrine pancreatic insufficiency management are based on oral 
administration of porcine derived pancreatic extracts. Unfortunately, this approach is being 
unsatisfactory for many reasons. Greater attention has been paid over the last decade to 
optimize correction of fat malabsorption and essential fatty acid deficiency in order to 
improve the quality of life and extend the life span of patients with severe pancreatic 
insufficiency. Hence, we interestingly discuss herein drawbacks of therapeutic use of 
currently available lipase preparations before focusing mainly on research forces joined for 
the development of new oral enzyme substitution approaches and future promising 
opportunities to treat intestinal fat malabsorption caused by exocrine pancreatic 
insufficiency. 

2. Human digestive lipases 
Lipases are key enzymes responsible for digesting lipids in the digestive system. In humans, 
gastrointestinal lipases include pre-duodenal lipases (gastric lipase and lingual lipase) and 
the other members of the lipase gene family: pancreatic, hepatic, lipoprotein and endothelial 
lipases. The chromosomal localization of genes encoding these lipases and their tissue of 
origin has been described (Table 1).  
 

Lipase Chromosomal localization 
of gene 

Tissue of origin References 

Lingual lipase -* Serous glands of the 
tongue 

Hamosh, 1990 

    

Gastric lipase 10q23.2 Fundic mucosa of the 
stomach 

Bodmer & al., 
1987 
 

Pancreatic lipase 10q26.1 Pancreas Sims & al., 1993 
 

Hepatic lipase 15q21–q23 Liver Ameis & al., 1990 
 

Lipoprotein 
lipase 

8p22 Adipose, heart, skeletal 
muscle 

Wion et al., 1987 

Endothelial 
lipase  

18q21.1 Endothelial cells, liver, 
lung, kidney, placenta 

Hirata et al., 1999 

* Unknown data 

Table 1. Human digestive lipases  
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2.1 Lingual lipase 

The serous von Ebner glands of the tongue secrete lingual lipase in the saliva. Unlike 
rodents, lingual lipase is present in trace amounts in humans (Hamosh, 1990). Human lipase 
purified from lingual serous glands or gastric juice has a MW of 45 kDa to 51 kDa but tends 
to aggregate (MW 270-300 kDa and 500 kDa) and is highly hydrophobic (Hamosh, 1990). 
Lingual lipase has unique characteristics including an optimum activity at pH 4,5 – 5,4 and 
ability to catalyze reactions without bile salts (Hamosh & Scow, 1973). Lingual lipase breaks 
down short and medium chain saturated fatty acids and helps in their digestion. It has been 
stated that 10 to 30% of dietary fat is hydrolyzed in the stomach by lingual lipase. The 
enzyme uses a catalytic triad consisting of Aspartatic Acid-203 (Asp), Histidine-257 (His), 
and Serine-144 (Ser), to initiate the hydrolysis of a triglyceride into a diacyglyceride and a 
free fatty acid (Hamosh & Scow, 1973). Secreted in the buccal cavity, lingual lipase is one of 
the key components that make the digestion of milk fat in newborns possible. In humans 
lipolytic activity is present in gastric aspirates as early as 26 weeks of gestational age which 
is evidence enough for the fact that lingual lipase is present at birth (Hamosh, 1979). New 
born infants indeed secrete only low amounts of pancreatic lipase and bile salts and it has 
been demonstrated that pancreatic lipase alone does not readily hydrolyze a lipid emulsion 
as well as native milk fat globules (Miled & al., 2000). 

2.2 Gastric lipase 

Gastric lipase (EC 3.1.1.3) is the predominant pre-duodenal lipase in humans. The enzyme is 
secreted in the gastric juice by the chief cells of fundic mucosa in the stomach (Moreau & al., 
1988). The pre-duodenal enzyme was purified from human gastric aspirates and its N-
terminal amino-acid sequence was determined. The amino-acid sequence from the isolated 
protein and the DNA sequence obtained from the cloned gene indicated that human gastric 
lipase consists of a 379 amino acid unglycosylated polypeptide with a molecular weight of 
43 162 Da (Bodmer & al., 1987). However, native human gastric lipase (HGL) (molecular 
weight 50 kDa) is a highly glycosylated protein with four potential glycosylation sites 
(Bodmer & al., 1987). Human gastric and rat lingual lipase share a high degree of sequence 
homology and have identical gene organizations (Lohse & al., 1997). Gastric lipase belongs 
to the α/β-hydrolase-fold family. It possesses a classical catalytic triad (Ser-153, His-353, 
Asp-324) and an oxyanion hole (backbone NH groups of Gln-154 and Leu-67) analogous to 
serine proteases (Roussel & al., 1999). It has an optimum pH activity around 5.4, hydrolyzes 
long-, medium- and short-chain triacylglycerols and do not require bile acid or colipase for 
optimum enzymatic activity (Denigris et al., 1985). For many years, the exact physiological 
contribution of gastric lipase to the overall process of lipolysis was unknown. Carrière et al. 
(1993a) established, for the first time, that most of the HGL secreted in the stomach was still 
active in the duodenum. They estimated that the gastric lipase contribution in the hydrolysis 
of triglycerides is about 25 %. The stereoselectivity of HGL toward triglycerides was also 
investigated. It was clearly demonstrated that HGL shows a stereopreference for the sn-3 
position of the triglyceride (Rogalska & al., 1990).  

Hence, gastric lipase, together with lingual lipase, make up 30% of lipid hydrolysis occurring 
during digestion in the human adult, with gastric lipase contributing the most of the two 
acidic lipases. In neonates, these acidic pre-duodenal lipases are much more important, they 
have the unique ability to initiate the degradation of maternal milk fat globules. 
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2.3 Pancreatic lipases 

A limitation of acidic lipases is that they remove only one fatty acid from each 
triacylglycerol. The free fatty acid can readily cross the epithelial membrane lining the 
gastrointestinal tract, but the diacylglycerol cannot be transported across. Hence, hydrolysis 
of dietary triacylglycerols by both gastric and pancreatic lipase is essential for their 
absorption by enterocytes. Human pancreatic lipase (HPL) (EC 3.1.1.3) is produced by the 
pancreatic acinar cells. The lipase is located into the zymogen granules, together with many 
other enzymes and secreted into the intestinal lumen together with the bile (Miled & al., 
2000). Contrary to most of the pancreatic enzymes which are secreted as proenzymes and 
further activated by proteolytic cleavage in the small intestines, HPL is directly secreted as 
an active enzyme. Purified from pancreatic juice, the protein showed to have a molecular 
weight of 48 kDa (De Caro & al., 1977) and has been characterized as a glycoprotein 
consisting of 449 amino acid polypeptide (Lowe & al., 1989). The resolution of the HPL 3D 
structure (Fig.1) revealed the presence of a catalytic triad (Ser152-Asp176 –His263) similar to 
that found in other serine hydrolases, Ser l52 being part of the G-X-S-X-G consensus sequence 
(Lowe & al., 1989). Pancreatic lipase acts maximally around pH 8-9 (Winkler et al., 1990) and 
was found to be poorly stereoselective (Rogalska & al., 1990). Unlike pre-duodenal lipases, 
pancreatic lipase requires colipase—a pancreatic protein—as cofactor for its enzymatic 
activity (Fig.1). Colipase relieves phosphatidyl choline-mediated inhibition of the interfacial 
lipase–substrate complex, helps anchor the lipase to the surface and stabilizes it in the 
‘open’, active conformation (Brockman, 2000; Lowe, 1997). 

 
Fig. 1. 3-D Structure of the HPL-procolipase complex in the closed conformation (E) and in 
the open conformation (E*). These two diagrams show the conformational changes in the 
lid, the β-5 loop and the colipase during interfacial activation (Adapted from Miled et al., 
2000 as cited in van Tilbeurgh et al., 1992; 1993).  
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The lipase gene family includes also two other pancreatic proteins: pancreatic lipase related 
proteins 1 and 2, with strong nucleotide and amino acid sequence homology to pancreatic 
triglyceride lipase. All three proteins have virtually identical three-dimensional structures 
(Lowe, 2000). Of the pancreatic triglyceride lipase homologues, only pancreatic lipase 
related protein 2 has lipase activity (Table 2). 
 

Enzyme Name Substrate specificity References 
Pancreatic lipase Triglycerides (lipid-droplet) Thirstrup & al., 1994 
 
Pancreatic lipase 
related protein 1 
(PLRP1) 

 
Unknown 
Inhibitory effect of HPL (regulatory 
effect of TG digestion in the duodenum?)

 
Crenon & al., 1998 
Berton & al., 2009 

Pancreatic lipase 
related protein 2 
(PLRP2) 

Broad range of substrate specificity 
Triglycerides (milk lipid-droplet) 
Synergistic effect of HPL (regulatory 
effect of TG digestion in the duodenum?)
Phospholipids 
Galactolipids 
Esters of vitamin A 

Berton & al., 2009 
 
 
 
Thirstrup & al., 1994 
Sias & al., 2004 
Reboul & al., 2006 

 
Carboxyl ester lipase 
 
 
 
 
 
 
 
Phospholipase A2 

 
Nonspecific enzyme 
Esters of lipid-soluble vitamins 
Esters of cholesterol 
Triglycerides, diglycerides, 
monoglycerides 
Phospholipids 
Ceramides 
 
Phospholipids 

 
Hui & Howles , 2002 
 
 
 
 
 
 
 
Verheij & al., 1983 

Abbreviations: HPL, human pancreatic lipase; TG, triglycerides  

Table 2. Human pancreatic enzymes involved in lipid digestion 

It should be stressed that adult pancreas also produces an enzyme equivalent to the 
colipase-dependant pancreatic lipase (CDL) called bile-salt-stimulated lipase (BSSL) or 
carboxyl ester lipase (EC 3.1.1.1) (Hui & Howles, 2002). Originally discovered in milk of 
humans and various other primates (Swan & al., 1992), BSSL participates to the intestinal 
digestion of dietary lipids (Table 2). While colipase-dependent pancreatic lipase facilitates 
the uptake of fatty acids, bile-salt-stimulated lipase facilitates the uptake of free cholesterol 
from the intestinal lumen (Sahasrabudhe & al., 1998). A distinguishing feature of this 722 -
amino acid native protein is that it requires primary bile salts for the hydrolysis of 
emulsified long chain triacylglycerols (Sahasrabudhe & al., 1998). 

The exocrine pancreas secretes another group of phospholipid-hydrolyzing enzymes 
including phospholipase A1 (EC 3.1.1.32), and phospholipase A2 (EC 3.1.1.4). These 
enzymes are secreted in their zymogen form and activated by trypsin on entering the 
duodenum (Nouri-Sorkhabi & al., 2000). 
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triglyceride lipase. All three proteins have virtually identical three-dimensional structures 
(Lowe, 2000). Of the pancreatic triglyceride lipase homologues, only pancreatic lipase 
related protein 2 has lipase activity (Table 2). 
 

Enzyme Name Substrate specificity References 
Pancreatic lipase Triglycerides (lipid-droplet) Thirstrup & al., 1994 
 
Pancreatic lipase 
related protein 1 
(PLRP1) 

 
Unknown 
Inhibitory effect of HPL (regulatory 
effect of TG digestion in the duodenum?)

 
Crenon & al., 1998 
Berton & al., 2009 

Pancreatic lipase 
related protein 2 
(PLRP2) 

Broad range of substrate specificity 
Triglycerides (milk lipid-droplet) 
Synergistic effect of HPL (regulatory 
effect of TG digestion in the duodenum?)
Phospholipids 
Galactolipids 
Esters of vitamin A 

Berton & al., 2009 
 
 
 
Thirstrup & al., 1994 
Sias & al., 2004 
Reboul & al., 2006 

 
Carboxyl ester lipase 
 
 
 
 
 
 
 
Phospholipase A2 

 
Nonspecific enzyme 
Esters of lipid-soluble vitamins 
Esters of cholesterol 
Triglycerides, diglycerides, 
monoglycerides 
Phospholipids 
Ceramides 
 
Phospholipids 

 
Hui & Howles , 2002 
 
 
 
 
 
 
 
Verheij & al., 1983 

Abbreviations: HPL, human pancreatic lipase; TG, triglycerides  

Table 2. Human pancreatic enzymes involved in lipid digestion 

It should be stressed that adult pancreas also produces an enzyme equivalent to the 
colipase-dependant pancreatic lipase (CDL) called bile-salt-stimulated lipase (BSSL) or 
carboxyl ester lipase (EC 3.1.1.1) (Hui & Howles, 2002). Originally discovered in milk of 
humans and various other primates (Swan & al., 1992), BSSL participates to the intestinal 
digestion of dietary lipids (Table 2). While colipase-dependent pancreatic lipase facilitates 
the uptake of fatty acids, bile-salt-stimulated lipase facilitates the uptake of free cholesterol 
from the intestinal lumen (Sahasrabudhe & al., 1998). A distinguishing feature of this 722 -
amino acid native protein is that it requires primary bile salts for the hydrolysis of 
emulsified long chain triacylglycerols (Sahasrabudhe & al., 1998). 

The exocrine pancreas secretes another group of phospholipid-hydrolyzing enzymes 
including phospholipase A1 (EC 3.1.1.32), and phospholipase A2 (EC 3.1.1.4). These 
enzymes are secreted in their zymogen form and activated by trypsin on entering the 
duodenum (Nouri-Sorkhabi & al., 2000). 
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PLA1 catalyzes the hydrolysis of fatty acids exclusively at the sn-1 position of 
phospholipids. A free fatty acid (FFA) and a lysophospholipid (lysoPL) are the products of 
this reaction. However, this class of phospholipase is not well understood, and no crystal 
structures exist. The assignment of a function for this pancreatic enzyme has yet to be firmly 
established (Richmond & Smith, 2011). 

In intraluminal digestion, phospholipase A2 is primarily responsible for hydrolyzing 
phosphatidyl-choline to 2-lysophophatidyl-choline. This reaction is important in triglyceride 
digestion as the amphipathic phosphatidyl-choline, in a manner similar to bile salts, will 
adsorb to the surface of the lipid droplets, preventing contact between the lipase-colipase 
complex and its lipid substrate. Hydrolysis of phosphatidyl-choline by phospholipase 2 will 
allow desorption of lysophosphatidyl-choline, which is water soluble. The subsequent 
mucosal absorption of lysophosphatidyl-choline is important in the generation of enterocyte 
phospholipids and lipoproteins and, thus, chylomicron formation (Nouri-Sorkhabi & al., 
2000). 

2.4 Hepatic lipase 

As the name suggests, hepatic lipase (EC 3.1.1.3) is synthesized mostly by hepatocytes in the 
liver and found localized at the surface of liver sinusoidal capillaries (Perret & al., 2002). The 
human hepatic lipase presents four glycosylation sites, which are localized at positions 20, 
56, 340, and 375, and a molecular mass around 65 kDa (Ben-Zeev & al., 1994 ; Wolle & al., 
1993). Together with lipoprotein lipase (LPL), hepatic lipase (HL) could be considered as a 
lipase of the vascular compartment (Perret & al., 2002). Unlike pancreatic lipase, hepatic 
lipase does not require a cofactor for its activity; is stable at high salt concentrations and is 
inactivated by sodium dodecyl sulfate (Mukherjee, 2003). HL exerts both triglyceride lipase 
and phospholipase A1 activities, and is involved at different steps of lipoprotein metabolism 
(Santamarina-Fojo & al., 2004). The preferred physiological substrate of hepatic lipase is 
triglyceride of intermediate density lipoprotein (IDL) particle, which it hydrolyses to form 
triglyceride-poor and cholesterol-rich low-density lipoprotein (LDL). Hepatic lipase also 
converts post-prandial triglyceride rich high-density lipoprotein (HDL) particle (i.e.HDL2) 
to post-absorptive triglyceride poor HDL (i.e. HDL3) (Mukherjee, 2003). 

2.5 Lipoprotein lipase 

Lipoprotein lipase (EC 3.1.1.34) (LPL) is a non-covalent homodimeric protein produced 
mainly by the adipose, heart and muscle tissue and to some extent by macrophages (Camp 
& al., 1990). LPL is secreted from parenchymal cells as a glycosylated homodimer, after 
which it is translocated through the extracellular matrix and across endothelial cells to the 
capillary lumen. After secretion, however, the mechanism by which LPL travels across 
endothelial cells is still unknown (Braun & Severeson 1992; Mead & al., 2002). The 
glycosylation sites of LPL are Asn-43, Asn-257, and Asn-359 (Mead & al., 2002). Lipoprotein 
lipase has multiple functional domains including lipid-binding, the dimer formation, 
heparin binding, cofactor interaction and fatty acid-binding domains (Santamarina-Fojo & 
Dugi, 1994). Interaction of the enzyme with the lipoprotein substrate takes place in the lipid-
binding domain. This results in a conformational change that leads to the movement of a 
short helical segment or ‘lid’ to expose the active site containing the Ser-Asp-His catalytic 
triad, where hydrolysis of triacylglycerol takes place (Emmerich & al., 1992). As a 
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homodimer, LPL has the dual function of triglyceride hydrolase and ligand/bridging factor 
for receptor-mediated lipoprotein uptake. Through catalysis, triacylglycerol present in very 
low-density lipoprotein (VLDL) and chylomicron particles is converted to triglyceride-poor 
intermediate-density lipoprotein (IDL) and chylomicron remnants, respectively (Mukherjee, 
2003). Apolipoprotein CII (ApoCII) present on VLDL particles is the co-factor required for 
activating the enzyme (Mukherjee, 2003).  

2.6 Endothelial lipase 

Endothelial lipase (EC 3.1.1.3) which was firstly characterized in 1999 was also added to the 
lipase gene family (Jaye & al., 1999). Mature endothelial lipase is a 68 kDa glycoprotein with 
five potential N-linked glycosylation sites (Yasuda & al., 2010). It has 44% primary sequence 
homology with lipoprotein lipase, 41% with hepatic lipase and 27% with pancreatic lipase 
(Choi & al., 2002). The enzyme is secreted by endothelial cells from various tissues like lung, 
liver, kidney and placenta. However, heart and skeletal muscles do not express endothelial 
lipase (Jaye & al., 1999). Endothelial lipase differs from the other enzymes of the lipase gene 
family in the sequence of the ‘lid’ domain. Its 19-residue ‘lid’ region is 3 residues shorter and 
less amphipathic than ‘lid’ region of lipoprotein or hepatic lipase indicating a different 
enzymatic function (Jaye & al., 1999). Indeed, unlike lipoprotein or hepatic lipases that have 
triacylglycerol lipase activity, endothelial lipase has primarily a phospholipase A1 activity. It 
was suggested that endothelial lipase plays a physiologic role in HDL metabolism probably by 
catalyzing hydrolysis of HDL phospholipids thereby facilitating a direct HDL receptor-
mediated uptake (Cohen, 2003). Endothelial lipase may also facilitate the uptake of 
apolipoprotein B-containing remnant lipoprotein. As the placental tissue abundantly expresses 
endothelial lipase, it may also have a role in the development of fetus (Choi & al., 2002). 

3. Human dietary lipid digestion process and regulation of pancreatic fluid in 
healthy state 
Protein digestion begins in the stomach with the concomitant action of hydrochloric acid 
and pepsin, continues with pancreatic proteases in the duodenum, and finishes with 
numerous brush border peptidases located all over the small intestine (Fieker & al., 2011 as 
cited in Alpers, 1994). Starch digestion begins in the mouth with salivary amylase, continues 
with pancreatic amylase, and ends with several intestinal brush border oligosaccharidases 
(Fieker & al., 2011 as cited in Alpers, 1994). In contrast, the majority of lipid digestion and 
absorption occurs between the pylorus and the ligament of Treitz. Prior to this step, 5% to 
40% of the dietary triglyceride acyl chains are released in the stomach by gastric lipase 
(Armand & al., 1994, 1996, 1999; Carrière & al., 1993b ; Hamosh, 1990) which continues its 
action in the duodenum together with pancreatic lipase until these enzymes are degraded 
by pancreatic proteases. Although a pH of 8 to 9 appears to be optimal for pancreatic lipase 
activity in vitro, bile salts allow the enzyme to work efficiently at a pH of 6 to 6.5 in vivo 
(Borgstrom, 1964; Carrière & al., 2005). HPL is responsible for the hydrolysis of 40% to 70% 
of triglycerides (Fig.2). 

The pancreatic lipase-related 2 protein (hPLRP2), with a broader substrate specificity, 
hydrolyzes milk triglycerides (Berton & al., 2009) phospholipids (Jayne & al., 2002; Lowe, 
2002; Thirstrup & al., 1994) galactolipids (Sias & al., 2004) and esters of lipid-soluble 
vitamins (Reboul & al., 2006). Carboxyl ester lipase (also called bile salt-stimulated lipase,  
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Fig. 2. Schematic representation of the relative contributions of HGL and HPL to the overall 
digestion of dietary triacylglycerides. On a weight basis, the ratio of pancreatic lipase to 
gastric lipase total secretory outputs was found to be around four after 3 hours of digestion. 
The level of gastric hydrolysis was calculated to be 10% of the acyl chains released from the 
meal triglycerides. Gastric lipase remained active in the duodenum where it might still 
hydrolyze 7.5% of the triglyceride acyl chains. Hence, globally, during the whole digestion 
period, gastric lipase hydrolyzes 17.5% of all the triglyceride acyl chains. (Reproduced from 
Carrière & al., 1993b). 

(BSSL)) will hydrolyze triglycerides, diglycerides, phospholipids, and esters of lipid-soluble 
vitamins and of cholesterol (Hui & Howles, 2002). Phospholipase A2 hydrolyzes 
phospholipids to lysophospholipids20 which is essential for an optimal absorption of lipid 
nutrients (Fieker & al., 2011, as cited in Tso, 1994). 

Products generated during lipolysis are solubilized in bile salts–mixed micelles and 
liposomes (vesicles) which allow absorption across the intestinal villi. Once absorbed, the 
digested lipids are converted back to triglycerides, phospholipids, and esters of cholesterol 
and of lipid-soluble vitamins, then packaged as chylomicrons and transported through the 
thoracic duct into the systemic circulation for delivery to various sites throughout the body 
(Fieker & al., 2011, as cited in Tso, 1994). 

To execute this digestive function, postprandial pancreatic juice secretion can increase up to 
1 to 2 L per day in response to physiologic stimuli, mainly secretin and vagal output (Lee & 
Muallem, 2009). Appropriate enzyme delivery in the duodenum is allowed through a 
specific orchestration of the pancreatic fluid secretion during the fed state. In fact, during the 
gastric phase, digestion of proteins by pepsin and of triglycerides by gastric lipase generates 
amino acids and free fatty acids, respectively (Fieker & al., 2011, as cited in Alpers, 1994). 
When delivered through the pylorus, they become powerful stimulants of the 
cholecystokinin hormone (CCK) produced by the duodenal endocrine cells which stimulates 
pancreatic enzymes secretion and controls the gastric emptying rate. The acidic pH of the 
chyme entering the duodenum stimulates the release of secretin, which increases the 
secretion of water and bicarbonate ions from the pancreas (Fieker & al., 2011 as cited in 
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Solomon, 1994). This gastric phase of digestion represents an important aspect in the overall 
postprandial regulation of pancreatic secretion. During the intestinal phase, 
enterohormones, such as CCK, together with neurotransmitters and neuropeptides further 
stimulate pancreatic secretion (Chey & Chang, 2001). Thus, digestive pancreatic enzyme 
response to a meal follows a specific pattern in which the degree and duration depend on 
nutrient composition, caloric content and physical properties of the meal. Enzyme secretion 
into the duodenum increases quickly reaching peak output within the first 20 to 60 minutes 
postprandially, then decreasing to a stable level before reaching an interdigestive level at the 
end of the digestive period, ie, about 4 hours after meal intake (Keller & Layer, 2005). 

4. Exocrine pancreatic insufficiency & fat malabsorption 
As previously described, the pancreas functions as the main factory for the digestive 
enzymes. The gland produces pancreatic juice that consists of a mixture of more than two 
dozen digestive enzymes in the pre-activated form, called zymogens. Zymogens are 
produced by acinar cells and mixed with a bicarbonate rich fluid that is produced by 
pancreatic ducts cells (Whitcomb & Lowe, 2007). Trypsin, chymotrypsin, amylase and lipase 
are responsible for the majority of the enzyme activity derived from the pancreas 
(Whitcomb & Lowe, 2007). Lipase is one of the most important enzymes because it plays a 
leading role in the digestion of fat, which is the highest dietary source of calories.  

Pancreatic exocrine insufficiency, partial or complete loss of digestive enzyme synthesis, 
occurs primarily in disorders directly affecting pancreatic tissue integrity (Table 3).  
 

Pancreatic parenchymal disease 

 
Chronic pancreatitis 

Post-necrotizing acute pancreatitis 
Cystic fibrosis 

Pancreatic cancers/tumors 
Autoimmune pancreatitis 

Extrapancreatic disease 

Celiac disease 
Inflammatory bowel disease 

Diabetes mellitus 
Zollinger-Ellison syndrome 

Postsurgical states 

Gastric resection 
Whipple's pancreaticoduodenectomy

Short bowel syndrome 
Bariatric surgeries (eg, gastric bypass)

Table 3. Conditions Causing EPI (adapted from Keller et al., 2009). 
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It is most frequently due to chronic pancreatitis (in adults) or cystic fibrosis (in children) 
(Keller & al., 2009). Other pancreatic causes include acute pancreatitis, pancreatic tumors 
and pancreatic surgery (Table 3).  

While protein and starch digestion are usually maintained at a normal physiological level 
even in severe cases of pancreatic insufficiency, lipid malabsorption becomes the overriding 
problem and causes many of the clinical symptoms and nutritional deficiencies.  

4.1 Pathophysiology 

Clinically evident EPI occurs only when 90% of the function is lost and the secretion of 
pancreatic enzymes is less than 10% of normal (Lankisch & al., 1986; Layer & al., 1986). In 
chronic pancreatitis, an earlier decrease of lipase secretion is observed in comparison with 
amylase and protease. This is due to higher susceptibility of lipase to acidic pH caused by 
concomitant impairment of bicarbonate secretion, higher susceptibility of lipase to 
proteolytic destruction during small intestinal transit, additional acidic denaturation of bile 
acids and marked inhibition of bile acid secretion in malabsorptive states (Keller & Layer, 
2005). Hence, in case of EPI, fat malabsorption precedes malabsorption of proteins and 
carbohydrates and is clinically more apparent. Additionally, due to the low bicarbonate 
secretion, the intraduodenal pH may drop below 4 late postprandially, bile salts may 
precipitate which leads to a decrease in post- prandial duodenal lipid solubilisation and 
contribute to impaired lipolysis (Zentler-Munro & al., 1984). The increased presence of lipids 
and other nutrients in the distal small bowel causes significant alterations in gut motility 
leading to accelerated gastric emptying and intestinal transit. This results in a marked 
decrease in the time available for digestion and absorption of nutrients, which also 
contributes to the malabsorption (Layer & al. 1997). However, more than 80% of 
carbohydrates can be digested and absorbed in the absence of pancreatic amylase activity 
and the colonic flora can further metabolizes malabsorbed carbohydrates (Layer & al., 1986). 
By contrast, gastric lipase, the only extrapancreatic source of lipolytic activity in humans, 
does not compensate efficiently for pancreatic lipase deficiency although it may be elevated 
in patients with chronic pancreatitis compared to healthy individuals (Carrière & al., 1993b). 
That’s why fat malabsorption remains the first problem to be considered when treating EPI.  

4.2 Clinical symptoms and complications 

Maldigestion of fat results in steatorrhoea. In western countries steatorrhoea is diagnosed 
when daily stool fat content exceeds 7 g during ingestion of a diet containing 100 g fat per 
day. This corresponds to a decrease of the enteral absorption rate to less than 93% (Dimagno 
& al., 1973). Steatorrhoea causes symptoms such as foul-smelling, voluminous, greyish, fatty 
stools, abdominal cramps, bloating and chronic abdominal pain (Pasquali & al., 1996). It 
may also cause weight loss due to the loss of the highest dietary source of calories (fat 
contains 38 kJ/g, carbohydrates and protein contain 17 kJ/g) (Rosenlund & al., 1974). 
Steatorrhoea and weight loss are the overt clinical symptoms of EPI. They usually only 
occur if pancreatic enzyme secretion falls below 5–10% of normal levels (Keller & al., 2009).  

Due to fat malabsorption fat-soluble vitamins (A, D, E and K), magnesium, calcium and 
essential fatty and amino–acids are insufficiently resorbed (Dutta & al., 1982; Keller & al., 2009) 
which results in a variety of associated complications. Deficiencies in these vitamins and 
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nutrients may lead to tetany, glossitis, cheilosis, and in a more progressive stage, to peripheral 
neuropathy (Dimagno , 1993). Patients with PEI may exhibit low vitamin D levels and develop 
osteopathy, i.e. osteopenia, osteoporosis and osteomalacia. There are reports on vitamin A 
deficiency causing night-blindness, visual impairment and other ocular affections. As a 
consequence of vitamin E and K deficiencies neurologic symptoms or coagulopathy can occur 
(Keller & al., 2009). There seems also to be an increased risk for cardiovascular events in PEI, 
independent of life style factors (Gullo & al., 1996).  

4.3 Incidence and diagnosis 

The prevalence of EPI is increasing with the higher proportion of patients with cystic 
fibrosis who survive into adult life and the incidence of chronic pancreatitis, which rises in 
parallel with alcohol consumption. In fact, the incidence of cystic fibrosis is approximately 1 
in 2500 live births. The lack of chloride secretion in the pancreatic duct is responsible for 
severe exocrine pancreatic insufficiency in approximately 85% of CF newborns (Levy, 2011). 
In case of chronic pancreatitis, an incidence of 8.2 per 100 000 population per year and a 
prevalence of 26.4 cases per 100 000 along with a 3.6-fold increase in mortality in patients 
with alcohol-induced chronic pancreatitis compared with a population without chronic 
pancreatitis has been signaled (Keller & al., 2009). Hence, to avoid malnutrition related 
morbidity and mortality, it is pivotal to start treatment as soon as EPI is diagnosed. 

Several direct and indirect function tests are available for assessment of pancreatic function. 
Direct invasive function tests like the secretin-caerulein test are still the gold standard with 
highest sensitivity and specificity. However, their availability is limited to specialized 
centers, they are costly, time consuming and uncomfortable for the patient (Keller & al., 
2009). Determination of fecal elastase is convenient and widely available but its sensitivity is 
low in mild to moderate cases. Moreover, due to low specificity, it is of limited value for 
differential diagnosis in patients with diarrhea (Dominguez-Munoz & al., 1995; Stein & al., 
1996). Other non-invasive tests such as 13C-breath tests are becoming more important but 
are not widely established, yet (Dominguez-Munoz & al., 2007).  

5. Standard approaches for the treatment of fat malabsorption due to 
exocrine pancreatic insufficiency 
The main focus in the management of EPI is to prevent weight loss, EPI related symptoms, 
vitamin deficiencies, and to improve the patient’s nutritional status. Whatever the aetiology, 
oral pancreatic enzyme supplements are widely used as the first-line approach to treat 
malabsorption secondary to exocrine pancreatic insufficiency (Breithaupt & al., 2007).  

5.1 Formulations and galenic properties 

Pancreatic enzyme preparations (PEPs) are typically a mixture of porcine-derived pancreatic 
enzymes. These preparations, also called pancreatin, contain a variable mixture of protease, 
lipase and amylase depending on the brand. Various preparations are commercially 
available. The main formulations are immediate-release, enteric-coated microspheres and 
minimicrospheres, enteric-coated microtablets and enteric-coated microspheres with a 
bicarbonate buffer (Table 4). A Comprehensive table of these preparations has been 
summarized in other reviews (Krishnamurty & al., 2009, Ferrone & al., 2007). 
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Formulation Number of 
available products 

Product example (manufacturer) 

Immediate–release 
formulations 

6 Pancrelipase tablets (various manufacturers) 
Vikokase powder (Axcan Scandipharm) 

   
Enteric-coated 
microspheres 

24 Lipram capsules (Global Pharmaceuticals) 
Pangestym (Ethex) 
Pancrelipase capsules (various manufacturers) 
 

Enteric-coated 
microtablets 

7 Pancrease (McNeil) 
Ultrase (Axcan Scandipharm) 

Enteric-coated 
minimicrospheres 

3 Creon capsules (Solvay Pharmaceuticals) 

Enteric-coated 
microsphere with 
bicarbonate buffer 

3 Pancrecarb (Digestive Care) 

Table 4. Commercially available pancreatic enzyme formulations (adapted from 
Krishnamurty et al., 2009) 

The uncoated formulations are susceptible to acidic inactivation in the stomach and are 
currently used largely in clinical practice to treat the pain of chronic pancreatitis and not 
malabsorption (Chauhan & Forsmark, 2010). The enteric-coated pancreatic enzyme 
formulations have been developed to solve problems associated with acid-mediated 
inactivation of pancreatic lipase, especially in patients with EPI who also show low pH 
values in the small intestine. First generation of these preparations was the enteric coated 
tablet with diameter of 11-20 mm. Due to their large size, these formulations did not empty 
into the duodenum as quickly as smaller food particles and did not show any additional 
benefits over conventional preparations (Meyer & al., 1988; Meyer & Lake, 1997). Next 
generation of enteric-coated preparations consist of capsules (over 2 mm in size) coated with 
acid resistant agents designed to release the enzyme between pH 5.0-5.5. No therapeutic 
benefit of these preparations was seen. Studies of labeled capsules suggest that even with 
varying sizes of microspheres, the ingested lipid may enter the duodenum in advance of the 
pancreatic enzyme (Meyer & Lake, 1997). Hence, newer formulations consisting of capsules 
containing mini-microspheres, pellets or micro-tablets of less than 2 mm in size were 
designed to promote an adequate intragastric mixture of exogenous enzymes with chyme. 
Whether the use of these enteric coated mini-microsphere preparations adds any special 
advantage over the existing treatment options remains, however, subject to great discussion 
(Halm & al., 1999; Stern & al, 2000). 

The most recent innovation in the formulation of pancreatic enzymes supplements has been 
the development of enteric-coated “buffered” micro-sphere preparations which have 1.5-2.5 
mEq of bicarbonate per capsule. Clinical trials conducted to compare these formulations to 
standard enteric coated microspheres showed controversy results (Brady & al., 2006; Kalnins 
& al., 2006).  

In Europe, availability of preparations varies by country and they are regulated nationally 
and not by the European Medicines Agency. In products in which the enzyme content has 
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been standardized, marked variability in particle size, enzyme release, and for some, acid 
stability has been noted and may result in differences in clinical effect (Walters & 
Littlewood, 1996; Aloulou & al., 2008; Löhr & al., 2009). In the United States, marked 
variation in the enzyme content of the various formulations especially with generic products 
has been attributed to a lack of stringent regulation (Fieker & al., 2011).  

5.2 Dosage recommendation and schedule of administration 

Some general guidelines are given in spite of the absence of an easy applicable and objective 
method to establish the adequate dose of oral pancreatic enzymes to treat exocrine 
pancreatic insufficiency. 

In general, the recommended dosage of Pancreatic enzyme supplements (PES) for a main 
meal (breakfast, lunch, or dinner) ranges from 25,000 to 75,000 units of lipase and from 
10,000 to 25,000 units of lipase for snacks, depending on the fat content of the meal (Sikkens 
et al., 2010). Initial dose must ensure supplementation of 60 UI/min of lipase activity in 
postparandial chyme throughout the digestive period; hence, dosing is adjusted considering 
this recommendation and the amount of lipase in the supplement (Krishnamurty et al., 
2009) but it is not recommended to exceed 10,000 units of lipase per kg of body weight per 
meal (Fieker et al., 2011). 

The timing of ingestion of the capsules is important to optimize therapeutic efficacy. A 
recent study compared three different administration schedules using enzyme replacement 
before, during or after meals. Better lipid digestion was found when giving enzymes during 
or after meals (Dominguez-Munoz & al., 2005).  

5.3 Efficacy assessment of the treatment with pancreatic enzyme supplements 

Numerous randomized placebo controlled trials have shown that treatment with pancreatic 
enzyme supplements improves steatorrhea, as measured by increased fat absorption, 
reduced fecal fat excretion, decreased stool weight and frequency, improved stool 
consistency and improved symptom scores (Guarner et al., 1993; O’keefe et al., 2001; 
Dominguez-Munoz et al., 2005; Safdi et al., 2006, Trapnell et al., 2009; Wooldridge et al., 
2009; Whitcomb et al., 2010). Enzyme supplements have been found to improve lipid 
malabsorption in children even those who are younger than 7 years old (Graff et al., 2010a, 
2010b). In yet other studies, increased cholesterol absorption and improved enterohepatic 
cycling of bile salts have been reported (Dutta et al., 1986; Vuoristo et al., 1992). Moreover, it 
has been demonstrated that improvement of lipid digestion contributes to effective 
correction of motility disorders (Mizushima et al., 2004). Altered levels of gastro-intestinal 
hormones were normalized (Nustede et al., 1991); accelerated gastric emptying and 
abnormal antroduodenal motility were corrected (Layer et al., 1997).  

Even though, randomized controlled trials have suggested, years ago, that non-enteric 
coated pancreatic enzyme supplements reduce pain in chronic pancreatitis (Isaksson et al., 
1983; Slaff et al., 1984), a more recent study did not support the use of these preparations for 
the relief of pain in all patients (Brown et al., 1997). Unfortunately, pancreatic enzyme 
supplements were reported to be not sufficient for correcting fat soluble vitamin deficiencies 
or B12 deficiency without simultaneous vitamin supplementation (Dutta et al., 1982; Bang et 
al., 1991).  
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enzyme supplements improves steatorrhea, as measured by increased fat absorption, 
reduced fecal fat excretion, decreased stool weight and frequency, improved stool 
consistency and improved symptom scores (Guarner et al., 1993; O’keefe et al., 2001; 
Dominguez-Munoz et al., 2005; Safdi et al., 2006, Trapnell et al., 2009; Wooldridge et al., 
2009; Whitcomb et al., 2010). Enzyme supplements have been found to improve lipid 
malabsorption in children even those who are younger than 7 years old (Graff et al., 2010a, 
2010b). In yet other studies, increased cholesterol absorption and improved enterohepatic 
cycling of bile salts have been reported (Dutta et al., 1986; Vuoristo et al., 1992). Moreover, it 
has been demonstrated that improvement of lipid digestion contributes to effective 
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The most surprising fact regarding efficacy assessment of this therapy is that few 
investigations are made considering nutritional status and quality of life improvements as 
well as weight gain (Czako et al., 2003; Trolli et al., 2001; Dominguez-Munoz, 2007). 
Reduction in stool fat achieved by pancreatic enzyme replacement therapy has not been 
proven by robust research to be correlated with a complete correction of nutritional 
deficiency in patients with pancreatic insufficiency. Accordingly, an overall assessment of 
this therapy efficacy is yet dependent on future demonstration of long-term interesting 
outcomes. 

5.4 Safety concerns, side effect and treatment failure  

Enzyme replacement therapy using pancrelipase (pancreatin) delayed-release capsules (i.e. 
Creon®, Solvay Pharmaceuticals, Inc., Marietta, GA, USA) have been available in the United 
States of America for more than 20 years with very few observed side effects (Krishnamurty 
et al., 2009). Meanwhile, allergic reactions to the porcine proteins and some others side 
effects may occur: Pancreatin extracts are prone to form insoluble complexes with folic acid 
resulting in folate deficiency (Russell & al., 1980). One serious adverse effect has been 
reported by Smyth et al. (1994, 1995). The authors described five children with cystic fibrosis 
in which a colonic obstruction developed due to fibrosing colonopathy (FC) after using very 
high doses of the enteric-coated micro- minisphere preparations (i.e. more than 20000 lipase 
units/capsule). Fortunately, the cases of reported FC have decreased considerably since the 
Medicine Control Agency (MCA) recommended in 1994 that the dose of pancreatic enzymes 
should not exceed 10,000 IU lipase/kg/day in patients with CF (Taylor , 2002 as cited in 
Medicine Control Agency, 1994). 

Recently, Axcan Pharma Inc. and its subsidiaries received safety update reports describing a 
total of 46 adverse events observed in a clinical study carried out between 01 November 
2008 and 31 May 2009 and involving three pancreatic enzyme preparations: ULTRASE®, 
VIOKASE® and PANZYTRAT® (Table 5). Fifty-three patients were enrolled, 40 of these 
patients completed the study. 

In most cases, adverse effects were single occurrences. Drug ineffectiveness was the most 
frequently reported adverse effect for ULTRASE® (Table 5). A lack of therapeutic effect was 
also reported for some other preparations (Kraisinger et al., 1994). In fact, among marketed 
PEPs, great variability in the amount of enzymes included in each capsule has been noted 
(Case & al., 2005; US Food and Drug Administration, 2006; Wooldridge & al., 2009) due in 
part to the manufacturer practice of overfilling capsules to account for enzyme degradation 
that occurs over the course of the product's shelf life (US Food and Drug Administration, 
2004). While instability of the enzymes results in delivery medications that contain less than 
the packaged amount of enzyme, the practice of “overfilling” in an effort to address enzyme 
degradation may result in excess enzyme content, resulting in formulations that deliver 
inadequate or excess amounts of enzyme. 

The possible safety risk posed by high-dose enzyme therapy, particularly fibrosing 
colonopathy , in combination with the issue of enzyme overfill, recently prompted the FDA 
to require the manufacturers of PEPs to demonstrate drug efficacy and safety in randomized, 
placebo-controlled trials before approval (Trapnell & al., 2009). The FDA ruled that 
manufacturers of pancreatic enzyme supplements must file new drug applications  
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Table 5. Adverse Events (Preferred Term) Recorded for Pancreatic Enzyme Preparations in 
the Axcan Pharma Safety Database Classified by System Organ Class from November 1, 
2008, to May 31, 2009 (Reproduced from Page 8 of the Safety Update for NDA 22-222 dated 
August 4, 2009). 



 
New Advances in the Basic and Clinical Gastroenterology 

 

282 

The most surprising fact regarding efficacy assessment of this therapy is that few 
investigations are made considering nutritional status and quality of life improvements as 
well as weight gain (Czako et al., 2003; Trolli et al., 2001; Dominguez-Munoz, 2007). 
Reduction in stool fat achieved by pancreatic enzyme replacement therapy has not been 
proven by robust research to be correlated with a complete correction of nutritional 
deficiency in patients with pancreatic insufficiency. Accordingly, an overall assessment of 
this therapy efficacy is yet dependent on future demonstration of long-term interesting 
outcomes. 

5.4 Safety concerns, side effect and treatment failure  

Enzyme replacement therapy using pancrelipase (pancreatin) delayed-release capsules (i.e. 
Creon®, Solvay Pharmaceuticals, Inc., Marietta, GA, USA) have been available in the United 
States of America for more than 20 years with very few observed side effects (Krishnamurty 
et al., 2009). Meanwhile, allergic reactions to the porcine proteins and some others side 
effects may occur: Pancreatin extracts are prone to form insoluble complexes with folic acid 
resulting in folate deficiency (Russell & al., 1980). One serious adverse effect has been 
reported by Smyth et al. (1994, 1995). The authors described five children with cystic fibrosis 
in which a colonic obstruction developed due to fibrosing colonopathy (FC) after using very 
high doses of the enteric-coated micro- minisphere preparations (i.e. more than 20000 lipase 
units/capsule). Fortunately, the cases of reported FC have decreased considerably since the 
Medicine Control Agency (MCA) recommended in 1994 that the dose of pancreatic enzymes 
should not exceed 10,000 IU lipase/kg/day in patients with CF (Taylor , 2002 as cited in 
Medicine Control Agency, 1994). 

Recently, Axcan Pharma Inc. and its subsidiaries received safety update reports describing a 
total of 46 adverse events observed in a clinical study carried out between 01 November 
2008 and 31 May 2009 and involving three pancreatic enzyme preparations: ULTRASE®, 
VIOKASE® and PANZYTRAT® (Table 5). Fifty-three patients were enrolled, 40 of these 
patients completed the study. 

In most cases, adverse effects were single occurrences. Drug ineffectiveness was the most 
frequently reported adverse effect for ULTRASE® (Table 5). A lack of therapeutic effect was 
also reported for some other preparations (Kraisinger et al., 1994). In fact, among marketed 
PEPs, great variability in the amount of enzymes included in each capsule has been noted 
(Case & al., 2005; US Food and Drug Administration, 2006; Wooldridge & al., 2009) due in 
part to the manufacturer practice of overfilling capsules to account for enzyme degradation 
that occurs over the course of the product's shelf life (US Food and Drug Administration, 
2004). While instability of the enzymes results in delivery medications that contain less than 
the packaged amount of enzyme, the practice of “overfilling” in an effort to address enzyme 
degradation may result in excess enzyme content, resulting in formulations that deliver 
inadequate or excess amounts of enzyme. 

The possible safety risk posed by high-dose enzyme therapy, particularly fibrosing 
colonopathy , in combination with the issue of enzyme overfill, recently prompted the FDA 
to require the manufacturers of PEPs to demonstrate drug efficacy and safety in randomized, 
placebo-controlled trials before approval (Trapnell & al., 2009). The FDA ruled that 
manufacturers of pancreatic enzyme supplements must file new drug applications  

Emerging Approaches for the Treatment of  
Fat Malabsorption due to Exocrine Pancreatic Insufficiency 

 

283 

 
Table 5. Adverse Events (Preferred Term) Recorded for Pancreatic Enzyme Preparations in 
the Axcan Pharma Safety Database Classified by System Organ Class from November 1, 
2008, to May 31, 2009 (Reproduced from Page 8 of the Safety Update for NDA 22-222 dated 
August 4, 2009). 



 
New Advances in the Basic and Clinical Gastroenterology 

 

284 

 (NDA) to ensure consistent efficacy, safety, and quality of these agents (US Food and Drug 
Administration, 2006). Therefore, in order to comply with the FDA 2004 mandate, several 
studies have been recently conducted to ensure safety and effectiveness of some new 
reformulated pancreatic enzyme supplements such as Creon® 24,000 and EUR-1008 
(Zenpep™) (Wooldridge & al., 2009; Trapnell & al., 2009). Nevertheless, these products of 
animal origin present yet a risk of viral transmission. Accordingly, there remains a need for 
new alternatives to treat correctly exocrine pancreatic insufficiency. 

6. Enzyme replacement therapy: What’s in the pipeline? 
6.1 Bovine enzymes 

Even though bovine enzymes have been suggested as a potential alternative for individuals 
who refuse to consume porcine products for religious or other cultural reasons; there remain 
some safety concerns about transmittable pathogens such as Foot and mouth disease and 
Bovine spongiform encephalopathy from these preparations. Additionally, lipase activity is 
approximately 75% lower than the porcine preparations (Layer and Keller, 2003)  

6.2 Recombinant mammalian/human lipases 

Owing to rapid development of plant biotechnology in recent times, Merispase a 
recombinant mammalian gastric lipase was produced in transgenic corn by Meristem 
Therapeutics and proposed as new oral substitute for the treatment of pancreatic 
insufficiency. Dog gastric lipase was selected because it is naturally resistant to inactivation 
by stomach acids and maintains a high enzymatic activity after passage through the 
stomach. Enzyme expression was stable over 11 generations with an approximate level of 
1,000 mg kg-1 kernel (Shama & Peterson, 2008). According to Fieker et al. (2011), this 
approach could be problematic for several reasons: gastric lipase specific activity is about 10 
times lower than that of pancreatic lipase (measured on tributyrin), it is highly sensitive to 
trypsin proteolysis, and endogenous secretion of gastric lipase can be increased in patients 
with pancreatic insufficiency because of possible nutritional adaptation. Meanwhile, clinical 
trials showed that the recombinant gastric lipase is well tolerated and efficient when 
administered either alone or combined with porcine pancreatic extract to patients with 
cystic fibrosis (Fieker & al., 2011, as cited by Lenoir et al., 2006, 2008). The highest efficiency 
is obtained when 250 mg of recombinant gastric lipase is associated with low dose of 
pancreatic extract (Fieker & al., 2011, as cited by Lenoir et al., 2008). Despite these 
encouraging results, Mersitem therapeutics went out of business in September 2008 while 
the product was blocked in clinical phase II trial. 

Expected to offer superior safety by decreasing the risk of allergic reactions, recombinant 
human bile salt- stimulated lipase was suggested as promising candidate for the treatment of 
lipid malabsorption in pancreatic insufficiency. Human bile salt-stimulated lipase is naturally 
acid resistant and able to: (i) hydrolyze triglycerides and phospholipids (Lindquist & Hernell, 
2010) (ii) generate lysophospholipids necessary for an efficient lipid absorption rate by the 
small intestine (Fieker & al., as cited by Tso, 1994) (iii) participate in chylomicron assembly and 
secretion through its ceramidase activity (Hui and Howles, 2002). For these reasons, Swedish 
Orphan Biovitrum - a leading company focused on treatment of rare diseases developed two 
preparations of recombinant bile salt-stimulated lipase: Kiobrina for preterm infants and 
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Exinalda for cystic fibrosis patients. A phase I clinical trial showed that addition of 
recombinant bile salt-stimulated lipase to standard pancrelipase (Creon) enabled a dose 
reduction of pancrelipase. The treatment had the advantage of restoring a normal level and 
pattern of plasma chylomicron secretion (Fieker & al., 2011, as cited by Strandvik et al., 2004). 
The combined results from two Phase II studies evaluating Kiobrina in preterm infants 
demonstrated an increase in growth velocity and uptake of long chain polyunsaturated fatty 
acids such as docosahexanoic acid and arachidonic acid. The safety and tolerability profile of 
rhBSSL added to formula was similar compared to placebo (Maggio et al., 2010). Based on 
these encouraging results, Swedish Orphan Biovitrum enrolls in August 2011 the first patient 
in Kiorbina phase III clinical trial. An open-label exploratory phase II study on Exinalda 
(rhBSSL) in patients with cystic fibrosis and pancreatic insufficiency has been completed. The 
aim was to study the effect of Exinalda on fat absorption as well as safety in this patient 
population. The results showed that Exinalda is safe and tolerable at a dose level of 170 mg 
three times a day. In terms of efficacy (coefficient of fat absorption CFA) the primary endpoint 
was not met. Swedish Orphan Biovitrum is now assessing options to continue the 
development (Swedish Orphan Biovitrum website www. sobi.com). 

6.3 Microbial and plant derived lipases 

With the aim of developing porcine-free enzyme supplements and in order to avoid the 
short-life of lipolytic enzymes of pancreatic origin, microbial lipases of fungal or bacterial 
origin were suggested for replacement therapy. Therefore, potential efficacy of many fungal 
Lipases derived from Aspergillus niger (Griffin & al., 1989), Rhizopus arrhizus (Iliano & 
Lodewijk, 1990), Rhizopus delemar (Galle & al., 2004 ), Candida cylindracea (Schuler & Schuler, 
2008) and Yarrowia lipolytica (Turki & al., 2010a) was investigated. The Yarrowia lipolytica 
lipase seemed to be of potential interest because of its acid and protease-stable properties 
and its resistance to the detergent action of bile salts as shown in vitro (Turki & al., 2010a). 
Supporting its use as a pharmaceutical, safety assessment of the enzyme in rats showed that 
there were no toxicologically severe changes in clinical signs, growth, hematology, clinical 
chemistry, organ weight and pathology related to oral administration of Yarrowia lipolytica 
lipase in animals (Turki & al., 2010b). Actually, a substitute for EPI treatment based on 
Lip2p is under investigation by Laboratoire Mayoly Spindler, a French pharmaceutical 
company specialized in gastroenterology therapeutics (Fickers & al., 2011, as cited in 
http://www.mayoly-spindler.com/). The process development in cGMP conditions for the 
production of the Yarrowia lipolytica MS1819 lipase was completed in 2009 with the Swiss 
biotech company DSM Nutritional Product Ltd (Fickers & al., 2011, as cited in 
http://www.dsm.com, press release, December 22th, 2009). In 2010, a drug development 
partnership was established with Protea Biosciences to initiate phase I/IIA clinical trials in 
France with the aim of demonstrating safety and proof-of-concept of the therapeutic use of 
this recombinant lipase (Fickers & al., 2011).  

A pipeline preparation Liprotamase (formerly known as ALTU 135 and Trizytek) containing 
bacterial lipase, fungal protease and amylase was developed by Eli Lilly company (Eli Lilly, 
IN, USA, www. Lilly.com). An open-label Phase III safety study was carried out in order to 
evaluate 214 patients, of which 145 CF patients, ages 7 and above, completed 12 months of 
treatment with Liprotamase. Investigators found that 96 percent of all CF patients who 
received liprotamase for 12 months maintained or gained weight. Based on key nutritional 
parameters, the study showed that patients who completed 12 months of treatment with 
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trials showed that the recombinant gastric lipase is well tolerated and efficient when 
administered either alone or combined with porcine pancreatic extract to patients with 
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is obtained when 250 mg of recombinant gastric lipase is associated with low dose of 
pancreatic extract (Fieker & al., 2011, as cited by Lenoir et al., 2008). Despite these 
encouraging results, Mersitem therapeutics went out of business in September 2008 while 
the product was blocked in clinical phase II trial. 

Expected to offer superior safety by decreasing the risk of allergic reactions, recombinant 
human bile salt- stimulated lipase was suggested as promising candidate for the treatment of 
lipid malabsorption in pancreatic insufficiency. Human bile salt-stimulated lipase is naturally 
acid resistant and able to: (i) hydrolyze triglycerides and phospholipids (Lindquist & Hernell, 
2010) (ii) generate lysophospholipids necessary for an efficient lipid absorption rate by the 
small intestine (Fieker & al., as cited by Tso, 1994) (iii) participate in chylomicron assembly and 
secretion through its ceramidase activity (Hui and Howles, 2002). For these reasons, Swedish 
Orphan Biovitrum - a leading company focused on treatment of rare diseases developed two 
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The combined results from two Phase II studies evaluating Kiobrina in preterm infants 
demonstrated an increase in growth velocity and uptake of long chain polyunsaturated fatty 
acids such as docosahexanoic acid and arachidonic acid. The safety and tolerability profile of 
rhBSSL added to formula was similar compared to placebo (Maggio et al., 2010). Based on 
these encouraging results, Swedish Orphan Biovitrum enrolls in August 2011 the first patient 
in Kiorbina phase III clinical trial. An open-label exploratory phase II study on Exinalda 
(rhBSSL) in patients with cystic fibrosis and pancreatic insufficiency has been completed. The 
aim was to study the effect of Exinalda on fat absorption as well as safety in this patient 
population. The results showed that Exinalda is safe and tolerable at a dose level of 170 mg 
three times a day. In terms of efficacy (coefficient of fat absorption CFA) the primary endpoint 
was not met. Swedish Orphan Biovitrum is now assessing options to continue the 
development (Swedish Orphan Biovitrum website www. sobi.com). 
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lipase seemed to be of potential interest because of its acid and protease-stable properties 
and its resistance to the detergent action of bile salts as shown in vitro (Turki & al., 2010a). 
Supporting its use as a pharmaceutical, safety assessment of the enzyme in rats showed that 
there were no toxicologically severe changes in clinical signs, growth, hematology, clinical 
chemistry, organ weight and pathology related to oral administration of Yarrowia lipolytica 
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http://www.mayoly-spindler.com/). The process development in cGMP conditions for the 
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biotech company DSM Nutritional Product Ltd (Fickers & al., 2011, as cited in 
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partnership was established with Protea Biosciences to initiate phase I/IIA clinical trials in 
France with the aim of demonstrating safety and proof-of-concept of the therapeutic use of 
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A pipeline preparation Liprotamase (formerly known as ALTU 135 and Trizytek) containing 
bacterial lipase, fungal protease and amylase was developed by Eli Lilly company (Eli Lilly, 
IN, USA, www. Lilly.com). An open-label Phase III safety study was carried out in order to 
evaluate 214 patients, of which 145 CF patients, ages 7 and above, completed 12 months of 
treatment with Liprotamase. Investigators found that 96 percent of all CF patients who 
received liprotamase for 12 months maintained or gained weight. Based on key nutritional 
parameters, the study showed that patients who completed 12 months of treatment with 



 
New Advances in the Basic and Clinical Gastroenterology 

 

286 

liprotamase demonstrated that they maintained their nutritional status; and survival in 
people living with cystic fibrosis was maintained too (Borowitz & al., 2011). Subsequent to 
the completion of the stage III clinical study on liprotamase, the drug's manufacturer 
submitted a New Drug Application to the U.S. Food and Drug Administration (FDA) for 
approval. However, on January 13th of this year, the FDA panel stated that he was not 
convinced that Liprotamase was any better than the current pancreatic enzyme products 
available now. The manufacturer disclosed that another clinical trial must be conducted 
before the FDA will consider the approval of this drug (Eli Lilly, IN, USA, www. Lilly.com). 

In yet other approaches, plant acid-stable lipases were suggested as good alternatives to 
porcine preparations. Hence, considerable attention has focused in these enzymes and 
suitable techniques for isolating and purifying them have been well documented. A lipase 
sourced from Carica papaya latex has been recently proposed as suitable candidate for use as 
a therapeutic tool in patients with pancreatic exocrine insufficiency (Abdelkafi et al., 2009). 
The enzyme showed several biochemical properties enabling it to act in the gastro-intestinal 
tract like mammalian digestive lipases (Abdelkafi et al., 2009): (i) its activity on long-chain 
Triacylglycerols reaches an optimum at pH 6.0 in the presence of bile, (ii) it is only weakly 
inhibited by bile salts, (iii) it shows a similar pattern of regioselectivity to that of human 
pancreatic lipase, generating 2-Mono acylglycerol and free fatty acids (FFA), the lipolysis 
products absorbed at the intestinal level, and (iv) it shows significant levels of stability and 
activity at low pH values at a temperature of 37 °C. Therefore, Carica papaya lipase seems to 
be tailored to act optimally under the physiological conditions pertaining in the gastro-
intestinal tract. However, its sensitivity to digestive proteases still needs to be tested. 

6.4 Future therapies and new research areas 

Development of non-porcine enzyme replacement therapies is currently extended to new 
research areas including design, by direct molecular evolution, of human pancreatic lipase 
variants that display lipolytic activity at acidic pH higher than that of the native enzyme. 
Colin et al. (2008) investigated, first, the feasibility of altering the pH optimum of pancreatic 
lipase to improve its performances in the intestinal conditions of cystic fibrosis by site-
directed mutagenesis. Later, they demonstrated that directed molecular evolution approach 
combined to a sensitive screening strategy could be useful to improve pancreatic lipase 
activity at acidic pH. The authors showed that a single round of random mutagenesis was 
successful in identifying lipase variant with approximately 1.5-fold increased activity at low 
pH (Colin et al., 2010).  

Future therapies may also include structuring food emulsions and creation of functional 
dietary lipids that are more effectively digested. This new area of research could 
substantially help patient suffering from pancreatic insufficiency with the design of specific 
more digestible or absorbable lipid sources. Hence, the addition of specific phospholipids 
able to enhance lipase activity in enzyme supplements or in formula would both increase 
lipase activity and, in parallel, enhance lipid nutrient absorption (Fieker et al., 2011). 

7. Conclusion 
Pancreatic exocrine insufficiency is a condition commonly associated with diseases such as 
pancreatitis or cystic fibrosis. When pancreatic insufficiency is severe, impaired absorption 

Emerging Approaches for the Treatment of  
Fat Malabsorption due to Exocrine Pancreatic Insufficiency 

 

287 

of nutrients by the intestines may result, leading to deficiencies of essential nutrients and the 
occurrence of loose stools containing unabsorbed fat (steatorrhea). A shortage of the 
digestive enzymes necessary to break down food is the main cause of this dietary 
malabsorption. Unlike protein and starch digestion, lipid malabsorption is the overriding 
problem and the main cause of clinical symptoms and nutritional deficiencies. Until 
recently, approaches used to address problem of fat malabsorption due to pancreatic 
insufficiency have been focusing primarily on oral administration of exogenous pancreatic 
enzymes extracted from porcine source. Standard clinical practices dictate administration of 
lipase 25,000-75,000 units/meal by using pH-sensitive pancrelipase microspheres, along 
with dosage increases, compliance checks, and differential diagnosis in cases of treatment 
failure. Various pancreatin preparations are available, however, differences in galenic 
properties and release kinetics and other factors such as early acid inactivation, under 
dosage and patient incompliance may decrease clinical efficacy of the treatment. The FDA 
decreed that all manufacturers of pancreatic enzyme supplements must file new drug 
applications (NDA) to ensure consistent efficacy, safety, and quality of these agents. 
Accordingly, improved approaches to treat efficiently problem of fat malabsorption 
secondary to pancreatic insufficiency are investigated. New alternatives of enzyme 
substitution therapy are being developed. Emerging therapeutic landscape includes use of 
porcine free - lipase preparations. Enzyme supplements either from human, mammalian, 
microbial or plant origins are wisely suggested. Interestingly, newest approaches state the 
design of acid -stable variants of human pancreatic lipase as well as creation of functional 
dietary food with specific more digestible/absorbable lipid sources. However, how these 
pipeline therapies may help meet the ongoing challenges in treating lipid malabsorption in 
patients with pancreatic insufficiency and improve the long-term outcomes of these patients 
remains yet to be assessed.  
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1. Introduction 
The endocrine, exocrine and paracrine secretions of the gastrointestinal (GI) tract play a 
pivotal role in the digestion and absorption of food and orally administered drugs. The 
secretion of mucus by mucus-secreting cells protects the erosion of the gastric mucosa from 
the highly acidic gastric juice. The secretion of hydrochloric acid from parietal cells is 
regulated by acetylcholine, histamine and gastrin. Disturbances in secretory functions of the 
gastrointestinal tract can lead to several GI complications. Conventional therapies employ a 
range of drugs that have been pharmacologically well characterised. While these drug 
molecules are proven to be beneficial, the adverse effects and drug-drug interactions 
highlight the need for better treatment modalities for GI tract disorders. 

Since ancient times, herbal medicines have been traditionally used to treat several diseases. 
The gastroprotective properties of these herbs and their active constituents have been 
experimentally demonstrated (Al Mofleh, 2010). Asian traditional medicine systems have 
identified several herbs and spices to treat GI tract disorders (Langmead & Rampton, 2006; 
Sengupta et al., 2004). In support of these traditional claims, several preclinical and clinical 
studies have provided the scientific basis for the effectiveness of herbal extracts (e.g. 
Glycyrrhiza glabra) and their active constituents (e.g. flavonoids) in treating GI tract disorders 
(Borrelli & Izzo, 2000). The discovery and development of anti-ulcer agents such as 
carbenoxolone from Glycyrrhiza glabra and gefarnate from cabbage further highlight the 
presence of pharmacologically active components in herbal extracts and suggests their use 
as an alternative therapy to treat GI tract disorders. 

The effectiveness and the mechanisms of action of crude herbal extracts vary according the 
composition of their chemical constituents. Herbal medicine seems to fill this gap, especially 
when employing high manufacturing standardised forms of herbal medicine with regard to 
the quality and quantity of ingredients (Suzuki et al., 2009). In addition, well characterised 
herbal formulations may lead to the production of reliable clinical data on efficacy and safety. 
As several studies have shown that herbal medicines may produce adverse reactions and herb-
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drug interactions, the common assumption that ‘herbal products are natural, they are safe’ is 
no longer valid. Safety and quality data of herbal medicines should be made available to 
medical practitioners and other healthcare professionals to avoid these unwanted effects. 

Several plants have been used by traditional healers around the world to treat various 
gastrointestinal tract diseases. Centuries ago the reliance on nature to cure human ailments 
was developed by great efforts of dedicated professionals by keen observation and trial and 
error method. This important knowledge is updated constantly and passed from 
generations to generations. Today traditional healing systems play important roles in 
several parts of the world, especially where modern pharmaceuticals are less accessible. 
Modern scientific research methods are invaluable to support traditional claims and also to 
develop traditional remedies as a viable alternative to mainstream pharmaceuticals. In 
recent years, a number of research papers have been published on herbal medicines to 
provide the experimental evidence for their traditional claims. Given the multitude of these 
research publications, it is not possible to cover all of them. In this chapter, we only 
attempted to provide the experimental (animal and human studies) evidence for the plants 
that have been traditionally used to treat most notable gastrointestinal diseases, namely, 
peptic ulcer, diarrhoea and inflammatory bowel syndrome. 

2. Peptic ulcer 
2.1 Animal models of gastric ulcer 

Rats are commonly used animals to induce ulcers that resemble the human condition by 
various noxious chemical agents. NSAIDs (eg. Indomethacin and Aspirin) cause 
gastrointestinal ulceration, due to their ability to suppress cytoprotective prostaglandin 
synthesis (Wallace, 2001). The NSAIDS-induced ulcer model is important to identify 
mechanisms of action of plants that maintain the gastric mucosa integrity by balancing the 
toxic effects of NSAIDs. The widely used ethanol-induced gastric ulcer model is suitable to 
study gastric protective and free radical scavenging properties of plants. Stress induced 
gastric lesions in rats are useful to study gastric mucosal barrier strengthening properties 
(eg. increased mucus production) of potential plant extracts and their actives. Pylorus 
ligation in rats helps to screen plants for their antisecretory properties. 

2.2 Plants used in the treatment of peptic ulcer 

 Diodia sarmentosa (Rubiaceae), Cassia nigricans (Celsapinaceae), Ficus exasperate 
(Moraceae) and Synclisia scabrida (Menispermaceae) are the most popularly used 
antiulcer recipes in Nigeria. In vivo studies in mice and rats revealed their anti-ulcer 
activities by decreasing the ulcer index in aspirin-induced ulcerogenesis, delayed 
intestinal transit, increased pH, and decreased volume and acidity of gastric secretion 
(Akah et al., 1998).  

 Eruca sativa, commonly known as Rocket, is a commonly used leaf vegetable in Unani, 
Ayurveda and Arab traditional medicine systems. Rocket is shown to possess 
significant anti-secretory, anti-ulcer and cytoprotective properties in rats (Alqasoumi et 
al., 2009). Pretreatment with ethanolic extract of Rocket attenuated gastric ulceration 
induced by ethanol, indomethacin and hypothermic stress. In pylorus ligated rats, 
Rocket dose-dependently reduced gastric acid secretion. In addition, the extract 
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significantly replenished gut wall mucous and reduced malondialdehyde (an indicator 
of lipid peroxidation) levels in ethanol treated rats. Gastroprotective effects of Rocket 
are attributed to the presence of flavonoids, sterols and triterpines. 

 Turnera ulmifolia or ‘chanana’ (Turneraceae) is a small herb with wide geographical 
distribution ranging from Guyana to the North Eastern region of Brazil. It is a widely 
used folk medicine for its anti-inflammatory properties. The hydroalcoholic extract of T. 
ulmifolia inhibited gastric lesions induced by pylorus ligature, by indomethacin and by 
ethanol, but stress mediated lesions remained unaffected. As histamine plays a role in 
ulcerogenesis in pylorus ligation, it was postulated by the study authors that T. ulmifolia 
exerts gastroprotective actions by inhibiting histamine. The inhibition of gastric ulcers 
induced by indomethacin and ethanol indicate that gastroprotective effects of T. 
ulmifolia could be due to an enhancement of mucosal defensive factors such as gastric 
mucus (Antônio & Souza Brito, 1998).  

 Dodonaea viscosa is a stiff bushy plant. Tribes who reside in the forest regions of South 
India (Kerala) use leaves of this plant for headaches and backaches. The hexane extract 
of Dodonaea viscosa dose dependently inhibited ethanol and indomethacin induced 
gastric lesions. Gastric secretion studies showed significant decrease of total acid in 
gastric juice (Arun & Asha, 2008). Furthermore, it decreased total acid content and 
increased gastric glutathione levels in ethanol and indomethacin treated rats.  

 Azadirachta indica is a native tree to the Indian subcontinent. To the Indian it is commonly 
known as Neem and regarded as a ‘village dispensary’ due its multiple therapeutic 
properties. It has been extensively used in Ayurveda, Siddha, Unani and other local 
Indian folklore medicine systems (Brahmachari, 2004). Standardized aqueous extract of 
Neem exhibited remarkable anti-ulcer activity in restraint-cold stress and indomethacin 
induced gastric ulcers in rats. Animal studies suggest that the major gastroprotective 
effect of Neem bark extract against ulcer is mediated through inhibition of acid 
secretion by H+-K+-ATPase and prevention of oxidative damage (Bandyopadhyay et 
al., 2002).  

 The aqueous extract of Neem bark when administered for 10 days at 30 mg dose twice 
daily significantly inhibited gastric acid secretion in patients with chronic gastric acid 
problem. The bark extract completely healed the duodenal ulcers at the dose of 30-60 mg 
twice daily for 10 weeks (Bandyopadhyay et al., 2004). Some important blood parameters 
for organ toxicity such as sugar, urea, creatinine, serum glutamate oxaloacetate 
transaminase, serum glutamate pyruvate transaminase, albumin, globulin, hemoglobin 
levels and erythrocyte sedimentation rate remained unaffected upon Neem exposure. 

 Pteleopsis suberosa is traditionally used in Mali for the treatment of gastric ulcers. The 
aqueous extract of P. suberosa exhibited protective effects on gastric mucosa in ethanol 
and indomethacin treated rats (De Pasquale et al., 1995). It has also been shown that 
Pteleopsis suberosa decoction containing triterpenoid saponins and tannins is effective 
against Helicobacter pylori (Germano` et al., 1998). 

 Calligonum comosum is a shrub distributed throughout Arabia and growing in sandy 
deserts. It is used by the local healers to treat stomach ailments. Pre-treatment with the 
10% ethanolic extract displayed a significant and dose-dependent inhibition of acute 
gastric ulcers induced by NSAIDs (phenylbutazone and indomethacin) and necrotic 
agents (0.2 N NaOH and 80% ethanol) (Liu et al., 2001). 

 Solanum torvum, a small tree, is widely used in African folk medicine to treat various 
diseases including gastric ulcer (Noumi et al., 2000). Aqueous and methanolic extracts from 
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leaves of Solanum torvum produced significant anti-ulcer activity in HCl/ethanol, 
indomethacin, pylorus ligation and cold-restraint stress induced gastric ulcers in rats. The 
authors proposed that the cytoprotective activity of extracts could be due to strengthening 
of the mucosal barrier through the increase of mucus production (Nguelefack et al., 2008).  

 Tetrapleura tetraptera and Guibourtia ehie Leonard are native trees to Ghana. The 
Ghanaian ethnomedical system employs these plant extracts in the management of 
stomach ulcers. In support of their traditional use, aqueous extracts of the barks of Tet. 
Tetraprera and G. ethie dose dependently inhibited HCl/ethanol induced gastric ulcers 
(Noamesi et al., 1994). 

 Glycyrrhiza glabra is a legume native to southern Europe and parts of Asia. It is a well-
known folk medicine for gastric ulcer (Aly et al., 2004). Gastric mucosal damage 
induced by NSAIDs is markedly reduced by G. glabra (Aly et al., 2004). Clinical data on 
Gycrrhiza glabra is inconsistent. In a double-blind clinical trial, administration of 
deglycyrrhizinized liquorice thrice daily at the dose of 760 mg for four weeks 
significantly accelerated the healing of gastric ulcer. In contrast, a cross over study at 
the same dose and treatment time reported no improvement in ulcer healing (Engqvist 
et al., 1973). A similar result was shown in a double-blind placebo- control study with 
administration of deglycyrrhizinized liquorice for one month at the dose of 380 mg 
thrice daily (Feldman et al., 1971). No side effects are reported in subjects who received 
deglycyrrhizinized liquorice extract in these studies.  
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3. Diarrhoea 
3.1 Experimental models 

Rodents are commonly used to induce experimental diarrhea and to study mechanisms of 
action of plants and their active principles. Castor oil, Prostaglandin E2 (PG-E2) and heat-labile 
enterotoxin are commonly used agents to induce diarrhea in animals. The diarrhoeal effect of 
castor oil is mediated through ricinoleic acid which causes irritation and inflammation of 
intestinal mucosa, and consequesntly leads to the stimulation of intestinal motility and 
increased secretion of fluid and electrolytes. This model is ideal to study the antisecretory and 
antimotility potential of medicinal plants. Prostaglandin E2 causes enteropooling by 
stimulating fluid secretion and increasing propulsive activity in the colon (Pierre et al., 1991). 
Heat-labile enterotoxin (LT) is the virulent factor of Escherichia coli and diarrhea by 
accumulation of salt and water in the intestinal lumen (Spangler., 1992). Therefore, the LT-
induced diarroheal model is suitable to study inhibitory effects of plant extracts on bacterial 
toxins. In addition, the charcoal meal test and charcoal-gum acacia-induced hyperperistalsis in 
animals are helpful to identity the effect of potential medicinal plants on intestinal motility.  

3.2 Plants tested for antidiarrheal activity in animal models of diarrhoea 

 Ficus bengalensis, Eugenia jambolana, Ficus racemosa and Leucas lavandulaefolia are 
commonly used folk medicine to treat diarrhoea by the people who live in Khatra 
region of West Bengal, India. Ethanolic exracts of Ficus bengalensis (hanging roots), 
Eugenia jambolana (bark), Ficus racemosa (bark) and Leucas lavandulaefolia (aerial parts) 
significantly inhibited castor oil induced diarrhoea and PGE2 induced enteropooling in 
rats. In addition, these extracts also showed a significant reduction in gastrointestinal 
motility in charcoal meal tests in rats (Mukherjee et al., 1997).  

 Geranium mexicanum plant is a commonly used medicinal plant in Traditional Mexican 
Medicine for the treatment of diarrhoea. Methanolic extract of Geranium mexicanum 
(roots) remarkably inhibited charcoal–gum acacia-induced hyperperistalsis in rats. 
However the authors suggested that this medicinal plant should be used with care to 
avoid toxic effects (Clazada et al., 2009).  

 Galla chinensis and Chaenomeles speciosa have been traditionally used in China to treat 
gastrointestinal disorders. These plant extracts significantly inhibited heat-labile 
enterotoxin-induced diarrhoea in the mouse (Chen et al., 2006, Chen et al., 2007). 

 Satureja hortensis is an annual herb that is traditionally used in Iran for treating stomach 
and intestinal disorders. Essential oil isolated from S. hortensis exhibited antispasmodic 
activity in isolated rat ileum. In addition, it also inhibited castor oil-induced diarrhea in 
mice (Hajhashemi et al., 1999).  

 Thespesia populnea, a large tree found in tropical regions and coastal forests of India, is 
traditionally used in India to treat several disorders including diarrhea and dysentery. 
Residue fraction of aqueous extract of T. populnea significantly inhibited castor oil and 
prostaglandin E2 (PGE2)-induced diarrhea induced diarrhea in rats. In addition, it also 
inhibited intestinal motility in the charcoal meal test (Viswanatha et al., 2011).  

 Mitragyna speciosa is an indigenous tree to Thailand, where it is commonly called 
kratom. In folk medicine, it is often used to treat diarrhea. Methanolic extract of M. 
speciosa dose dependently inhibited castor oil-induced diarrhea and intestinal transit in 
rats (Chittrakarn et al., 2008). 



 
New Advances in the Basic and Clinical Gastroenterology 

 

300 
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the same dose and treatment time reported no improvement in ulcer healing (Engqvist 
et al., 1973). A similar result was shown in a double-blind placebo- control study with 
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 Punica granatum is a deciduous shrub or small tree that is native to the Himalayas in 
north Pakistan and Northern India. Bark, rind of the fruit and seeds of this plant are 
used in folk medicine to treat diarrhea. Methanol extract of seeds of P. granatum dose 
dependently reduced castor oil induced diarrhea. It also significantly inhibited 
gastrointestinal motility and PGE2 mediated enteropooling in rats (Das et al., 1999). 

 

Plant Scientific 
Evidence Active Constituent(s) Reference 

    
Ficus bengalensis Pre-clinical  Tannin Mukherjee et al 
Eugenia jambolana Pre-clinical Tannin Mukherjee et al 
Ficus racemosa  Pre-clinical Tannin Mukherjee et al 
Leucas lavandulaefolia Pre-clinical Tannin Mukherjee et al 
Geranium mexicanum Pre-clinical (-)-epicatechin, tyramine Calzada et al 
Galla chinensis Pre-clinical Gallic acid Chen et al 
Chaenomeles speciosa Pre-clinical Oleanolic acid, ursolic acid & 

betulinic acid 
Chen et al 

Satureja hortensis Pre-clinical Carvacrol Hajhashemi et al 
Thespesia populnea Pre-clinical Unknown Viswanatha et al 
Mitragyna speciosa Pre-clinical Mitragynine & other alkaloids Chittrakarn et al 
Punica granatum Pre-clinical Tannin Das et al 

Table 2. Plants and their active constituent(s) with anti-diarrheal activity 

4. Inflammatory Bowel Diseases (IBD) 
4.1 Animal models of IBD 

In IBD oxidative stress mediates disease progression by disrupting epithelial cell integrity. 
Acetic acid-induced colitis is helpful to screen herbs which can inhibit cytotoxic effects of 
reactive oxygen species (ROS). Dextran sulphate sodium (DSS)-induced colitis is also a 
frequently used animal colitis model in ethnopharmacological studies. This model is useful 
to test the effect of herbs on inflammatory cytokines mediated cellular injury (Dieleman et 
al., 1998). The transgenic rat model (HLA-B27) with overt chronic gastrointestinal tract 
inflammation also serves to screen medicinal herbs to treat IBD.  

 Zingiber officinale is traditionally used to treat inflammatory gastrointestinal disorders. 
Ethanolic extract of dried rhizomes of ginger displayed protective effects against acetic 
acid-induced ulcerative colitis in rats (El-Abhar et al., 2008).  

 Cordia dichotoma is a deciduous tree with many medicinal uses in Ayurveda. 
Traditionally bark of the plant is reported for the treatment of ulcerative colitis. 
Methanolic extract of C. Dichotoma improved lesions and reduced colonic 
myeloperoxidase (MPO) and malondialdehyde (MDA) in acetic acid induced UC in 
male swiss mice (Ganjare et al., 2011).  

 Patrinia scabiosaefolia is a commonly used herbal medicine in Korea. It is used 
traditionally to treat colonic inflammations. Methanolic extract of P. Scabiosaefolia 
significantly attenuated dextran sulfate sodium induced colitis in mice. In addition, it 

Pharmacology of Traditional Herbal Medicines and Their Active Principles  
Used in the Treatment of Peptic Ulcer, Diarrhoea and Inflammatory Bowel Disease 

 

303 

also suppressed colonic MPO accumulation and pro-inflammatory mediators (TNFα, 
IL-1, IL-6 and nitric oxide) (Cho et al., 2011).  

 Vitex negundo is a shrub that grows in Southeast Asia. Traditionally its roots are used in 
the treatment of ulcerative colitis in India. Ethanolic extract of V. negrundo significantly 
inhibited acetic acid ulcerative colitis and reduced colonic MPO and MDA levels in 
mice (Zaware et al., 2011). 

 Pistacia lentiscus is a dioecious shrub that grows in the Mediterranean region. Oleogum 
resin from P. Lentiscus is used in traditional Iranian medicine to treat IBD. Treatment 
with oleogum resin from P. Lentiscus improved the symptoms of dextran sulfate 
sodium (DSS) induced colitis in mice (Kim & Neophytou, 2009). A pilot study 
conducted in mild to moderate Crohn’s disease patients demonstrated that mastic 
(resin) from P. Lentiscus significantly reduced disease activity index, plasma IL-6 and C-
reactive protein (Kaliora et al., 2007a) and TNFα in peripheral blood mononuclear cells 
(Kaliora et al., 2007b). In addition, total antioxidant potential was significantly 
increased. No side effects are observed in mastic treated patients (Kaliora et al., 2007a). 
A double-blind clinical trial in patients with duodenal ulcers exhibited symptomatic 
relief in 80% patients on mastic and 50% patients on placebo, while endoscopically 
proven healing occurred in 70% patients on mastic (Al-Habbal et al., 1984). 

 Plantago ovata is a well-known medicinal plant in the treatment of IBD. P. ovate seeds 
ameliorated the development of colonic inflammation in transgenic rats as evidenced 
by an improvement of intestinal cytoarchitecture, significant decrease in some of the 
pro-inflammatory mediators and higher production of short-chain fatty acids 
(Rodŕguez-Cabezas et al., 2003). An open label, parallel-group, multicenter, 
randomized clinical trial in patients with ulcerative colitis concluded that Plantago ovata 
seeds (dietary fiber) might be as effective as mesalamine to maintain remission in 
ulcerative colitis (Ferna´ndez-Ban˜ ares et al., 1999). 

 Boswellia serrata, a tree which grows in the hilly areas of India, is an efficacious remedy 
for IBD in traditional Iranian medicine and also it has been used in the Ayurvedic 
medicine for the treatment of inflammatory diseases. Despite its traditional claims, 
Boswellia extracts are ineffective in ameliorating colitis in DSS-induced colitis in mice 
(Kiela et al., 2004). In contrast to animal studies, a double-blind, randomized, placebo-
controlled, multicenter trial in colitis patients showed higher remission in Boswellia 
serrata extract treated group than in the pacebo group (Madisch et al., 2007). However, 
a recent double-blind, placebo-controlled, randomized, parallel study in patients with 
Crohn's disease has shown no difference between the Boswellia treated group and 
control group in disease remission (Holtmeier et al., 2011).  

5. Quality, efficacy and safety of herbal medicines 
5.1 Quality 

The quality of herbal medicines is important to ensure their safe use and efficacy. In contrast 
to well characterized conventional medicine, assurance of the quality of herbal medicine is a 
major concern. The problems associated with the herbal products include deliberate or 
accidental inclusion of prohibited or restricted ingredients, substitution or adulteration of 
herbal materials, contamination with toxic substances and differences between labelled and 
actual contents (Barnes et al., 2nd ed). However, increased consumer awareness and  
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(resin) from P. Lentiscus significantly reduced disease activity index, plasma IL-6 and C-
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Plant Scientific 
Evidence Chemical Constituents Reference 

    
Zingiber officinale Pre-clinical Gingerols El-Abhar et al ; 

Minaiyan et al 
Cordia dichotoma Pre-clinical Apigenin Ganjare et al 
Patrinia scabiosaefolia Pre-clinical Oleanonic acid, oleanolic acid 

&  
ursolic acid  

Cho et al 

Vitex negundo Pre-clinical Unknown Zaware et al 
Pistacia lentiscus Pre-clinical & 

clinical 
Oleanolic acid Kim et al; Kaliora et 

al; Al-Habbal 
Plantago ovata Pre-clinical & 

clinical 
Unknown Rodriguez-Cabezas 

et al ; Fernandez-
Banares et al  

Boswellia serrata Pre-clinical & 
clinical 

Boswellia acids Kiela et al ; 
Madisch et al ; 
Holtmeier et al 

Table 3. Plants and their active constituents for treatment of ulcerative colitis/IBD 

regulatory agencies’ strict guidelines on the quality and stability of herbal products has led 
to significant improvements in the quality control of herbal medicines. Recently the herbal 
manufacturing industry has focused on improving its quality assurance and quality control 
mechanisms to guard against the frequent episodes of substandard quality and possible 
adulterations. Use of high-performance liquid chromatograms, thin-layer chromatography, 
atomic absorption spectroscopy, gas chromatography and where necessary more 
sophisticated techniques such as NMR and LC/MS has now become common in 
complementary medicines manufacturing industries to ensure the quality of plant materials 
and final product (Rosenbloom et al., 2011). The emphasis on good manufacturing practice 
has steadily increased over years. In addition, new regulatory laws are now in place on 
product stability to support its shelf life. With the steady progress on different herbal quality 
control fronts, it is now possible to apply almost the same set of quality standards as for 
conventional medicines. As most of the traditional herbs listed in this chapter are not 
commercially manufactured, the data on the quality of these plant medicines is scarce.  

5.2 Efficacy 

Herbal medicines have a long history of traditional use. However, from today’s stand point, 
traditional claims need to be verified. A well-designed randomized controlled trial is 
essential to determine the efficacy and safety of herbal medicines. The use of standardized 
herbal extracts in clinical trials is important to obtain reproducible data on the efficacy and 
safety of herbal medicines. Standardization of herbal extracts has become a common 
practice in phytomedicines. It allows the establishment of reproducible pharmaceutical 
quality by comparing a product with established reference substances and by defining the 
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specific quantity of one or several compounds. As the herbs are of natural origin, their 
chemical composition is affected by several factors (climate, growing conditions, time of 
harvesting, storage conditions and processing). Therefore, the use of standardized herbal 
extracts in preclinical and clinical research is helpful to develop evidence based traditional 
therapies. Although rigorous clinical investigations are lacking at present for many herbs 
used in GIT disorders, there is a vast literature on the in vitro and in vivo pharmacological 
effects of medicinal plants. These pre-clinical observations provide a rationale for further 
investigation of such plants. 

5.3 Safety 

The positive attitude towards herbal medicines is based on the testimony that herbs have 
been used since antiquity and the belief that they have the advantage of being ‘natural’ 
rather than ‘synthetic’. Traditional healing systems employed herbal medicines for the 
symptomatic management of diseases. However, these herbs are now being used 
extensively for health promotion and disease prevention not only in underdeveloped and 
developing nations, but also increasingly in developed nations. As little is known regarding 
adverse effects of herbal medicines and their frequencies, the chronic exposure of these 
herbal ingredients may pose health risks. In particular, when herbs are extracted and 
purified, their toxicity might be increased due to increased concentration of potential toxic 
compounds. Therefore, the common assumption that herbal medicines are by inference 
‘safe’ may not be valid by today’s health standards. 

Generally, traditional herbal medicines lack the following pharmacological data in humans:  

 pharmacologically active chemical constituents and their metabolites 
 mechanisms of action of active constituents/whole extract 
 pharmacokinetics 
 toxicology 
 adverse effects and their frequencies 
 drug–herb and food–herb interactions 
 use in vulnerable individuals: children, elderly, individuals with renal or hepatic 

disease, gender effects, individuals with a different genetic profile 
 contraindications  

Phytochemical and pharmacological (preclinical and clinical) studies are important to address 
the above issues. The majority of the herbs mentioned in this chapter are tested only in 
animals. The main focus of these studies has been determining the efficacy of herbal extracts to 
support their traditional claims. However, it is a common procedure in these animal studies to 
measure toxic dose of herbal extracts. These toxicological studies are important to provide in 
vivo data in a whole animal situation on the dose and adverse effects of herbal extracts which 
may be relevant when tested in humans. None of these studies have reported any major 
adverse events in the experimental models of various GI disorders.  

6. Conclusion 
The use of plants in treating diseases is a very old human tradition. This knowledge, derived 
from observations and experiences, has been handed over from generation to generation 
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Cho et al 
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clinical 
Oleanolic acid Kim et al; Kaliora et 

al; Al-Habbal 
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clinical 
Unknown Rodriguez-Cabezas 

et al ; Fernandez-
Banares et al  

Boswellia serrata Pre-clinical & 
clinical 
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Madisch et al ; 
Holtmeier et al 
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the above issues. The majority of the herbs mentioned in this chapter are tested only in 
animals. The main focus of these studies has been determining the efficacy of herbal extracts to 
support their traditional claims. However, it is a common procedure in these animal studies to 
measure toxic dose of herbal extracts. These toxicological studies are important to provide in 
vivo data in a whole animal situation on the dose and adverse effects of herbal extracts which 
may be relevant when tested in humans. None of these studies have reported any major 
adverse events in the experimental models of various GI disorders.  

6. Conclusion 
The use of plants in treating diseases is a very old human tradition. This knowledge, derived 
from observations and experiences, has been handed over from generation to generation 
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verbally and also in the form of ancient texts. Medicinal plants are the foundations for 
modern therapeutic agents. Herbal medicines are an important part of the health care 
system in many developing countries. The use of herbal medicines, as health promoting 
agents, in developed countries has also increased and this trend is continuing. Healthcare 
professionals need to be aware of the pharmacology of these herbal medicines in order to 
provide well informed advice to patients. The traditional herbal medicines field is very vast. 
In this chapter we attempted to provide scientific evidence for the herbs with historical use 
in three major GIT disorders namely: peptic ulcer, diarrhoea and IBD. Researchers 
successfully reproduced these human disorders in animals by employing a range of 
chemical agents and scientific procedures. In some cases, these models not only have 
supported the traditional claims, but also provided important information on the 
mechanism of action of the plant extracts and in some cases their components. The majority 
of these preclinical studies established the scientific evidence to traditional herbal medicines. 
Unfortunately, very few clinical trials are conducted to translate animal data into humans. 
As clinical trials are important to furnish efficacy and safety data, the lack of clinical data 
has become the main impediment in developing traditional herbal remedies into 
mainstream medicines. Recent progress in the quality control of herbal products is very 
promising in gaining consumer confidence and promoting consideration of herbal 
medicines as complementary and in some cases alternative approaches to conventional 
therapies. Medicinal plants listed in this chapter have the potential to treat peptic ulcer, 
diarrhoea and IBD. Additional studies on quality, efficacy and safety in animals and 
humans will be required to integrate them in mainstream medicine. 
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1. Introduction 
The risk of lymphoma in inflammatory bowel disease (IBD) has been a topic of great interest 
for many years. In 1928, the first published series of colorectal malignancies in ulcerative 
colitis (UC) patients included a case of lymphosarcoma, the name given to an early 
classification of lymphoma (Bargen, 1928). Since then a huge number of case reports, case 
series, cohort studies, population-based studies and meta-analyses have been presented on 
the topic but the matter remains controversial with conflicting results based on poor quality 
evidence. Most recently, a type of non-Hodgkin’s lymphoma (NHL) known as 
hepatosplenic T-cell lymphoma (HSTCL) has understandably drawn much attention despite 
its rarity. HSTCL has an invariably fatal outcome despite reports of early response to 
treatment, it almost exclusively affects young men with Crohn’s disease (CD) and seems to 
be linked to commonly used drugs for the management of IBD, the thiopurines and tumour 
necrosis factor (TNF) antagonists (Kotlyar et al., 2011). A further source of concern stems 
from a trend by IBD physicians to use these drugs earlier in the course of disease and also in 
combination because recent studies suggest that these strategies may improve outcomes 
(Colombel et al., 2010, D'Haens, 2009). 

Proving causality has been difficult because it is difficult to separate the multiple factors 
involved in lymphomagenesis using the evidence that is available (see Figure 1). It has long 
been suspected that the chronic inflammation seen in IBD itself may be the cause of 
lymphoma in this setting but there has been growing concern that it is in fact the drugs used 
in the treatment of IBD which confers this risk. One could also speculate that it is the 
combination of both these factors which results in the development of lymphoma. 

The case of lymphosarcoma identified by Bargen in 1928 was in an era when 
immunomodulators were not available for the treatment of IBD suggesting that the disease 
itself may predispose to lymphoma development. There are other reports of lymphoma in 
drug-naïve IBD patients (Aydogan et al., 2010). There does appear to be an increased risk of 
lymphoma in other chronic inflammatory and autoimmune conditions as well including 
rheumatoid arthritis (RA), primary Sjögren’s syndrome, systemic lupus erythematosus 
(SLE) and Hashimoto’s thyroiditis (Smedby et al., 2006). There is some evidence that 
increased severity of the disease may increase the risk of lymphoma in these conditions 
(Baecklund et al., 2006, Theander et al., 2006, Lofstrom et al., 2007).  
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involved in lymphomagenesis using the evidence that is available (see Figure 1). It has long 
been suspected that the chronic inflammation seen in IBD itself may be the cause of 
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drug-naïve IBD patients (Aydogan et al., 2010). There does appear to be an increased risk of 
lymphoma in other chronic inflammatory and autoimmune conditions as well including 
rheumatoid arthritis (RA), primary Sjögren’s syndrome, systemic lupus erythematosus 
(SLE) and Hashimoto’s thyroiditis (Smedby et al., 2006). There is some evidence that 
increased severity of the disease may increase the risk of lymphoma in these conditions 
(Baecklund et al., 2006, Theander et al., 2006, Lofstrom et al., 2007).  
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Fig. 1. Assessing the causality of lymphoma in IBD. IBD itself may be the cause of 
lymphoma (a), or lymphoma may be due to the medication used to treat it (b) or lymphoma 
may be due to a combination of the disease and the treatment (c). 

Both primary and acquired immunodeficiency states have been associated with lymphoma 
which is important because many of the drugs used for the treatment of IBD have 
immunosuppressive effects. There is an increased risk of lymphoma with Human 
Immunodeficiency Virus (HIV) infection and in post-transplant patients treated with 
immunosuppressives (Serraino et al., 1992, Grulich et al., 2007b). The role of Epstein-Barr 
virus (EBV) is well established in lymphomagenesis in post-transplant patients and this also 
appears to be important in IBD patients (Dayharsh et al., 2002). 

IBD is associated with significant morbidity and a small mortality (Rubin et al., 2004, Ghosh 
and Mitchell, 2007). It is important that IBD physicians are able to help patients weigh up 
the risk of lymphoma with the benefits of drugs used to treat IBD. A number of attempts 
have been made to quantify this risk. One of the largest population-based studies utilised a 
primary care database from the United Kingdom but did not find a statistically significant 
increased background risk of lymphoma in IBD patients (Lewis et al., 2001). A cohort study 
from Dublin found an alarmingly higher rate of lymphoma in their IBD patients with up to 
a 59-fold increase (Farrell et al., 2000). Kandiel et al performed a meta-analysis of 6 studies to 
evaluate the risk of lymphoma in IBD patients treated with thiopurines and found a 4-fold 
increased risk of lymphoma in these patients (Kandiel et al., 2005). 

A number of more recent studies have been presented in the literature including large 
cohort studies from the United States (US) and Spain (Chiorean et al., 2010, Van 
Domselaar et al., 2010) as well as large population-based studies from the UK and the 
Netherlands (Armstrong et al., 2010, Vos et al., 2010). Most notably, the French CESAME 
study published in 2009 with almost 50,000 patient-years of follow up, set out to quantify 
the risk of lymphoma and made attempts to distinguish the background risk of 
lymphoma due to IBD itself from the risk conferred by its treatment (Beaugerie et al., 
2009a). 

This chapter aims to provide an up to date systematic review of the available literature 
regarding the risk of lymphoma in inflammatory bowel disease. Meta-analysis techniques 
have been used to pool data from multiple studies. 

2. Inflammatory bowel disease 
Inflammatory bowel disease (IBD) is a chronic, idiopathic, remitting and relapsing disorder 
of the gastrointestinal tract. It comprises of two main disease types, ulcerative colitis (UC) 
and Crohn’s disease (CD), which have many similar but also certain distinct pathological 
and clinical characteristics. 
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2.1 Epidemiology 

IBD affects 400 per 100,000 population in the United Kingdom but there is considerable 
variation worldwide with the highest prevalence in developed countries (Rubin et al., 2000). 
It most commonly presents in teenage or young adult life but it can affect any age and there 
is an approximate equal sex distribution. 

2.2 Aetiology 

The aetiology is unknown but evidence suggests an immune dysfunction which is triggered 
by an environmental factor in a genetically susceptible individual (Cho, 2008) leading to 
chronic inflammation and injury to the gastrointestinal tract. Many of the susceptibility 
genes identified in recent studies have been shown to have important roles in immune 
regulation but there is increasing evidence that these genes pertain to the innate immune 
system and are involved in the sensing or intracellular processing of bacteria (Packey and 
Sartor, 2008). Potential microbial triggers which have been studied include a form of 
enteroadherent Escherichia coli and Mycobacterium paratuberculosis, but more recent 
investigation suggests that a disturbance of normal enteric microflora may play a role in 
aetiology (Sartor, 2008). Additionally, a number of other potential environmental factors 
have also been studied including diet, smoking, appendiceal inflammation, certain drugs 
and stress but causality has remained difficult to establish (Bernstein, 2010). The particular 
combination of susceptible genes and environmental triggers probably varies between 
individuals with IBD and leads to different patterns and severity of disease.  

Ulcerative colitis causes a continuous mucosal inflammation of the colorectum, whereas 
Crohn’s disease can affect any part of the GI tract, characteristically with skip lesions and 
transmural inflammation. Additionally, chronic inflammation in Crohn’s disease can lead to 
fistulising and stricturing disease behaviours (Satsangi et al., 2006). 

2.3 Treatment 

A curative treatment for inflammatory bowel disease is yet to be identified. Strategies for the 
management of IBD involve treatment of flares and maintenance of remission. Although a 
wide range of therapies including enteral nutrition (Zachos et al., 2007), antibiotics (Lal and 
Steinhart, 2006) and complementary medicines (Langmead and Rampton, 2006) are used in 
IBD, the mainstay of treatment has been with anti-inflammatory and immunomodulatory 
drugs. Corticosteroids, 5-aminosalicylates (5ASA), azathioprine (AZA), mercaptopurine 
(6MP), methotrexate (MTX) and cyclosporin A (CSA) have been the most commonly used 
drugs. In an attempt to reduce steroid exposure and maintain remission, 
immunomodulatory therapy is being used earlier, for prolonged periods and in 
combination. The concern is of an increased risk of side effects with this approach. Estimates 
suggest that up to 30% of patients may not respond to this treatment and may require more 
aggressive strategies. The increased understanding of the pathogenesis of IBD, has led to 
investigation in to a number of therapies targeted towards the abnormal cytokine expression 
seen in patients with IBD. Of these, only the monoclonal antibodies against tumour necrosis 
factor are currently in clinical use but other targets have been identified and are undergoing 
laboratory and clinical study. Infliximab (IXB) and adalimumab (ADA) are the two anti-
tumour necrosis factor (anti-TNF) drugs available in the United Kingdom and a number of 
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Fig. 1. Assessing the causality of lymphoma in IBD. IBD itself may be the cause of 
lymphoma (a), or lymphoma may be due to the medication used to treat it (b) or lymphoma 
may be due to a combination of the disease and the treatment (c). 
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Sartor, 2008). Potential microbial triggers which have been studied include a form of 
enteroadherent Escherichia coli and Mycobacterium paratuberculosis, but more recent 
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and stress but causality has remained difficult to establish (Bernstein, 2010). The particular 
combination of susceptible genes and environmental triggers probably varies between 
individuals with IBD and leads to different patterns and severity of disease.  
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transmural inflammation. Additionally, chronic inflammation in Crohn’s disease can lead to 
fistulising and stricturing disease behaviours (Satsangi et al., 2006). 

2.3 Treatment 

A curative treatment for inflammatory bowel disease is yet to be identified. Strategies for the 
management of IBD involve treatment of flares and maintenance of remission. Although a 
wide range of therapies including enteral nutrition (Zachos et al., 2007), antibiotics (Lal and 
Steinhart, 2006) and complementary medicines (Langmead and Rampton, 2006) are used in 
IBD, the mainstay of treatment has been with anti-inflammatory and immunomodulatory 
drugs. Corticosteroids, 5-aminosalicylates (5ASA), azathioprine (AZA), mercaptopurine 
(6MP), methotrexate (MTX) and cyclosporin A (CSA) have been the most commonly used 
drugs. In an attempt to reduce steroid exposure and maintain remission, 
immunomodulatory therapy is being used earlier, for prolonged periods and in 
combination. The concern is of an increased risk of side effects with this approach. Estimates 
suggest that up to 30% of patients may not respond to this treatment and may require more 
aggressive strategies. The increased understanding of the pathogenesis of IBD, has led to 
investigation in to a number of therapies targeted towards the abnormal cytokine expression 
seen in patients with IBD. Of these, only the monoclonal antibodies against tumour necrosis 
factor are currently in clinical use but other targets have been identified and are undergoing 
laboratory and clinical study. Infliximab (IXB) and adalimumab (ADA) are the two anti-
tumour necrosis factor (anti-TNF) drugs available in the United Kingdom and a number of 
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studies have proven their efficacy (Hanauer et al., 2006, Hanauer et al., 2002, Jarnerot et al., 
2005). A third, pegylated anti-TNF drug, certolizumab has also been studied and appears to 
have equivalent clinical efficacy (Sandborn et al., 2007a). Despite medical therapy, up to 50-
70% of patients with CD will undergo surgery within 5 years of diagnosis and UC patients 
have a 20-30% lifetime risk of colectomy (Cosnes et al., 2005). 

2.4 Cancer risk in IBD 

The increased risk of colonic adenocarcinoma in patients with ulcerative colitis and Crohn’s 
colitis is well documented (Rutter et al., 2006, Jess et al., 2006). One study has suggested a 
protective role for thiopurines in this context (Beaugerie et al., 2009b) though these patients 
were not corrected for co-administration of 5ASA preparations which may also have a 
protective role in this setting. 

There also appears to be an increased risk of certain non-colorectal malignancies amongst 
IBD patients. In the same cohort of patients from the CESAME study, prospective data 
suggested a 20-fold increased risk of small bowel adenocarcinoma and suggestion of an 
increased risk of skin and cervical malignancy (Beaugerie et al., 2009c). In a database of over 
27,000 UC patients from Sweden, the standardised incidence ratio (SIR) for all cancers was 
1.46 with increased risk of malignancy of the liver, small bowel (carcinoid), prostate and 
breast (Hemminki et al., 2008). In a recent review of malignancies associated with thiopurine 
therapy, Smith et al concluded that these drugs did not increase the risk of cervical 
dysplasia, colonic cancer or solid organ tumours in IBD patients (Smith et al., 2010). A 
retrospective cohort study of over 50,000 IBD patients from the US suggested an increased 
risk of non-melanomatous skin cancer and that this risk was highest in patients treated with 
thiopurines (Odds Ratio 4.27) and biological therapies (Odds Ratio 2.18) (Long et al., 2010). 

Many of these studies have also shown an increased risk of lymphoma and this will be 
discussed further in this chapter. 

3. Lymphoma 
Lymphoma is a broad term used to describe a variety of neoplasms due to proliferation of 
lymphoid cells. Traditionally, lymphoid neoplasms that presented with bone marrow and 
blood involvement were referred to by the term leukaemia and those that presented with a 
mass would be called a lymphoma. However, it is now appreciated that any lymphoma can 
present with or evolve in to a leukaemic picture and occasionally, leukaemia can present with 
a mass lesion. 

3.1 Classification of lymphoma 

The earliest classifications of lymphoma were based entirely on the morphological features 
of the neoplastic cells involved. Historically, lymphomas represented by large cells were 
known as reticulosarcomas and those by small cells were lymphosarcomas (Diebold, 2001). 
Later, lymphomas began to be distinguished according to their origin from B or T 
lymphocytes. With the development of immunophenotyping and cytogenetics, as well as an 
appreciation of differences in prognosis and patient stratification, more complex 
classification systems have developed. The World Health Organisation (WHO) 
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Classification of Tumours of Haemopoietic and Lymphoid Tissues, updated in 2008 (see 
Table 1), is now widely accepted (Swerdlow et al., 2008) and categorises lymphoid 
neoplasms in to those derived from: 

 B cell progenitors - bone marrow derived 
 T cell progenitors - thymus derived 
 Mature T lymphocytes - cytotoxic or killer T cells, helper T cells or T regulatory cells 
 Mature B lymphocytes - B cells or plasma cells 

 
Non-Hodgkin’s Lymphoma 

  
Precursor B-cell lymphomas Precursor T-cell and NK-cell lymphomas 

  
Precursor B-cell lymphoblastic lymphoma Precursor T-cell lymphoblastic lymphoma 

 Blastic NK-cell lymphoma 
Mature B-cell lymphomas  

 Mature T-cell and NK-cell lymphomas 
Small lymphocytic lymphoma  

Lymphoplasmacytic lymphoma T-cell prolymphocytic leukaemia 
Splenic marginal zone lymphoma T-cell large granular lymphocytic leukaemia 

Hairy cell leukaemia Aggressive NK-cell leukaemia 
Plasma cell neoplasms Adult T-cell lymphoma/leukaemia 

Extranodal marginal zone B-cell MALT 
lymphoma Extranodal NK-/T-cell lymphoma, nasal type 

Nodal marginal zone B-cell lymphoma Enteropathy-type T-cell lymphoma 
Follicular lymphoma (grades 1, 2, 3a and 3b) Hepatosplenic T-cell lymphoma 

Diffuse follicle centre lymphoma Subcutaneous panniculitis-like T-cell 
lymphoma 

Mantle cell lymphoma Mycosis fungoides 
Diffuse large B-cell lymphoma Peripheral T-cell lymphoma unspecified 

Mediastinal (thymic) large B-cell lymphoma Angioimmunoblastic T-cell lymphoma 
Intravascular large B-cell lymphoma Anaplastic large cell lymphoma 

Primary effusion lymphoma  
Burkitt lymphoma  

  
B-cell proliferations of uncertain malignant 

potential  

  
Lymphomatoid granulomatosis  

Post-transplant lymphoproliferative disorder  
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Hodgkin’s Lymphoma 

 
Classical Hodgkin's lymphoma 

 
Nodular sclerosis classical HL 
Mixed cellularity classical HL 

 
 

Lymphocyte rich classical HL 
Lymphocyte depleted classical HL 

 
Nodular lymphocyte predominant HL 

 

Table 1. WHO Classification of Non-Hodgkin’s and Hodgkin’s Lymphoma (Swerdlow et al, 
2008). (MALT – mucosa-associated lymphoid tissue; HL – Hodgkin’s Lymphoma; NK – 
Natural Killer). 

Hodgkin’s lymphoma (formerly known as Hodgkin’s disease) arises from B-cells of 
germinal or post-germinal centres of peripheral lymph nodes. It is pathologically and 
clinically distinct from other lymphoid neoplasia and generally has a good prognosis. 
Hodgkin’s lymphoma has a distinguishing cellular composition on biopsy of lymphomatous 
tissues with abundant inflammatory cells and only a minority of neoplastic cells, known as 
Reed-Sternberg cells. Reed-Sternberg cells are large, binucleated or multinucleated 
containing multiple eosinophilic nucleoli and have prominent cytoplasm. Hodgkin’s 
lymphoma (HL) is classified in to nodular lymphocyte predominant HL and classical HL, which 
is further subdivided in to nodular sclerosis, mixed cellularity, lymphocyte-rich and lymphocyte-
depleted types (see Table 1). 

The term Non-Hodgkin’s lymphoma encompasses all other types of lymphoma. Although 
the WHO classification does not distinguish NHL on the basis of disease activity, it has 
classically been divided in to two subtypes: 

 High-grade NHL develops quickly and aggressively. 
 Low-grade or indolent NHL develops slowly and there may be no symptoms for many 

years. 

3.2 Non-Hodgkin’s lymphoma 

NHL can occur in children and adults but over two-thirds are diagnosed in people aged 
over 60 years. There is a male preponderance with a ratio of up to 1.5 in older age groups. 
NHL is the fifth most common cancer in the UK with over 10,000 people diagnosed with the 
condition in 2007 and an age-standardised rate of 14.2 per 100,000 population (Cancer-
Research-UK, 2011) (see Figure 2A). In the United States, the Surveillance Epidemiology & 
End Results (SEER) registry provides an age-standardised rate of 19.6 per 100,000 between 
2003 and 2007 (Altekruse et al., 2010). The incidence of NHL seems to be rising in the UK  
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Fig. 2. Figures adapted from Cancer Research UK 2011. A: Incidence of non-Hodgkin’s 
lymphoma by gender. B: Incidence of Hodgkin’s lymphoma by gender. C: Age standardised 
incidence rates for non-Hodgkin’s lymphoma. D: Age standardised incidence rates for 
Hodgkin’s lymphoma. 

with an increase of 35% during the 20 year interval between 1988 and 2007 (see Figure 2C). 
This trend seems to be reflected throughout the world. Mortality in the UK is estimated at 
6.9 per 100,000 from NHL and with improvements in treatment, it is estimated that over half 
of patients now survive for at least 10 years following diagnosis. Up to 15% of all extra-
nodal NHL presents in the GI tract (Newton et al., 1997). 

A number of risk factors for the development of NHL have been studied: 

 Infectious agents – It is thought that a proportion of the worldwide rise in incidence of 
NHL parallels, but is not completely explained by, the HIV epidemic. The risk of NHL 
in HIV and AIDS is well documented but only 3-5% of these patients will develop NHL 
(Serraino et al., 1992). Epstein-Barr virus has been linked to Burkitt’s lymphoma and 
post-transplant lymphoma (Epstein et al., 1964). Other infections associated with an 
increased risk of NHL include Helicobacter Pylori (Xue et al., 2001), Hepatitis C (Dal 
Maso and Franceschi, 2006) and Human T-cell Lymphotropic Virus (HTLV-1) (Parkin, 
2006). 

 Immunosuppression – The use of immunosuppression following organ transplant has 
been shown to increase the risk of NHL and in a significant proportion of these, EBV 
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This trend seems to be reflected throughout the world. Mortality in the UK is estimated at 
6.9 per 100,000 from NHL and with improvements in treatment, it is estimated that over half 
of patients now survive for at least 10 years following diagnosis. Up to 15% of all extra-
nodal NHL presents in the GI tract (Newton et al., 1997). 

A number of risk factors for the development of NHL have been studied: 

 Infectious agents – It is thought that a proportion of the worldwide rise in incidence of 
NHL parallels, but is not completely explained by, the HIV epidemic. The risk of NHL 
in HIV and AIDS is well documented but only 3-5% of these patients will develop NHL 
(Serraino et al., 1992). Epstein-Barr virus has been linked to Burkitt’s lymphoma and 
post-transplant lymphoma (Epstein et al., 1964). Other infections associated with an 
increased risk of NHL include Helicobacter Pylori (Xue et al., 2001), Hepatitis C (Dal 
Maso and Franceschi, 2006) and Human T-cell Lymphotropic Virus (HTLV-1) (Parkin, 
2006). 

 Immunosuppression – The use of immunosuppression following organ transplant has 
been shown to increase the risk of NHL and in a significant proportion of these, EBV 
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infection has been implicated (Kawashima et al., 1994). A recent meta-analysis suggests 
an 8-fold increased risk of NHL in post-transplant patients (Grulich et al., 2007b). 

 Autoimmune conditions – Conditions such as autoimmune haemolytic anaemia, 
systemic lupus erythematosus and Sjögren’s syndrome, where there is a longstanding 
stimulation of the immune system have been shown to carry an increased risk of NHL 
but the exact mechanisms remain poorly understood (Ekstrom Smedby et al., 2008). 
Coeliac disease is associated with T-cell lymphoma and less frequently, B-cell 
lymphoma (Chandesris et al., 2010, Oruc et al., 2010). This risk can be reduced by 
treatment with a gluten-free diet (Silano et al., 2008). 

 Genetic susceptibility – The sibling or progeny of an affected individual has an 
approximate two-fold increased risk of developing NHL and there appears to be 
concordance in NHL subtype (Altieri et al., 2005). 

 Exposure to chemical carcinogens – A number of studies and meta-analyses suggest an 
increased risk of NHL in individuals with occupational exposure to agricultural 
pesticides (Merhi et al., 2007), benzene (Steinmaus et al., 2008) and aromatic 
hydrocarbons (Miligi et al., 2006). 

 Diet and obesity – Dietary factors and the risk of lymphoma are controversial. A recent 
study from Iowa found a 31% risk reduction for women with a higher intake of fruit 
and vegetables (Thompson et al., 2010). However, an earlier cohort study did not 
corroborate this finding (Zhang et al., 2000). NHL appears to be associated with obesity 
with one meta-analysis showing a relative risk of 1.4 for diffuse large B-cell NHL 
amongst individuals with a BMI ≥ 30 kg/m2 (Larsson and Wolk, 2007). 

3.3 Hodgkin’s lymphoma 

Hodgkin’s lymphoma represents 15% of all lymphomas and accounts for only 0.6% of all 
cancers diagnosed in the United Kingdom (Cancer-Research-UK, 2011). The age 
standardised incidence in 2007 was 2.6 per 100,000 population in the UK and 2.8 per 100,000 
in the USA (Altekruse et al., 2010) (see Figure 2B). In the UK, age-specific peaks in incidence 
occur in early adult life (for men at 30 to 34 years and women at 20 to 24 years old) and in 
later life (over 70 years). Unlike NHL, the incidence of Hodgkin’s lymphoma seems to have 
fallen in the 1970s and has plateaued since the 1980s (see Figure 2D). This may be explained 
by changes in classification of different types of lymphoma. With treatment, prognosis for 
Hodgkin’s lymphoma is good with around 78% of patients with HL diagnosed in 2007 in 
the UK predicted to survive for at least 10 years according to calculations by Cancer 
Research UK. The overall age-standardised survival rate for patients diagnosed with HL in 
England between 1996 and 1999 was 80% (Coleman, 1999). The Nodular Sclerosis subtype of 
classical HL is the commonest occurring in 60% of cases and is associated with younger age 
and more affluent populations. 

Many of the risk factors for Hodgkin’s lymphoma are similar to those of NHL but certain 
factors may be more important in the development of HL: 

 Genetic susceptibility – a family history of Hodgkin’s lymphoma appears to have a 
much more dramatic effect on risk when compared to NHL. Monozygotic twin studies 
suggest a 99-fold increased risk (Mack et al., 1995) and a first degree relative diagnosed 
with any haematological malignancy confers a two to three-fold increased risk (Chang 
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et al., 2005, Goldin et al., 2004). Studies from the USA suggest racial differences in 
susceptibility with lower risk in blacks than whites (Glaser, 1991). 

 Epstein-Barr virus – EBV infection has long been implicated in the development of 
Hodgkin’s lymphoma. EBV DNA can be found in 40% of cases with higher rates of 
association found in the paediatric population (Jarrett et al., 1996). EBV positivity is 
more commonly found in the Mixed Cellularity than the Nodular Sclerosis subtypes of 
classical HL. A previous history of infectious mononucleosis confers an increased risk 
of HL with an SIR of 3.49 in patients aged 15 to 34 years (Hjalgrim et al., 2000). 

 Previous non-Hodgkin’s lymphoma – Studies suggest that patients who have 
previously been treated for NHL are at increased risk of subsequently developing HL 
with a magnitude in the order of four- to twelve-fold (Travis et al., 1991, Travis et al., 
1993). 

4. Pathogenesis of lymphoma in IBD 
Lymphoma is a clonal expansion of B- and T- lymphocytes caused by the accumulation of a 
series of genetic mutations affecting proto-oncogenes and tumour suppressor genes. This 
results in dysregulated proliferation, evasion of immune surveillance mechanisms and 
inhibition of apoptosis (Jaffe et al., 2001). Significant progress has been made in to the 
understanding of these mechanisms at a molecular level. The activation of oncogenes by 
aberrant chromosomal translocations as well as the inactivation of tumour suppressor genes 
by chromosomal deletion or mutation are both important mechanisms of lymphomagenesis 
(Kuppers et al., 1999). Oncogenic viruses such as EBV and HTLV1 can also introduce foreign 
genetic sequences into the lymphocyte genome causing disruption of normal function (Neri 
et al., 1991). 

There are a number of genetic, environmental, infectious and iatrogenic factors amongst 
patients with inflammatory bowel disease which can predispose to increased susceptibility 
to these mechanisms for the development of lymphoma: 

 Chronic inflammation – The pathogenesis of IBD is not completely understood but 
aberrations in the innate and adaptive immune response to luminal antigens has been 
the focus of much research. It can be postulated that the dysregulation of these immune 
systems seen in the chronic inflammation associated with IBD may lead to antigen-
driven lymphocyte proliferation and a relatively unhindered risk of genetic and 
chromosomal deviations (Sokol and Beaugerie, 2009). Another possibility is that the 
combination of metabolites, cytokines and chemokines seen in the mucosa of IBD 
patients promotes mutagenesis in bystander cells. These theories may help to explain 
the increased risk of lymphoma seen in a variety of different auto-immune conditions 
and their concordance to sites of inflammation (Smedby et al., 2006). EBV related 
lymphoma has been reported in longstanding pyothorax of over 20 years duration 
(Aozasa et al., 2005). This is a condition which is regarded to be due to chronic 
suppuration with no autoimmunity and it is suggested that any chronic inflammatory 
state may predispose to lymphoma development. 

 Genetic susceptibility – Linkage studies and genome wide association studies have 
identified a large array of susceptibility genes for IBD (Barrett et al., 2008). These genetic 
changes may also be involved in the pathogenesis of lymphoma in certain individuals. 
For example, the first susceptibility gene identified, IBD1, encodes for the protein 
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et al., 2005, Goldin et al., 2004). Studies from the USA suggest racial differences in 
susceptibility with lower risk in blacks than whites (Glaser, 1991). 

 Epstein-Barr virus – EBV infection has long been implicated in the development of 
Hodgkin’s lymphoma. EBV DNA can be found in 40% of cases with higher rates of 
association found in the paediatric population (Jarrett et al., 1996). EBV positivity is 
more commonly found in the Mixed Cellularity than the Nodular Sclerosis subtypes of 
classical HL. A previous history of infectious mononucleosis confers an increased risk 
of HL with an SIR of 3.49 in patients aged 15 to 34 years (Hjalgrim et al., 2000). 

 Previous non-Hodgkin’s lymphoma – Studies suggest that patients who have 
previously been treated for NHL are at increased risk of subsequently developing HL 
with a magnitude in the order of four- to twelve-fold (Travis et al., 1991, Travis et al., 
1993). 

4. Pathogenesis of lymphoma in IBD 
Lymphoma is a clonal expansion of B- and T- lymphocytes caused by the accumulation of a 
series of genetic mutations affecting proto-oncogenes and tumour suppressor genes. This 
results in dysregulated proliferation, evasion of immune surveillance mechanisms and 
inhibition of apoptosis (Jaffe et al., 2001). Significant progress has been made in to the 
understanding of these mechanisms at a molecular level. The activation of oncogenes by 
aberrant chromosomal translocations as well as the inactivation of tumour suppressor genes 
by chromosomal deletion or mutation are both important mechanisms of lymphomagenesis 
(Kuppers et al., 1999). Oncogenic viruses such as EBV and HTLV1 can also introduce foreign 
genetic sequences into the lymphocyte genome causing disruption of normal function (Neri 
et al., 1991). 

There are a number of genetic, environmental, infectious and iatrogenic factors amongst 
patients with inflammatory bowel disease which can predispose to increased susceptibility 
to these mechanisms for the development of lymphoma: 

 Chronic inflammation – The pathogenesis of IBD is not completely understood but 
aberrations in the innate and adaptive immune response to luminal antigens has been 
the focus of much research. It can be postulated that the dysregulation of these immune 
systems seen in the chronic inflammation associated with IBD may lead to antigen-
driven lymphocyte proliferation and a relatively unhindered risk of genetic and 
chromosomal deviations (Sokol and Beaugerie, 2009). Another possibility is that the 
combination of metabolites, cytokines and chemokines seen in the mucosa of IBD 
patients promotes mutagenesis in bystander cells. These theories may help to explain 
the increased risk of lymphoma seen in a variety of different auto-immune conditions 
and their concordance to sites of inflammation (Smedby et al., 2006). EBV related 
lymphoma has been reported in longstanding pyothorax of over 20 years duration 
(Aozasa et al., 2005). This is a condition which is regarded to be due to chronic 
suppuration with no autoimmunity and it is suggested that any chronic inflammatory 
state may predispose to lymphoma development. 

 Genetic susceptibility – Linkage studies and genome wide association studies have 
identified a large array of susceptibility genes for IBD (Barrett et al., 2008). These genetic 
changes may also be involved in the pathogenesis of lymphoma in certain individuals. 
For example, the first susceptibility gene identified, IBD1, encodes for the protein 
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NOD1 which in its wild-type activates nuclear factor kappa B (NF-κB) (Ogura et al., 
2001). NF-κB is a tightly regulated mediator of T- and B-lymphocytes and alterations in 
its signalling pathway have been implicated in a number of malignancies including 
lymphoma (Jost and Ruland, 2007). Although some plausibility exists, this link remains 
to be established. 

 Therapeutic immune modulation – Immunomodulatory drugs such as the thiopurines, 
(azathioprine and mercaptopurine), methotrexate, and the anti-TNF drugs (infliximab, 
adalimumab and certolizumab) have become standard treatment for complicated IBD. 
These drugs exert their effects through a number of mechanisms which are 
incompletely understood. It is recognised that AZA and its metabolites suppress 
intracellular inosinic acid synthesis which interferes with intracellular purine synthesis 
resulting in a down regulation of B- and T-cell proliferation (Bacon and Salmon, 1987). 
Thiopurine nucleotides also incorporate into lymphocyte DNA disrupting structure, 
repair mechanisms and promoting mutagenesis (Ling et al., 1992). There is also 
evidence that azathioprine renders DNA highly sensitive to damage to ultraviolet 
(UVA) radiation and this may account for the increased risk of non-melanomatous skin 
cancer in patients treated with thiopurines (O'Donovan et al., 2005). A recent study 
showed that IBD patients on thiopurine therapy had significantly more somatic 
mutations in circulating T-lymphocytes than in a thiopurine-naïve control group 
(Nguyen et al., 2009).  
The impact of anti-TNF drugs on the risk of mutagenesis has not been adequately 
studied. It is conceivable that interruption of TNF signalling disrupts immune 
surveillance mechanisms and alters the normal detection and elimination of cells with 
chromosomal abnormalities.  
At higher doses, methotrexate is cytotoxic, whereas the lower doses used in IBD 
patients are known to alter T-cell derived cytokines in inflammatory states. It inhibits 
pro-inflammatory cytokines such as interleukin-12, interferon-γ and tumour necrosis 
factor-α whilst promoting anti-inflammatory cytokines such as interleukin-10 (van 
Dieren et al., 2006). These cytokines have fundamental effects on lymphocyte 
proliferation and function but the specific mechanisms which may contribute to 
potential lymphoma development are not known. 

 Immunosuppression – The increased risk of lymphoma in patients with 
immunodeficiency states such as HIV infection (Serraino et al., 1992) and post-
transplant immunosuppression (Grulich et al., 2007a) is well recognised and many of 
these cases are EBV positive. The increased risk of opportunistic infections amongst IBD 
patients on immunomodulators therapy is also well documented. Toruner et al 
identified 100 cases of opportunistic infections over an 8 year period on their database 
of IBD patients from the Mayo Clinic and found that treatment with thiopurines 
conferred an Odds Ratio of 3.1 (Toruner et al., 2008). The majority of these opportunistic 
infections were caused by viruses including cytomegalovirus, Herpes simplex virus and 
Epstein-Barr virus. 
EBV is a widely disseminated human Herpes virus which has been associated with a 
number of different types of B-cell lymphoma, particularly mixed cellularity and 
lymphocyte depleted classical Hodgkin’s lymphoma, Burkitt’s lymphoma and post-
transplant lymphoproliferative disorder (PTLD). EBV viral load can predict risk of 
PTLD (Stevens et al., 2001) and cases of infectious mononucleosis with early 
transformation to lymphoma have been described (Owen et al., 2010). Interestingly, 
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Wong et al describe a case of synchronous colonic adenocarcinoma and lymphoma and 
demonstrated that EBV was present in the lymphomatous tissue but not in the invasive 
adenomatous tissue (Wong et al., 2003). A series of IBD patients from the Mayo clinic 
identified 12 patients diagnosed with lymphoma between 1993 and 2000, half of whom 
were on azathioprine therapy. The lymphomas of five out of these six patients on 
azathioprine were EBV positive whereas only one out of the six azathioprine-naïve 
patients was EBV positive (Dayharsh et al., 2002). This study suggests a link between 
azathioprine therapy and EBV driven lymphoma in IBD though the numbers were too 
small to reach statistical significance. In the CESAME prospective study of over 21,000 
French IBD patients, 9 of the 13 cases of lymphoma in patients on azathioprine were 
EBV positive with up to 16 years exposure to the drug (Beaugerie et al., 2009a). Reijasse 
et al measured EBV viral loads in patients with Crohn’s disease and EBV sero-positive 
controls. There was no difference in viral loads between the two groups irrespective of 
immunomodulator or biological therapy but a minority of patients did have transient, 
very high EBV viral loads (Reijasse et al., 2004). It is not clear, whether these peaks in 
EBV viral load are associated with lymphoma risk but this does appear to be the case in 
post-transplant patients where EBV viral load can predict this outcome (Stevens et al., 
2001). 
The pathobiology of EBV and its role in lymphomagenesis is complex. The host-
incorporated EBV genome encodes a number of proteins with similarities to a variety of 
cytokines, anti-apoptotic molecules and signal transducers that can immortalise and 
mutate infected cells (Sokol and Beaugerie, 2009). 
The risk of other oncogenic viruses such as HLTV1 is not well described in the IBD 
literature. A recent meta-analysis suggested a lower prevalence of Helicobacter Pylori 
infection in IBD patients compared to control groups but its association with gastric 
MALT-oma is well documented (Luther et al., 2010). 

5. Lymphoma risk in the literature 
In order to evaluate any causality between IBD and the risk of lymphoma, it is extremely 
important to appreciate the quality of safety data available. Frequently, this information is 
flawed and difficult to interpret. 

5.1 Quality of data 

Randomised controlled drug trials collate information regarding adverse events but they are 
powered to elucidate differences in efficacy and not safety. They also tend to have relatively 
small numbers and a short follow up period which may not reflect the true incidence of late 
or delayed adverse events. Some useful safety information is available from observational 
studies of large populations. These have large numbers and long follow up but are 
susceptible to indication bias and often have other confounding factors. Case controlled 
series have an efficient methodology but may be hampered by the shortcomings of control 
selection. The most common form of safety data comes from case reports and case series 
which are able to identify rare risks. However, the inherent positive bias with this form of 
evidence, does not allow it to be utilised for risk quantification or for providing proof of 
causality. Post marketing surveillance, a form of pharmaco-vigilence, is another important 
source of safety data. This information may be made available through institutional 
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NOD1 which in its wild-type activates nuclear factor kappa B (NF-κB) (Ogura et al., 
2001). NF-κB is a tightly regulated mediator of T- and B-lymphocytes and alterations in 
its signalling pathway have been implicated in a number of malignancies including 
lymphoma (Jost and Ruland, 2007). Although some plausibility exists, this link remains 
to be established. 

 Therapeutic immune modulation – Immunomodulatory drugs such as the thiopurines, 
(azathioprine and mercaptopurine), methotrexate, and the anti-TNF drugs (infliximab, 
adalimumab and certolizumab) have become standard treatment for complicated IBD. 
These drugs exert their effects through a number of mechanisms which are 
incompletely understood. It is recognised that AZA and its metabolites suppress 
intracellular inosinic acid synthesis which interferes with intracellular purine synthesis 
resulting in a down regulation of B- and T-cell proliferation (Bacon and Salmon, 1987). 
Thiopurine nucleotides also incorporate into lymphocyte DNA disrupting structure, 
repair mechanisms and promoting mutagenesis (Ling et al., 1992). There is also 
evidence that azathioprine renders DNA highly sensitive to damage to ultraviolet 
(UVA) radiation and this may account for the increased risk of non-melanomatous skin 
cancer in patients treated with thiopurines (O'Donovan et al., 2005). A recent study 
showed that IBD patients on thiopurine therapy had significantly more somatic 
mutations in circulating T-lymphocytes than in a thiopurine-naïve control group 
(Nguyen et al., 2009).  
The impact of anti-TNF drugs on the risk of mutagenesis has not been adequately 
studied. It is conceivable that interruption of TNF signalling disrupts immune 
surveillance mechanisms and alters the normal detection and elimination of cells with 
chromosomal abnormalities.  
At higher doses, methotrexate is cytotoxic, whereas the lower doses used in IBD 
patients are known to alter T-cell derived cytokines in inflammatory states. It inhibits 
pro-inflammatory cytokines such as interleukin-12, interferon-γ and tumour necrosis 
factor-α whilst promoting anti-inflammatory cytokines such as interleukin-10 (van 
Dieren et al., 2006). These cytokines have fundamental effects on lymphocyte 
proliferation and function but the specific mechanisms which may contribute to 
potential lymphoma development are not known. 

 Immunosuppression – The increased risk of lymphoma in patients with 
immunodeficiency states such as HIV infection (Serraino et al., 1992) and post-
transplant immunosuppression (Grulich et al., 2007a) is well recognised and many of 
these cases are EBV positive. The increased risk of opportunistic infections amongst IBD 
patients on immunomodulators therapy is also well documented. Toruner et al 
identified 100 cases of opportunistic infections over an 8 year period on their database 
of IBD patients from the Mayo Clinic and found that treatment with thiopurines 
conferred an Odds Ratio of 3.1 (Toruner et al., 2008). The majority of these opportunistic 
infections were caused by viruses including cytomegalovirus, Herpes simplex virus and 
Epstein-Barr virus. 
EBV is a widely disseminated human Herpes virus which has been associated with a 
number of different types of B-cell lymphoma, particularly mixed cellularity and 
lymphocyte depleted classical Hodgkin’s lymphoma, Burkitt’s lymphoma and post-
transplant lymphoproliferative disorder (PTLD). EBV viral load can predict risk of 
PTLD (Stevens et al., 2001) and cases of infectious mononucleosis with early 
transformation to lymphoma have been described (Owen et al., 2010). Interestingly, 
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Wong et al describe a case of synchronous colonic adenocarcinoma and lymphoma and 
demonstrated that EBV was present in the lymphomatous tissue but not in the invasive 
adenomatous tissue (Wong et al., 2003). A series of IBD patients from the Mayo clinic 
identified 12 patients diagnosed with lymphoma between 1993 and 2000, half of whom 
were on azathioprine therapy. The lymphomas of five out of these six patients on 
azathioprine were EBV positive whereas only one out of the six azathioprine-naïve 
patients was EBV positive (Dayharsh et al., 2002). This study suggests a link between 
azathioprine therapy and EBV driven lymphoma in IBD though the numbers were too 
small to reach statistical significance. In the CESAME prospective study of over 21,000 
French IBD patients, 9 of the 13 cases of lymphoma in patients on azathioprine were 
EBV positive with up to 16 years exposure to the drug (Beaugerie et al., 2009a). Reijasse 
et al measured EBV viral loads in patients with Crohn’s disease and EBV sero-positive 
controls. There was no difference in viral loads between the two groups irrespective of 
immunomodulator or biological therapy but a minority of patients did have transient, 
very high EBV viral loads (Reijasse et al., 2004). It is not clear, whether these peaks in 
EBV viral load are associated with lymphoma risk but this does appear to be the case in 
post-transplant patients where EBV viral load can predict this outcome (Stevens et al., 
2001). 
The pathobiology of EBV and its role in lymphomagenesis is complex. The host-
incorporated EBV genome encodes a number of proteins with similarities to a variety of 
cytokines, anti-apoptotic molecules and signal transducers that can immortalise and 
mutate infected cells (Sokol and Beaugerie, 2009). 
The risk of other oncogenic viruses such as HLTV1 is not well described in the IBD 
literature. A recent meta-analysis suggested a lower prevalence of Helicobacter Pylori 
infection in IBD patients compared to control groups but its association with gastric 
MALT-oma is well documented (Luther et al., 2010). 

5. Lymphoma risk in the literature 
In order to evaluate any causality between IBD and the risk of lymphoma, it is extremely 
important to appreciate the quality of safety data available. Frequently, this information is 
flawed and difficult to interpret. 

5.1 Quality of data 

Randomised controlled drug trials collate information regarding adverse events but they are 
powered to elucidate differences in efficacy and not safety. They also tend to have relatively 
small numbers and a short follow up period which may not reflect the true incidence of late 
or delayed adverse events. Some useful safety information is available from observational 
studies of large populations. These have large numbers and long follow up but are 
susceptible to indication bias and often have other confounding factors. Case controlled 
series have an efficient methodology but may be hampered by the shortcomings of control 
selection. The most common form of safety data comes from case reports and case series 
which are able to identify rare risks. However, the inherent positive bias with this form of 
evidence, does not allow it to be utilised for risk quantification or for providing proof of 
causality. Post marketing surveillance, a form of pharmaco-vigilence, is another important 
source of safety data. This information may be made available through institutional 
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reporting schemes, such as the FDA’s Adverse Events Recording System (AERS) in the 
United States (FDA, 2011) or the MHRA’s Yellow Card System in the United Kingdom 
(MHRA, 2011). Important information may come from drug specific data such as the TREAT 
registry (Lichtenstein et al., 2006), which is an on-going large-scale observational registry 
that was designed to examine the safety of Crohn’s Disease therapies including infliximab. 
This type of data provides a real world experience with a heterogeneous group of patients 
suffering a variety of co-morbidities and taking concomitant medication. However, such 
schemes are generally voluntary systems which are prone to under-reporting and hence an 
under estimation of true incidence. 

The low incidence of lymphoma, even in higher risk populations, poses a challenge to 
evaluating this risk. The incidence of all types of lymphoma diagnosed in the United 
Kingdom in 2007 was about 17 cases per 100,000 population (Cancer-Research-UK, 2011). A 
study of almost 3 million individuals would be necessary to detect an adverse event of this 
frequency with a confidence interval of 95%. No studies of this magnitude are available nor 
are likely to be available in the future. 

5.2 Available data 

The literature pertaining to the risk of lymphoma amongst IBD patients is dominated by 
case reports and case series. However, a number of large population studies have also been 
published over the last three decades which have been extremely valuable because they 
allow approximation of the risk of lymphoma (Loftus et al., 2000, Lewis et al., 2001, 
Beaugerie et al., 2009a, Greenstein et al., 1985). This information must be considered within 
the limitations of this type of study. A small number of meta-analyses have attempted to 
combine information from these population-based studies (Kandiel et al., 2005, Siegel et al., 
2009). Post-marketing surveillance for drugs such as azathioprine, mercaptopurine and 
methotrexate are not available but some data regarding the newer anti-TNF therapies in IBD 
now exists (Lichtenstein et al., 2006). 

Interest in the risk of developing lymphoma in the context of IBD and its treatment has 
grown exponentially (see Figure 3). This coincides with increasing use of 
immunomodulators in the management of IBD and concerns over their safety. Prior to the 
1990s, only sporadic case reports and case series were available. More recently, a number of 
population based studies, review articles and meta-analyses have been published which are 
discussed in this report. 

Additionally, changes in the classification of lymphoid neoplasia makes evaluation of the 
literature difficult in certain circumstances where there are overlapping features between 
diagnoses (Swerdlow et al., 2008). 

6. Presentation of lymphoma in IBD 
The presentation of lymphoma amongst IBD patients is very heterogenous and occurs in 
both Crohn’s disease and ulcerative colitis. 

There are abundant reports of lymphoma of the gastro-intestinal tract mimicking 
presentations of Crohn’s disease (Kashi et al., 2010, Kang et al., 2007, Hurlstone, 2002, Jouini 
et al., 2001, Vincenzi et al., 2001, Camera et al., 1997, Maaravi et al., 1993, Scully et al., 1993,  
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Fig. 3. Medline cited publications regarding lymphoma risk in IBD patients since 1950. 

McCullough et al., 1992, Pohl et al., 1991, Bartram and Chrispin, 1973) and ulcerative colitis 
(Isomoto et al., 2003, Luo et al., 1997, Wagonfeld et al., 1976, Myerson et al., 1974, Parnes et 
al., 1974, Friedman et al., 1968, Federman et al., 1963). Clearly, lymphoma of the GI tract 
frequently occurs in the absence of inflammatory bowel disease. In a series from the Mayo 
Clinic spanning 40 years in the pre-biologic era, of the 2,332 cases of primary intestinal 
lymphoma identified, only 15 patients had concomitant inflammatory bowel disease 
(Holubar et al., 2010). These cases are not discussed further here. 

6.1 Intestinal and extra-intestinal lymphoma  

Lymphoma may present at a variety of sites amongst IBD patient but these can broadly be 
classified as intestinal and extra-intestinal. 

Up to 15% of extra-nodal lymphoma involves the GI tract (Newton et al., 1997). In a series of 
15 cases of intestinal lymphoma, 60% were colorectal, 27% involved the small bowel and 
there were individual cases in the stomach, duodenum and ileal pouch, each constituting 
6.25% of this series (Holubar et al., 2010). In 80% of these cases, the location of the 
lymphoma was congruous to the site of IBD. In another series of 14 colorectal lymphomas, 
the commonest sites were the caecum and rectosigmoid but these were not IBD patients 
(Wong and Eu, 2006). Gastric mantle cell lymphoma has also been reported by Raderer et al 
in a patient with a 14 year history of Crohn’s disease (Raderer et al., 2004). Ileal pouch 
lymphoma has also been reported in a number of other publications (Sengul et al., 2008, 



 
New Advances in the Basic and Clinical Gastroenterology 322 

reporting schemes, such as the FDA’s Adverse Events Recording System (AERS) in the 
United States (FDA, 2011) or the MHRA’s Yellow Card System in the United Kingdom 
(MHRA, 2011). Important information may come from drug specific data such as the TREAT 
registry (Lichtenstein et al., 2006), which is an on-going large-scale observational registry 
that was designed to examine the safety of Crohn’s Disease therapies including infliximab. 
This type of data provides a real world experience with a heterogeneous group of patients 
suffering a variety of co-morbidities and taking concomitant medication. However, such 
schemes are generally voluntary systems which are prone to under-reporting and hence an 
under estimation of true incidence. 

The low incidence of lymphoma, even in higher risk populations, poses a challenge to 
evaluating this risk. The incidence of all types of lymphoma diagnosed in the United 
Kingdom in 2007 was about 17 cases per 100,000 population (Cancer-Research-UK, 2011). A 
study of almost 3 million individuals would be necessary to detect an adverse event of this 
frequency with a confidence interval of 95%. No studies of this magnitude are available nor 
are likely to be available in the future. 

5.2 Available data 

The literature pertaining to the risk of lymphoma amongst IBD patients is dominated by 
case reports and case series. However, a number of large population studies have also been 
published over the last three decades which have been extremely valuable because they 
allow approximation of the risk of lymphoma (Loftus et al., 2000, Lewis et al., 2001, 
Beaugerie et al., 2009a, Greenstein et al., 1985). This information must be considered within 
the limitations of this type of study. A small number of meta-analyses have attempted to 
combine information from these population-based studies (Kandiel et al., 2005, Siegel et al., 
2009). Post-marketing surveillance for drugs such as azathioprine, mercaptopurine and 
methotrexate are not available but some data regarding the newer anti-TNF therapies in IBD 
now exists (Lichtenstein et al., 2006). 

Interest in the risk of developing lymphoma in the context of IBD and its treatment has 
grown exponentially (see Figure 3). This coincides with increasing use of 
immunomodulators in the management of IBD and concerns over their safety. Prior to the 
1990s, only sporadic case reports and case series were available. More recently, a number of 
population based studies, review articles and meta-analyses have been published which are 
discussed in this report. 

Additionally, changes in the classification of lymphoid neoplasia makes evaluation of the 
literature difficult in certain circumstances where there are overlapping features between 
diagnoses (Swerdlow et al., 2008). 

6. Presentation of lymphoma in IBD 
The presentation of lymphoma amongst IBD patients is very heterogenous and occurs in 
both Crohn’s disease and ulcerative colitis. 

There are abundant reports of lymphoma of the gastro-intestinal tract mimicking 
presentations of Crohn’s disease (Kashi et al., 2010, Kang et al., 2007, Hurlstone, 2002, Jouini 
et al., 2001, Vincenzi et al., 2001, Camera et al., 1997, Maaravi et al., 1993, Scully et al., 1993,  
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McCullough et al., 1992, Pohl et al., 1991, Bartram and Chrispin, 1973) and ulcerative colitis 
(Isomoto et al., 2003, Luo et al., 1997, Wagonfeld et al., 1976, Myerson et al., 1974, Parnes et 
al., 1974, Friedman et al., 1968, Federman et al., 1963). Clearly, lymphoma of the GI tract 
frequently occurs in the absence of inflammatory bowel disease. In a series from the Mayo 
Clinic spanning 40 years in the pre-biologic era, of the 2,332 cases of primary intestinal 
lymphoma identified, only 15 patients had concomitant inflammatory bowel disease 
(Holubar et al., 2010). These cases are not discussed further here. 

6.1 Intestinal and extra-intestinal lymphoma  

Lymphoma may present at a variety of sites amongst IBD patient but these can broadly be 
classified as intestinal and extra-intestinal. 

Up to 15% of extra-nodal lymphoma involves the GI tract (Newton et al., 1997). In a series of 
15 cases of intestinal lymphoma, 60% were colorectal, 27% involved the small bowel and 
there were individual cases in the stomach, duodenum and ileal pouch, each constituting 
6.25% of this series (Holubar et al., 2010). In 80% of these cases, the location of the 
lymphoma was congruous to the site of IBD. In another series of 14 colorectal lymphomas, 
the commonest sites were the caecum and rectosigmoid but these were not IBD patients 
(Wong and Eu, 2006). Gastric mantle cell lymphoma has also been reported by Raderer et al 
in a patient with a 14 year history of Crohn’s disease (Raderer et al., 2004). Ileal pouch 
lymphoma has also been reported in a number of other publications (Sengul et al., 2008, 
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Frizzi et al., 2000, Nyam et al., 1997) and one publication suggests EBV may be involved in 
the aetiology (Schwartz et al., 2006). Lymphoma at an ileostomy site has also been reported 
(Pranesh, 2002). Metachronous colonic lymphoma (Hill et al., 1993) as well as synchronous 
colonic adenocarcinoma and lymphoma (Hope-Ross et al., 1985, Nishigami et al., 2010) have 
been described in IBD patients. 

In addition, a number of extra-intestinal sites of lymphoma amongst IBD patients have been 
reported. Hepatosplenic T-cell lymphoma (HSTCL) has become a concern amongst IBD 
physicians and this will be discussed in further detail. Owen et al reports a patient with UC 
treated with azathioprine who develops a B-cell lymphoproliferative disorder on her eyelid 
following a recent illness diagnosed as infectious mononucleosis (Owen et al., 2010). Deneau 
et al recently described the case of a child with an EBV-driven NK-cell lymphoma involving 
the skin and GI tract causing hepatosplenomegaly (Deneau et al., 2010). Other cutaneous 
lymphomas are described in the literature (Adams et al., 2004, Martinez Tirado et al., 2001). 
Vulval and peri-anal lymphoma has also been identified (Winnicki et al., 2009, 
Sivarajasingham et al., 2003). Kastner et al present a young lady with ulcerative colitis, 
previously treated with azathioprine, who presents with seizures and is found to have 
cerebral lesions of high grade B cell lymphoma (Kastner et al., 2007). Plamacytoma (a 
mature B-cell lymphoma) can present as a paravertebral mass (Redmond et al., 2007). 

6.2 Clinical presentation 

Many of the symptoms of intestinal lymphoma are very similar to those caused by 
inflammatory bowel disease. The most commonly presenting symptom is bloody diarrhoea 
occurring in almost three quarters of cases (Holubar et al., 2010, Wong and Eu, 2006). Other 
common symptoms include abdominal pain, weight loss and sweats. Presentation with 
bowel obstruction and perforation occurs less frequently (Holubar et al., 2010, Bourikas et 
al., 2008). Diagnosis of lymphoma is frequently made following laparotomy. Endoscopic 
appearances can be diverse, manifesting as ulceration, polyps or masses. 

Duration of IBD before development of lymphoma appears to be very variable between 
individual cases. Shepherd et al reported 10 cases of colorectal lymphoma complicating 
inflammatory bowel disease (6 patients with UC and 4 with CD) (Shepherd et al., 1989). The 
duration of inflammatory bowel disease varied from 30 months to 20 years in these cases. In 
the CESAME study, there was between 1 to 16 years of exposure to thiopurines before 
lymphoma diagnosis (Beaugerie et al., 2009a). 

More unusual presentations of lymphoma include jaundice due to a nodal mass at the porta 
hepatis in a patient with Crohn’s disease (Parasher et al., 1999), spontaneous tumour lysis 
syndrome in a Crohn’s patient with a plasmacytoma (Froilan Torres et al., 2009), nephrotic 
syndrome in a patient with Hodgkin’s lymphoma and UC (Basic-Jukic et al., 2002), and 
jaundice due to vanishing bile duct syndrome in a patient with Hodgkin’s lymphoma and 
IBD (DeBenedet et al., 2008). 

7. Population and cohort studies 
A number of population and cohort studies have been published and are described below. 
The standardised incidence ratio (SIR) is defined as the ratio between observed and 
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expected events in a study population. This is a useful comparator to analyse the risk of 
lymphoma in IBD patients and has been used in much of the literature. 

Incidence and Risk Factors for Lymphoma in a Single-Center Inflammatory Bowel 
Disease Population (Chiorean et al 2010) 

A cohort study identified 3,585 patients attending a single IBD centre in Indianapolis, USA. 
Data was collected retrospectively between 1990 and 2005. Since 2005, the registry was 
updated prospectively. An electronic database was interrogated for diagnoses of Hodgkin’s 
and non-Hodgkin’s lymphoma and compared to expected age-standardised incident rates 
from the SEER registry. This study also used a case matched control group with a ratio of 
1:10 to determine risk factors for lymphoma development. The population consisted of 2,277 
Crohn’s patients and 1,308 UC patients with no significant demographic differences 
between groups. 8 patients were identified with a diagnosis of lymphoma (6 NHL and 2 
HL). Only 3 patients had thiopurine exposure but 2 of these patients had also received TNF 
antagonists and were EBV positive. The study did not find any statistically significant 
relationship between diagnosis of lymphoma with demographics, drug therapy, duration of 
treatment and length of diagnosis. Based on SEER statistics, the overall SIR for lymphoma 
was 1.6 (95% CI 0.6 to 3.0) but this was not significant. (Chiorean et al., 2010) 

Risk of Cancer in Inflammatory Bowel Disease Treated with Azathioprine: A UK 
Population-Based Case-Control Study (Armstrong et al 2010) 

This was a nested case-control study using the General Practice Research Database (GPRD) 
in the UK which was interrogated for patients with a diagnosis of IBD, any previous 
prescriptions for azathioprine or mercaptopurine and a subsequent diagnosis of any cancer. 
The GPRD is the largest longitudinal primary care database in the world containing 
approximately 50 million patient years of data. The control group consisted of all IBD 
patients who had not been diagnosed with a cancer. The total number of patients included 
in the study was 15,471 and 15 patients had diagnoses of lymphoma (2 HL, 6 NHL and 7 
unspecified). The group found the risk of lymphoma for patients who had ever received 
thiopurines versus those that had never received such drugs was increased by an OR of 3.22 
(95% CI 1.01 to 10.18). An SIR was not calculated for the risk of lymphoma compared to the 
background population in this study. (Armstrong et al., 2010) 

Lymphoproliferative Disorders in an Inflammatory Bowel Disease Unit (Van Domselaar 
et al 2010) 

This was a retrospective study of 911 patients attending a tertiary IBD clinic in Madrid 
followed up for a mean of 32.3 months. There were 7 cases of lymphoma identified in the 
cohort (6 NHL and 1 HL). The mean age at diagnosis was 53 years and the mean time from 
IBD to lymphoma diagnosis was 4.82 years (range 0 to 20 years). Three cases were 
associated with EBV. An SIR of 3.72 can be calculated from the figures presented though this 
was not calculated by the authors. (Van Domselaar et al., 2010) 

Risk of Malignant Lymphoma in Patients with Inflammatory Bowel Diseases: A Dutch 
Nationwide Study (Vos et al) 

The authors identified all IBD patients diagnosed with lymphoma between 1997 and 2004 
from a Dutch nationwide histo- and cyto-pathology database known as PALGA. Age 
adjusted incidence of lymphoma was obtained from the Netherlands Central Bureau for 
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Frizzi et al., 2000, Nyam et al., 1997) and one publication suggests EBV may be involved in 
the aetiology (Schwartz et al., 2006). Lymphoma at an ileostomy site has also been reported 
(Pranesh, 2002). Metachronous colonic lymphoma (Hill et al., 1993) as well as synchronous 
colonic adenocarcinoma and lymphoma (Hope-Ross et al., 1985, Nishigami et al., 2010) have 
been described in IBD patients. 

In addition, a number of extra-intestinal sites of lymphoma amongst IBD patients have been 
reported. Hepatosplenic T-cell lymphoma (HSTCL) has become a concern amongst IBD 
physicians and this will be discussed in further detail. Owen et al reports a patient with UC 
treated with azathioprine who develops a B-cell lymphoproliferative disorder on her eyelid 
following a recent illness diagnosed as infectious mononucleosis (Owen et al., 2010). Deneau 
et al recently described the case of a child with an EBV-driven NK-cell lymphoma involving 
the skin and GI tract causing hepatosplenomegaly (Deneau et al., 2010). Other cutaneous 
lymphomas are described in the literature (Adams et al., 2004, Martinez Tirado et al., 2001). 
Vulval and peri-anal lymphoma has also been identified (Winnicki et al., 2009, 
Sivarajasingham et al., 2003). Kastner et al present a young lady with ulcerative colitis, 
previously treated with azathioprine, who presents with seizures and is found to have 
cerebral lesions of high grade B cell lymphoma (Kastner et al., 2007). Plamacytoma (a 
mature B-cell lymphoma) can present as a paravertebral mass (Redmond et al., 2007). 

6.2 Clinical presentation 

Many of the symptoms of intestinal lymphoma are very similar to those caused by 
inflammatory bowel disease. The most commonly presenting symptom is bloody diarrhoea 
occurring in almost three quarters of cases (Holubar et al., 2010, Wong and Eu, 2006). Other 
common symptoms include abdominal pain, weight loss and sweats. Presentation with 
bowel obstruction and perforation occurs less frequently (Holubar et al., 2010, Bourikas et 
al., 2008). Diagnosis of lymphoma is frequently made following laparotomy. Endoscopic 
appearances can be diverse, manifesting as ulceration, polyps or masses. 

Duration of IBD before development of lymphoma appears to be very variable between 
individual cases. Shepherd et al reported 10 cases of colorectal lymphoma complicating 
inflammatory bowel disease (6 patients with UC and 4 with CD) (Shepherd et al., 1989). The 
duration of inflammatory bowel disease varied from 30 months to 20 years in these cases. In 
the CESAME study, there was between 1 to 16 years of exposure to thiopurines before 
lymphoma diagnosis (Beaugerie et al., 2009a). 

More unusual presentations of lymphoma include jaundice due to a nodal mass at the porta 
hepatis in a patient with Crohn’s disease (Parasher et al., 1999), spontaneous tumour lysis 
syndrome in a Crohn’s patient with a plasmacytoma (Froilan Torres et al., 2009), nephrotic 
syndrome in a patient with Hodgkin’s lymphoma and UC (Basic-Jukic et al., 2002), and 
jaundice due to vanishing bile duct syndrome in a patient with Hodgkin’s lymphoma and 
IBD (DeBenedet et al., 2008). 

7. Population and cohort studies 
A number of population and cohort studies have been published and are described below. 
The standardised incidence ratio (SIR) is defined as the ratio between observed and 
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expected events in a study population. This is a useful comparator to analyse the risk of 
lymphoma in IBD patients and has been used in much of the literature. 

Incidence and Risk Factors for Lymphoma in a Single-Center Inflammatory Bowel 
Disease Population (Chiorean et al 2010) 

A cohort study identified 3,585 patients attending a single IBD centre in Indianapolis, USA. 
Data was collected retrospectively between 1990 and 2005. Since 2005, the registry was 
updated prospectively. An electronic database was interrogated for diagnoses of Hodgkin’s 
and non-Hodgkin’s lymphoma and compared to expected age-standardised incident rates 
from the SEER registry. This study also used a case matched control group with a ratio of 
1:10 to determine risk factors for lymphoma development. The population consisted of 2,277 
Crohn’s patients and 1,308 UC patients with no significant demographic differences 
between groups. 8 patients were identified with a diagnosis of lymphoma (6 NHL and 2 
HL). Only 3 patients had thiopurine exposure but 2 of these patients had also received TNF 
antagonists and were EBV positive. The study did not find any statistically significant 
relationship between diagnosis of lymphoma with demographics, drug therapy, duration of 
treatment and length of diagnosis. Based on SEER statistics, the overall SIR for lymphoma 
was 1.6 (95% CI 0.6 to 3.0) but this was not significant. (Chiorean et al., 2010) 

Risk of Cancer in Inflammatory Bowel Disease Treated with Azathioprine: A UK 
Population-Based Case-Control Study (Armstrong et al 2010) 

This was a nested case-control study using the General Practice Research Database (GPRD) 
in the UK which was interrogated for patients with a diagnosis of IBD, any previous 
prescriptions for azathioprine or mercaptopurine and a subsequent diagnosis of any cancer. 
The GPRD is the largest longitudinal primary care database in the world containing 
approximately 50 million patient years of data. The control group consisted of all IBD 
patients who had not been diagnosed with a cancer. The total number of patients included 
in the study was 15,471 and 15 patients had diagnoses of lymphoma (2 HL, 6 NHL and 7 
unspecified). The group found the risk of lymphoma for patients who had ever received 
thiopurines versus those that had never received such drugs was increased by an OR of 3.22 
(95% CI 1.01 to 10.18). An SIR was not calculated for the risk of lymphoma compared to the 
background population in this study. (Armstrong et al., 2010) 

Lymphoproliferative Disorders in an Inflammatory Bowel Disease Unit (Van Domselaar 
et al 2010) 

This was a retrospective study of 911 patients attending a tertiary IBD clinic in Madrid 
followed up for a mean of 32.3 months. There were 7 cases of lymphoma identified in the 
cohort (6 NHL and 1 HL). The mean age at diagnosis was 53 years and the mean time from 
IBD to lymphoma diagnosis was 4.82 years (range 0 to 20 years). Three cases were 
associated with EBV. An SIR of 3.72 can be calculated from the figures presented though this 
was not calculated by the authors. (Van Domselaar et al., 2010) 

Risk of Malignant Lymphoma in Patients with Inflammatory Bowel Diseases: A Dutch 
Nationwide Study (Vos et al) 

The authors identified all IBD patients diagnosed with lymphoma between 1997 and 2004 
from a Dutch nationwide histo- and cyto-pathology database known as PALGA. Age 
adjusted incidence of lymphoma was obtained from the Netherlands Central Bureau for 
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Statistics between these years. After excluding incomplete data, 44 cases of lymphoma were 
identified in 17,834 IBD patients. The calculated SIR was 1.27 (95% CI 0.92 to 1.68) and the 
authors concluded that there was no increased risk of lymphoma in IBD patients. However, 
the SIRs in the age groups 35-39 years and 45-49 years were 9.32 and 3.99 respectively and 
these did reach significance. Only 43% of patients were exposed to thiopurines. Of the 
patients in whom EBV status could be obtained, 92% (11/12) with EBV positive lymphoma 
were taking a thiopurine compared to 19% (4/21) who were EBV negative (p<0.001). (Vos et 
al., 2010) 

Lymphoproliferative Disorders in Patients Receiving Thiopurines for Inflammatory 
Bowel Disease: A Prospective Observational Cohort Study (Beaugerie et al 2009) 

This is a frequently quoted study which set out to objectively clarify the risk of cancer in IBD 
patients. 19,486 patients were enrolled into a prospective French nationwide database called 
CESAME (Cancers et Surrisque Associé aux Maladies inflammatoires intestinales En France) 
between May 2004 and June 2005 and followed up until 31st December 2007. This equated to 
almost 50,000 patient-years of follow up. Details regarding patient demographics, type of 
IBD, date of diagnosis, disease location, history of malignancy and exposure to 
immunosuppressive therapy including thiopurines, methotrexate and anti-TNF agents were 
collected. A total of 23 patients were identified who developed lymphoma (22 NHL, 1 HL). 
The SIR is not presented in this study but later discussed in a review article by the same 
author at 1.86 (95% CI 1.1 to 3.0) (Sokol and Beaugerie, 2009). The HR for patients taking 
AZA versus those who were not was 5.28 (95% CI 2.01 to 13.9). There was a trend towards 
increased risk of lymphoma with anti-TNF therapy but this did not reach statistical 
significance. No patients taking methotrexate developed lymphoma in this study. 
(Beaugerie et al., 2009a) 

Risk of Haematopoietic Cancer in Patients with Inflammatory Bowel Disease (Askling et 
al 2005) 

This was a huge population based cohort study using prospectively recorded data from a 
number of large Swedish IBD databases (Uppsala cohort, Stockholm County cohort, 
Stockholm pan-colitis register and Swedish in-patient register). 47, 679 patients were 
recruited in total and 180 lymphomas were detected. Compared to national Swedish cancer 
statistics, the calculated SIR was 1.09 in this study. (Askling et al., 2005) 

Intestinal and Extra-Intestinal Cancer in Crohn’s Disease: Follow-up of a Population-
based Cohort in Copenhagen, Denmark (Jess et al 2004) 

374 patients with a diagnosis of Crohn’s disease were followed up for a median of 17 years 
in Copenhagen County. No lymphomas were observed in this population. (Jess et al., 2004) 

Long-term Risk of Cancer in Ulcerative Colitis : A Population-based Cohort Study from 
Copenhagen County (Winther et al 2004) 

This study is from the same cohort of patients investigated in the above study by Jess et al. 
In the sample of 1160 UC patients, the median follow up was 19 years. A total of 124 
malignancies were observed including only 1 lymphoma. The SIR for lymphoma risk works 
out at 0.5 ( 95% CI 0.1 to 0.8) in this study. This suggests a protective role of UC in 
lymphomagenesis which is not demonstrated in any other studies. This result is likely to be 
artefactual due to the finding of only 1 case of lymphoma in the study. (Winther et al., 2004) 
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Inflammatory Bowel Disease is not Associated with an Increased Risk of Lymphoma 
(Lewis et al 2001) 

This is an important large retrospective cohort study utilising the General Practice Research 
Database that was also used by Armstrong et al above. All patients coded with a diagnosis of 
UC or CD were eligible for inclusion and cross-matched for a diagnosis of HL and NHL. 
Prescriptions for AZA and 6MP were also analysed and an average dose per day was 
calculated. A control cohort was randomly selected but matched for age, sex and primary care 
practice. The study identified 6,605 patients with CD, 10,391 patients with UC and there were 
60,506 patients in the control group. 18 patients were identified with lymphoma in this cohort 
compared with an expected 13.6 cases and an SIR of 1.32 (95% CI 0.78 to 2.10). The relative risk 
compared to the control group was 1.20 (96% CI 0.67 to 2.06). The authors concluded that IBD 
was not associated with an increased risk of lymphoma. Even on sub-analysis of patients 
prescribed thiopurines, there was no significant increased risk of lymphoma. (Lewis et al., 2001) 

Cancer Risk in Patients with Inflammatory Bowel Disease – A Population-based Study 
(Bernstein et al 2001) 

Population-based data was obtained from the University of Manitoba IBD database which 
was extracted from the Manitoba Health administrative databases in Winnipeg, Canada. An 
age and gender matched non-IBD control group was randomly selected with a ratio of 1:10. 
5,529 patients were included in the study and the overall incidence of cancer was 690.2 per 
100,000 population. 16 cases of NHL were identified but no cases of HL. This study found an 
incident rate ratio of 1.59 (95% CI 0.6 to 3.3) for the risk of lymphoma. The risk of developing 
lymphoma was highest in male patients with Crohn’s disease where the IRR was calculated 
at 3.63 (95% CI 1.53 to 8.62). (Bernstein et al., 2001) 

The Incidence of Lymphoid and Myeloid Malignancies Among Hospitalized Crohn’s 
Disease Patients (Arseneau et al 2001) 

This was a retrospective cohort study. Discharge data for all in-patients in the 
Commonwealth of Virginia and the State of California was analysed to identify patients 
who were admitted to hospital with a diagnosis code for Crohn’s disease. These patients 
were then followed up for 2 years examining for new diagnostic codes for lymphoma. The 
patients were matched with a control group who had admissions to hospital over the same 
period with no history of CD. 5,426 patients were discharged from hospital in the study 
period with a diagnosis of CD. 10 cases of NHL were identified and an OR of 2.04 (95% CI 
1.33 to 3.14) was calculated. (Arseneau et al., 2001) 

Hodgkin’s Disease Risk is Increased in Patients with Ulcerative Colitis (Palli et al 2000) 

This is a population based study of all patients with IBD residing in Florence, Italy between 
1978 and 1992. A total of 920 patients were followed up for a median of 11 years. An 
increased risk of Hodgkin’s disease was observed in patients with UC with 6 cases 
identified and an SIR calculated at 9.3 (95% CI 2.5 to 23.8). The broad confidence interval 
makes it difficult to assess the validity of these findings in this study. (Palli et al., 2000) 

Risk of Lymphoma in Inflammatory Bowel Disease (Loftus et al 2000) 

This was a retrospective study of all incidence cases of IBD in Olmsted County, Minnesota 
between 1950 and 1993 examined for the diagnosis of lymphoma. The authors comment that 
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Statistics between these years. After excluding incomplete data, 44 cases of lymphoma were 
identified in 17,834 IBD patients. The calculated SIR was 1.27 (95% CI 0.92 to 1.68) and the 
authors concluded that there was no increased risk of lymphoma in IBD patients. However, 
the SIRs in the age groups 35-39 years and 45-49 years were 9.32 and 3.99 respectively and 
these did reach significance. Only 43% of patients were exposed to thiopurines. Of the 
patients in whom EBV status could be obtained, 92% (11/12) with EBV positive lymphoma 
were taking a thiopurine compared to 19% (4/21) who were EBV negative (p<0.001). (Vos et 
al., 2010) 

Lymphoproliferative Disorders in Patients Receiving Thiopurines for Inflammatory 
Bowel Disease: A Prospective Observational Cohort Study (Beaugerie et al 2009) 

This is a frequently quoted study which set out to objectively clarify the risk of cancer in IBD 
patients. 19,486 patients were enrolled into a prospective French nationwide database called 
CESAME (Cancers et Surrisque Associé aux Maladies inflammatoires intestinales En France) 
between May 2004 and June 2005 and followed up until 31st December 2007. This equated to 
almost 50,000 patient-years of follow up. Details regarding patient demographics, type of 
IBD, date of diagnosis, disease location, history of malignancy and exposure to 
immunosuppressive therapy including thiopurines, methotrexate and anti-TNF agents were 
collected. A total of 23 patients were identified who developed lymphoma (22 NHL, 1 HL). 
The SIR is not presented in this study but later discussed in a review article by the same 
author at 1.86 (95% CI 1.1 to 3.0) (Sokol and Beaugerie, 2009). The HR for patients taking 
AZA versus those who were not was 5.28 (95% CI 2.01 to 13.9). There was a trend towards 
increased risk of lymphoma with anti-TNF therapy but this did not reach statistical 
significance. No patients taking methotrexate developed lymphoma in this study. 
(Beaugerie et al., 2009a) 

Risk of Haematopoietic Cancer in Patients with Inflammatory Bowel Disease (Askling et 
al 2005) 

This was a huge population based cohort study using prospectively recorded data from a 
number of large Swedish IBD databases (Uppsala cohort, Stockholm County cohort, 
Stockholm pan-colitis register and Swedish in-patient register). 47, 679 patients were 
recruited in total and 180 lymphomas were detected. Compared to national Swedish cancer 
statistics, the calculated SIR was 1.09 in this study. (Askling et al., 2005) 

Intestinal and Extra-Intestinal Cancer in Crohn’s Disease: Follow-up of a Population-
based Cohort in Copenhagen, Denmark (Jess et al 2004) 

374 patients with a diagnosis of Crohn’s disease were followed up for a median of 17 years 
in Copenhagen County. No lymphomas were observed in this population. (Jess et al., 2004) 

Long-term Risk of Cancer in Ulcerative Colitis : A Population-based Cohort Study from 
Copenhagen County (Winther et al 2004) 

This study is from the same cohort of patients investigated in the above study by Jess et al. 
In the sample of 1160 UC patients, the median follow up was 19 years. A total of 124 
malignancies were observed including only 1 lymphoma. The SIR for lymphoma risk works 
out at 0.5 ( 95% CI 0.1 to 0.8) in this study. This suggests a protective role of UC in 
lymphomagenesis which is not demonstrated in any other studies. This result is likely to be 
artefactual due to the finding of only 1 case of lymphoma in the study. (Winther et al., 2004) 

 
Evaluating Lymphoma Risk in Inflammatory Bowel Disease 327 

Inflammatory Bowel Disease is not Associated with an Increased Risk of Lymphoma 
(Lewis et al 2001) 

This is an important large retrospective cohort study utilising the General Practice Research 
Database that was also used by Armstrong et al above. All patients coded with a diagnosis of 
UC or CD were eligible for inclusion and cross-matched for a diagnosis of HL and NHL. 
Prescriptions for AZA and 6MP were also analysed and an average dose per day was 
calculated. A control cohort was randomly selected but matched for age, sex and primary care 
practice. The study identified 6,605 patients with CD, 10,391 patients with UC and there were 
60,506 patients in the control group. 18 patients were identified with lymphoma in this cohort 
compared with an expected 13.6 cases and an SIR of 1.32 (95% CI 0.78 to 2.10). The relative risk 
compared to the control group was 1.20 (96% CI 0.67 to 2.06). The authors concluded that IBD 
was not associated with an increased risk of lymphoma. Even on sub-analysis of patients 
prescribed thiopurines, there was no significant increased risk of lymphoma. (Lewis et al., 2001) 

Cancer Risk in Patients with Inflammatory Bowel Disease – A Population-based Study 
(Bernstein et al 2001) 

Population-based data was obtained from the University of Manitoba IBD database which 
was extracted from the Manitoba Health administrative databases in Winnipeg, Canada. An 
age and gender matched non-IBD control group was randomly selected with a ratio of 1:10. 
5,529 patients were included in the study and the overall incidence of cancer was 690.2 per 
100,000 population. 16 cases of NHL were identified but no cases of HL. This study found an 
incident rate ratio of 1.59 (95% CI 0.6 to 3.3) for the risk of lymphoma. The risk of developing 
lymphoma was highest in male patients with Crohn’s disease where the IRR was calculated 
at 3.63 (95% CI 1.53 to 8.62). (Bernstein et al., 2001) 

The Incidence of Lymphoid and Myeloid Malignancies Among Hospitalized Crohn’s 
Disease Patients (Arseneau et al 2001) 

This was a retrospective cohort study. Discharge data for all in-patients in the 
Commonwealth of Virginia and the State of California was analysed to identify patients 
who were admitted to hospital with a diagnosis code for Crohn’s disease. These patients 
were then followed up for 2 years examining for new diagnostic codes for lymphoma. The 
patients were matched with a control group who had admissions to hospital over the same 
period with no history of CD. 5,426 patients were discharged from hospital in the study 
period with a diagnosis of CD. 10 cases of NHL were identified and an OR of 2.04 (95% CI 
1.33 to 3.14) was calculated. (Arseneau et al., 2001) 

Hodgkin’s Disease Risk is Increased in Patients with Ulcerative Colitis (Palli et al 2000) 

This is a population based study of all patients with IBD residing in Florence, Italy between 
1978 and 1992. A total of 920 patients were followed up for a median of 11 years. An 
increased risk of Hodgkin’s disease was observed in patients with UC with 6 cases 
identified and an SIR calculated at 9.3 (95% CI 2.5 to 23.8). The broad confidence interval 
makes it difficult to assess the validity of these findings in this study. (Palli et al., 2000) 

Risk of Lymphoma in Inflammatory Bowel Disease (Loftus et al 2000) 

This was a retrospective study of all incidence cases of IBD in Olmsted County, Minnesota 
between 1950 and 1993 examined for the diagnosis of lymphoma. The authors comment that 
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the use of immunomodulators during this time frame was rare and hoped to be able to 
demonstrate the baseline risk of lymphoma in IBD patients. Expected cases of lymphoma 
were derived from published Olmsted County age-standardised incidence rates. 454 
patients were diagnosed with IBD in the study period. Only 1 case of NHL was identified in 
the entire cohort and an SIR of 1.0 (95% CI 0.03 to 5.6) was calculated. The observed number 
of patients with lymphoma is so small in this study that the results are very difficult to 
interpret. (Loftus et al., 2000) 

Increased Incidence of non-Hodgkin’s Lymphoma in Inflammatory Bowel Disease 
Patients on Immunosuppressive Therapy but Overall Risk is Low (Farrell et al 2000) 

This study interrogated an IBD database of 782 IBD patients in Dublin. 30% of patients were 
taking immunomodulators therapy with the majority on azathioprine. A total of 30 cancers 
were identified with 4 cases of NHL compared with the expected 0.53 cases. These figures 
produced an SIR of 31.2 (95% CI 2.0 to 85.0). All these patients were on immunosuppressive 
therapy (2 on MTX and 2 on AZA). Calculating an SIR for patients on immunosuppressive 
therapy, the authors found a 58.8 –fold increased risk. These rather alarming results have 
not been duplicated. The confidence intervals are very broad and difficult to interpret. A 
possible explanation for these outlying results is that this retrospective study was initiated 
shortly after two new cases of lymphoma had been identified in this cohort. This clustering 
of cases may have had a significant impact on risk calculations. (Farrell et al., 2000) 

Increased Risk of Cancer in Ulcerative Colitis: A Population-based Cohort Study (Karlén 
et al 1999) 

A cohort of 1547 patients with UC in Stockholm County diagnosed between 1955 and 1984 
were followed on the National Cancer Register and the National Cause of Death Register 
until 1989. Comparisons were made with regional cancer statistics. 3 lymphomas were 
identified in the cohort with an SIR of 1.2 (95% CI 0.3 to 2.5). (Karlen et al., 1999) 

Long-term Neoplasia Risk after Azathioprine Treatment in Inflammatory Bowel Disease 
(Connell et al 1994) 

This study from St Mark’s Hospital in London followed up 755 IBD patients taking 
azathioprine for a median of 12.5 months. The overall risk of cancer was similar to that of 
the background population with an SIR of 1.27 but there was an increased risk of colorectal 
malignancy with an SIR of 6.7. No cases of lymphoma were identified in this cohort. 
(Connell et al., 1994) 

Crohn’s Disease and Cancer: A Population-based Cohort Study (Persson et al 1994) 

This study was performed by the same group and used similar methodology to the Karlén 
study from Stockholm described above. 1251 patients with Crohn’s disease were followed 
up. There was an increased incidence of small bowel and upper GI tract malignancies. 4 
cases of lymphoma were identified with an SIR of 1.4 (95% CI 0.4 to 3.5). (Persson et al., 
1994) 

Extracolonic Malignancies in Inflammatory Bowel Disease (Ekbom et al 1991) 

This was a population based cohort with IBD consisting of 4776 patients from the Uppsala 
Health Care Region in central Sweden. All patients were followed up in the Swedish Cancer 
Registry and the Registry of Causes of Death for a diagnosis of malignancy. 9 cases of 
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lymphoma were found in this cohort with an expected 8.9 cases. The SIR was 1.0 (95% CI 0.5 
to 1.6). (Ekbom et al., 1991) 

Extraintestinal Cancers in Inflammatory Bowel Disease (Greenstein et al 1985) 

This was a retrospective case note review of patients with a diagnosis of IBD at the Mount 
Sinai Hospital, New York. 1961 patients were studied with a total of 8 lymphomas (6 NHL 
and 2 HL). The expected frequency of lymphoma expected was 1.67 giving an SIR of 4.79. 
(Greenstein et al., 1985) 

8. Baseline risk of lymphoma in IBD 
An estimate of the baseline lymphoma risk has been made for this chapter using a meta-
analysis technique. Populations and cohort studies were identified using the MEDLINE 
database provided by the US National Library of Medicine (NLM). Statistical analysis was 
carried out using the Review Manager (RevMan) Version 5 software which is provided by 
The Cochrane Collaboration, Copenhagen, for preparing and maintaining Cochrane reviews 
and meta-analyses. Dichotomous data was entered and analysed using the Mantel-
Haentszel statistical technique and a 95% confidence interval assuming a Poisson 
distribution of lymphoma incidence. Studies were only weighted by their size. Graphical 
representation of results is performed with a Forest plot indicating 95% confidence intervals.  

A total of 145,208 patients from 16 trials were included in the meta-analysis (see Figure 4). This 
produced a cumulative Risk Ratio of 1.29 (95% CI of 1.10 to 1.51, p=0.002). However, this 
included hospital-based and specialist clinic cohorts which can introduce selection bias. The 
meta-analysis was repeated only including the 12 population-based studies (see Figure 5). 
133,463 patients were included. This did not have a very large effect on the results and the Risk 
Ratio falls slightly to 1.23 (95% CI 1.05 to 1.45, p=0.01). In both analyses, the test for 
heterogeneity was not significant and the test for overall effect was 3.15 and 2.52 respectively. 

 
Fig. 4. Meta-analysis of population and cohort studies to evaluate the baseline risk of 
lymphoma.  
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the use of immunomodulators during this time frame was rare and hoped to be able to 
demonstrate the baseline risk of lymphoma in IBD patients. Expected cases of lymphoma 
were derived from published Olmsted County age-standardised incidence rates. 454 
patients were diagnosed with IBD in the study period. Only 1 case of NHL was identified in 
the entire cohort and an SIR of 1.0 (95% CI 0.03 to 5.6) was calculated. The observed number 
of patients with lymphoma is so small in this study that the results are very difficult to 
interpret. (Loftus et al., 2000) 

Increased Incidence of non-Hodgkin’s Lymphoma in Inflammatory Bowel Disease 
Patients on Immunosuppressive Therapy but Overall Risk is Low (Farrell et al 2000) 

This study interrogated an IBD database of 782 IBD patients in Dublin. 30% of patients were 
taking immunomodulators therapy with the majority on azathioprine. A total of 30 cancers 
were identified with 4 cases of NHL compared with the expected 0.53 cases. These figures 
produced an SIR of 31.2 (95% CI 2.0 to 85.0). All these patients were on immunosuppressive 
therapy (2 on MTX and 2 on AZA). Calculating an SIR for patients on immunosuppressive 
therapy, the authors found a 58.8 –fold increased risk. These rather alarming results have 
not been duplicated. The confidence intervals are very broad and difficult to interpret. A 
possible explanation for these outlying results is that this retrospective study was initiated 
shortly after two new cases of lymphoma had been identified in this cohort. This clustering 
of cases may have had a significant impact on risk calculations. (Farrell et al., 2000) 

Increased Risk of Cancer in Ulcerative Colitis: A Population-based Cohort Study (Karlén 
et al 1999) 

A cohort of 1547 patients with UC in Stockholm County diagnosed between 1955 and 1984 
were followed on the National Cancer Register and the National Cause of Death Register 
until 1989. Comparisons were made with regional cancer statistics. 3 lymphomas were 
identified in the cohort with an SIR of 1.2 (95% CI 0.3 to 2.5). (Karlen et al., 1999) 

Long-term Neoplasia Risk after Azathioprine Treatment in Inflammatory Bowel Disease 
(Connell et al 1994) 

This study from St Mark’s Hospital in London followed up 755 IBD patients taking 
azathioprine for a median of 12.5 months. The overall risk of cancer was similar to that of 
the background population with an SIR of 1.27 but there was an increased risk of colorectal 
malignancy with an SIR of 6.7. No cases of lymphoma were identified in this cohort. 
(Connell et al., 1994) 

Crohn’s Disease and Cancer: A Population-based Cohort Study (Persson et al 1994) 

This study was performed by the same group and used similar methodology to the Karlén 
study from Stockholm described above. 1251 patients with Crohn’s disease were followed 
up. There was an increased incidence of small bowel and upper GI tract malignancies. 4 
cases of lymphoma were identified with an SIR of 1.4 (95% CI 0.4 to 3.5). (Persson et al., 
1994) 

Extracolonic Malignancies in Inflammatory Bowel Disease (Ekbom et al 1991) 

This was a population based cohort with IBD consisting of 4776 patients from the Uppsala 
Health Care Region in central Sweden. All patients were followed up in the Swedish Cancer 
Registry and the Registry of Causes of Death for a diagnosis of malignancy. 9 cases of 
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lymphoma were found in this cohort with an expected 8.9 cases. The SIR was 1.0 (95% CI 0.5 
to 1.6). (Ekbom et al., 1991) 
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distribution of lymphoma incidence. Studies were only weighted by their size. Graphical 
representation of results is performed with a Forest plot indicating 95% confidence intervals.  

A total of 145,208 patients from 16 trials were included in the meta-analysis (see Figure 4). This 
produced a cumulative Risk Ratio of 1.29 (95% CI of 1.10 to 1.51, p=0.002). However, this 
included hospital-based and specialist clinic cohorts which can introduce selection bias. The 
meta-analysis was repeated only including the 12 population-based studies (see Figure 5). 
133,463 patients were included. This did not have a very large effect on the results and the Risk 
Ratio falls slightly to 1.23 (95% CI 1.05 to 1.45, p=0.01). In both analyses, the test for 
heterogeneity was not significant and the test for overall effect was 3.15 and 2.52 respectively. 

 
Fig. 4. Meta-analysis of population and cohort studies to evaluate the baseline risk of 
lymphoma.  
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Fig. 5. Meta-analysis of population studies only to evaluate risk of lymphoma.  

These findings would suggest that there is only a small (if any) increased risk of lymphoma 
in IBD patients compared to the general population. 

9. Risk of lymphoma with thiopurines 
The risk of lymphoma in patients treated with thiopurines has been analysed by including 
all cohort and population-based studies (see Figure 6). There were 35805 patients included 
from 7 studies. The test for heterogeneity was not significant and the test for overall effect 
was 4.03. Overall Risk Ratio is calculated at 3.54 (95% CI 1.91 to 6.54, p<0.0001) confirming 
the suspected increased risk of lymphoma in patients treated with azathioprine or 
mercaptopurine. 

 
Fig. 6. Meta-analysis to evaluate the risk of lymphoma in patients treated with thiopurines. 

10. Comparison to other published meta-analyses 
Only three meta-analyses have investigated the background risk and the thiopurine-
associated risk of lymphoma in IBD patients. Results from Von Roon et al and Kandiel et al 
support the findings of the meta-analyses produced here but the work by Masunaga et al 
shows some disparity. 
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The Risk of Cancer in Patients with Crohn’s Disease (Von Roon et al 2007) 

Meta-analytical techniques were used to quantify the risk of intestinal, extra-intestinal and 
haemopoietic malignancies in Crohn’s patients. 34 studies were included with a total of 
61,122 patients. Overall pooled estimates were obtained using a random-effects model. The 
relative risk of lymphoma was 1.42 (95% CI 1.16 to 1.73). This publication, similar to the 
meta-analysis presented in this dissertation, suggests only a slight increased baseline risk of 
lymphoma compared to the general population. (von Roon et al., 2007) 

Increased Risk of Lymphoma among Inflammatory Bowel Disease Patients Treated with 
Azathioprine and 6-Mercaptopurine (Kandiel et al 2005) 

This meta-analysis sought to provide an estimate of the relative risk of lymphoma among IBD 
patients treated with thiopurine therapy. Inclusion criteria were strict with only cohort studies 
in the English language, where the exposed group had received AZA or 6MP and the study 
had been specifically designed to evaluate the risk of cancer. 6 studies were included with a 
total of 3891 IBD patients. Similar methodology was used to the presented meta-analysis in 
this dissertation. Results were also pooled using a Mantzel-Haenszel method but weighting 
was proportioned to the inverse variance rather than the population size. 

The pooled data identified 11 cases of lymphoma whilst the expected number of cases was 
2.63, resulting in an SIR of 4.18 (95% CI 2.07 to 7.51). This is similar in magnitude to the SIR 
in the meta-analysis presented here at 3.54. However, Kandiel et al found a significant test of 
heterogeneity explained by the substantially higher rates of lymphoma in two of the 
included studies (Farrell et al 2000 and Connell et al 1994). Exclusion of these studies did not 
produce a large impact on the pooled SIR. (Kandiel et al., 2005) 

Meta-Analysis of Risk of Malignancy with Immunosuppressive Drugs in Inflammatory 
Bowel Disease (Masunaga et al 2007) 

This group aimed to compare the risks of developing malignancy in IBD patients receiving 
immunosuppressants with those who were not. 9 cohort studies met the inclusion criteria. 
Where a control group for comparison was not available in these studies, Masunaga et al 
compared incidence of lymphoma with that of the University of Manitoba IBD Database 
used by Bernstein et al in their population study. The meta-analysis technique calculated a 
Weighted Mean Difference (WMD) rather than SIR at 0.0 (95% CI -0.8 to 0.7). These results 
were not significant and the authors concluded that there was no increased risk of 
lymphoma in IBD patients treated with immunosuppressives. This result seems to deviate 
from the findings of the larger recent population studies (such as the CESAME study), that 
of the meta-analysis performed by Kandiel et al and the meta-analysis presented in this 
dissertation. This may be due to bias introduced by the arbitrary control method used to 
calculate expected lymphoma rates in control groups in this meta-analysis. (Masunaga et al., 
2007) 

11. Risk of lymphoma in patients treated with methotrexate 
There is virtually no data for the risk of lymphoma in IBD patients taking methotrexate. 
Only 2 cases of lymphoma associated with MTX treatment for inflammatory bowel disease 
have been reported in the literature (Farrell et al., 2000). In this study, 31 patients were 
receiving methotrexate and two of them were subsequently diagnosed with lymphoma. One 
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have been reported in the literature (Farrell et al., 2000). In this study, 31 patients were 
receiving methotrexate and two of them were subsequently diagnosed with lymphoma. One 
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of these patients had also received cyclosporin A. As discussed earlier, the authors of this 
study found risk of lymphoma in their IBD cohort to be much higher than is reported 
elsewhere and this deviation may have resulted from a clustering of lymphoma diagnosis at 
the time of investigation. No reliable determination of risk can be obtained from this study. 

In the large CESAME study, almost 700 patients (4%) had on-going or previous MTX use 
but no cases of lymphoma were identified in these patients (Beaugerie et al., 2009a). 

Some information can be extrapolated from studies of other inflammatory conditions 
though this data must be applied with caution in IBD because the risk of the drug cannot be 
easily separated from the risk of the disease itself. Lymphoma associated with methotrexate 
has been reported in the rheumatology literature. 

A large observational study of rheumatoid arthritis patients treated with methotrexate 
and/or anti-TNF drugs followed up 18,572 patients biannually found an SIR of 1.7 (95% CI 
0.9 to 3.2). The authors concluded that there was no significant increased risk of lymphoma 
with methotrexate therapy over baseline (Wolfe and Michaud, 2004). A French 3 year 
prospective population study of RA patients treated with methotrexate identified 18 cases of 
NHL and 7 cases of HL. Compared to national population statistics, the authors found no 
increased risk of NHL but a Standardised Mortality Ratio of 7.4 (95% CI 3.0 to 15.3) for HL 
in their cohort (Mariette et al., 2002). 

There are no similar studies in IBD and it is not possible to evaluate a relative or absolute 
risk of lymphoma with methotrexate therapy. However, it would appear that the risk of 
lymphoma in this patient group is low. 

12. Risk of lymphoma in patients treated with anti-TNF drugs 
It is difficult to assess the specific risk of anti-TNF drugs in IBD patients because most 
patients will have had thiopurine or methotrexate exposure prior to using this modality of 
treatment. The bulk of the literature regarding anti-TNF drugs is for the use of infliximab in 
Crohn’s disease and little is known regarding differences in safety when used in UC. 

A meta-analysis has recently been carried out by Siegel et al with very comprehensive 
methodology (Siegel et al., 2009). In this meta-analysis, 26 studies with a total of 8905 
patients with 21,178 patient-years of exposure to anti-TNF drugs were included (see Table 
2). 22 studies were regarding infliximab, 3 regarding adalimumab and only one regarding 
certolizumab. All the included studies were for the treatment of Crohn’s disease through 
randomised controlled trials, cohort studies and case series. There were 13 cases of NHL 
with a mean age at presentation of 52 years and 62% male. 10 out of the 13 patients with 
NHL had received dual therapy with immunomodulators and anti-TNFs. The SIR for the 
risk of lymphoma in patients treated with anti-TNF drugs was 3.23 (95% CI 1.5 to 6.9) 
compared to SEER statistics (see Table 3). However, the majority of the lymphoma patients 
had previously had exposure to immunomodulators and the SIR calculated for anti-TNF 
therapy should actually be referred to as the risk of combination therapy. This numerical 
result is in the same order of magnitude as the risk for immunomodulator therapy alone (as 
calculated by the meta-analysis in this dissertation and other studies). This may suggest that 
immunomodulator therapy may play the dominant role in lymphoma risk even in settings 
where combination therapy is used. 
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Study Year Setting Drug N 
Median 

f/u 
(weeks) 

NHL 
cases 

Colombel et al 2007 PRECISE RCT CTZ 905 53 0 
Colombel et al 2007 OLE of GAIN and CHARM ADA 1169 58 0 
Sandborn et al 2007 CLASSIC II RCT ADA 276 56 1 
Lemann et al 2006 RCT IXB + AZA IXB 57 52 0 

Schroder et al 2006 Controlled pilot study of 
IXB + MTX IXB 19 48 0 

Mantzaris et al 2004 RCT IXB + AZA IXB 45 60 0 
Sands et al 2004 IXB for fistulising CD IXB 282 54 0 

Hanauer et al 2002 ACCENT I IXB 573 54 1 
Rutgeerts et al 1999 RCT IXB 73 48 6 
Lichtenstein et 

al 2007 TREAT registry IXB 3396 201 0 

Biancome et al 2006 Matched pair study IXB 404 109 1 
Doumit et al 2004 Cohort study IXB 322 104 0 
Carbone et al 2007 Case series IXB 34 52 0 

Peyrin-
Biroulet et al 2007 Case series for switch to 

ADA ADA 52 52 0 

Hyder et al 2006 Case series for fistulising CD IXB 22 91 0 
Pacault et al 2006 Case series IXB 137 150 0 
Talbot et al 2005 Case series for perianal CD IXB 21 87 0 
Choi et al 2005 Case series from Korea IXB 13 57 0 

Ardizzone et 
al 2004 Case series for perianal CD IXB 20 67 0 

Colombel et al 2004 Case series from Mayo 
Clinic IXB 500 74 1 

Rodrigo et al 2004 Case series for fistulising CD IXB 44 72 0 

Schroder et al 2004 Case series IXBMTX in 
fistulising CD IXB 12 57.6 0 

Sciderer et al 2004 Cohort study IXB 92 113 0 
Ljung et al 2003 Population-based cohort IXB 191 52 3 

Kinney et al 2003 Case series IXB 117 52 0 
Cohen et al 2000 Case series IXB 129 52 0 

Table 2. Studies included in meta-analysis By Siegel et al 2009. (ADA adalimumab; CTZ 
certolizumab, MTX methotrexate, AZA azathioprine, CD Crohn’s disease, RCT randomised 
controlled trial, f/u follow up, OLE open label extension). 
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easily separated from the risk of the disease itself. Lymphoma associated with methotrexate 
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in their cohort (Mariette et al., 2002). 
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risk of lymphoma with methotrexate therapy. However, it would appear that the risk of 
lymphoma in this patient group is low. 
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It is difficult to assess the specific risk of anti-TNF drugs in IBD patients because most 
patients will have had thiopurine or methotrexate exposure prior to using this modality of 
treatment. The bulk of the literature regarding anti-TNF drugs is for the use of infliximab in 
Crohn’s disease and little is known regarding differences in safety when used in UC. 

A meta-analysis has recently been carried out by Siegel et al with very comprehensive 
methodology (Siegel et al., 2009). In this meta-analysis, 26 studies with a total of 8905 
patients with 21,178 patient-years of exposure to anti-TNF drugs were included (see Table 
2). 22 studies were regarding infliximab, 3 regarding adalimumab and only one regarding 
certolizumab. All the included studies were for the treatment of Crohn’s disease through 
randomised controlled trials, cohort studies and case series. There were 13 cases of NHL 
with a mean age at presentation of 52 years and 62% male. 10 out of the 13 patients with 
NHL had received dual therapy with immunomodulators and anti-TNFs. The SIR for the 
risk of lymphoma in patients treated with anti-TNF drugs was 3.23 (95% CI 1.5 to 6.9) 
compared to SEER statistics (see Table 3). However, the majority of the lymphoma patients 
had previously had exposure to immunomodulators and the SIR calculated for anti-TNF 
therapy should actually be referred to as the risk of combination therapy. This numerical 
result is in the same order of magnitude as the risk for immunomodulator therapy alone (as 
calculated by the meta-analysis in this dissertation and other studies). This may suggest that 
immunomodulator therapy may play the dominant role in lymphoma risk even in settings 
where combination therapy is used. 
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 NHL rate per 10,000 patient-years SIR 95% CI 
SEER (all ages) 1.9   

IM alone 3.6   
Anti-TNF vs SEER 6.1 3.23 1.5 to 6.9 

Anti-TNF vs IM alone 6.1 1.7 0.5 to 7.1 

Table 3. Results of meta-analysis by Siegel et al 2009. 

The majority of these studies have relatively small numbers of patients, short follow up and 
were not designed to evaluate efficacy. However, the TREAT registry data includes the 
largest number of patients and has the longest follow up. The TREAT (Crohn’s Therapy, 
Resource, Evaluation and Assessment Tool) registry is a large prospective, observational, 
multi-centre, long-term registry of Crohn’s disease patients designed to evaluate the safety 
of infliximab and is a form of post-marketing surveillance. The TREAT registry is hoped to 
represent real world patients without the biases inherent to patients included in trials. No 
cases of lymphoma were reported in the registry. 

The CESAME study data was not included in the meta-analysis by Siegel et al. Beaugerie et 
al calculated SIRs depending on anti-TNF and thiopurine combination or mono-therapy as 
well as whether drugs were continued or discontinued (Beaugerie et al., 2009a). These 
results are presented in Table 4. The results cannot confirm an increased risk of lymphoma 
in those continuing anti-TNF therapy because the confidence interval crosses 1.0. However, 
there does appear to be an increased risk when anti-TNF drugs have been used with 
thiopurines, particularly when combination therapy is continued.  

 

 NHL 
cases SIR 95% CI 

Continuing anti-TNF therapy 2 4.53 0.55 to 16.4 
Discontinued anti-TNF therapy 3 6.92 1.43 to 20.2 
Continuing thiopurines and anti-TNF therapy 2 10.2 1.24 to 36.9 
Continuing thiopurines but discontinued or never anti-TNFs 13 6.53 3.48 to 11.2 

Table 4. SIRs in patients treated with thiopurines and anti-TNF drugs (Beaugerie et al 2009) 

13. Hepatosplenic T-cell lymphoma 
Hepatosplenic T-cell lymphoma (HSTCL) is a rare form of peripheral non-Hodgkin’s 
lymphoma. In the majority of incidences, it results from a clonal expansion of γ/δ T-cells 
but α/β T-cell receptors can also be expressed in some cases (Gaulard et al., 1990). Only 100 
to 200 cases of HSTCL in the entire medical literature have been reported (Belhadj et al., 
2003) but there has been recent concern regarding the safety of thiopurines and anti-TNF 
therapy, particularly when used in combination, for the management of IBD. To date, 36 
cases of HSTCL have been reported in IBD patients (Kotlyar et al., 2011), mostly affecting 
young men and the prognosis has been invariably fatal. Despite treatment with 
chemotherapy and stem cell transplantation, median survival is only 11 months (Falchook et 
al., 2009) but novel treatment strategies have shown some promise in isolated cases (Jaeger 
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et al., 2008, Tey et al., 2008). Diagnosis is made by liver, splenic or bone marrow biopsy 
exhibiting atypical medium-sized lymphoid cells with round nuclei, small distinct nucleoli, 
loosely condensed chromatin, moderate pale cytoplasm and particular immunophenotypic 
expression which will be discussed further (Swerdlow et al., 2008). 

13.1 Clinical presentation 

The aberrant cells infiltrate into the sinusoids of the spleen, liver and bone marrow resulting 
in the classical presentation of hepatosplenomegaly with thrombocytopenia but no 
lymphadenopathy. Systemic B symptoms of fever, night sweats and weight loss may affect 
up to 80% of patients. Other findings may include anaemia, abnormal liver function tests 
and less frequently atypical lymphocytes on peripheral blood film (Falchook et al., 2009). 

13.2 Immunophenotypic and genetic features 

The tumour cells express CD2, surface CD3, CD7 and CD16 but there is absence of CD4, 
CD5, CD8 and the B-cell surface marker CD20 (Swerdlow et al., 2008). Most cases express 
the γ/δ T-cell receptor (TCR-γ positive) but rarer cases express the α/β T-cell receptor (TCR-
β positive) and studies demonstrate clonal rearrangements of the TCR gene. 

A recent systematic review investigating chromosomal abnormalities in IBD patients 
diagnosed with HSTCL identified the development of isochrome 7q in 57.1%, aberrations of 
chromosome 8 in 35.7%, trisomy 8 in 21.4% and loss of the Y chromosome in 14.3 % of cases 
(Kotlyar et al., 2010). The group were intrigued by the cases with loss of the Y chromosome 
as almost all cases of HSTCL have presented in men. These chromosomal abnormalities are 
not specific to IBD patients. 

13.3 HSTCL in IBD 

HSTCL is not linked to EBV infection. However, the risk of HSTCL does seem to be related 
to thiopurine and anti-TNF therapy. DNA damage specific to chromosome 7 has been seen 
in a dose dependent manner with thiopurine agents (Piccin et al., 2010) and inhibition of 
TNF may result in decreased effectiveness of immune surveillance eliminating cells with 
aberrant abnormal chromosomal pattern (Shale et al., 2008). 

Early concern was regarding a risk of HSTCL in IBD patients who had previous exposure to 
both thiopurines and anti-TNF drugs but more and more cases have been identified with 
only thiopurine exposure. Anti-TNF drugs are frequently used in non-IBD conditions, such 
as rheumatoid arthritis, ankylosing spondylitis and psoriasis, but they are rarely used in 
combination with other immunomodulators. It is interesting that, HSTCL has only been 
reported in a single non-IBD patient who received adalimumab for rheumatoid arthritis 
(Shale et al., 2008). Conversely, there are a number of case reports of patients developing 
HSTCL whilst on immunosuppression in the post-transplant setting (Roelandt et al., 2009, 
Tey et al., 2008, Steurer et al., 2002) where anti-TNF drugs are not used. 

Kotlyar et al recently presented a systematic review investigating medications, duration of 
therapy and ages of IBD patients diagnosed with HSTCL (Kotlyar et al., 2011). 36 cases of 
HSTCL have occurred in IBD patients since 1996, all of whom had a history of thiopurine 
exposure. 20 of these patients also had also received anti-TNF therapy. Four patients had 
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but α/β T-cell receptors can also be expressed in some cases (Gaulard et al., 1990). Only 100 
to 200 cases of HSTCL in the entire medical literature have been reported (Belhadj et al., 
2003) but there has been recent concern regarding the safety of thiopurines and anti-TNF 
therapy, particularly when used in combination, for the management of IBD. To date, 36 
cases of HSTCL have been reported in IBD patients (Kotlyar et al., 2011), mostly affecting 
young men and the prognosis has been invariably fatal. Despite treatment with 
chemotherapy and stem cell transplantation, median survival is only 11 months (Falchook et 
al., 2009) but novel treatment strategies have shown some promise in isolated cases (Jaeger 
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et al., 2008, Tey et al., 2008). Diagnosis is made by liver, splenic or bone marrow biopsy 
exhibiting atypical medium-sized lymphoid cells with round nuclei, small distinct nucleoli, 
loosely condensed chromatin, moderate pale cytoplasm and particular immunophenotypic 
expression which will be discussed further (Swerdlow et al., 2008). 

13.1 Clinical presentation 

The aberrant cells infiltrate into the sinusoids of the spleen, liver and bone marrow resulting 
in the classical presentation of hepatosplenomegaly with thrombocytopenia but no 
lymphadenopathy. Systemic B symptoms of fever, night sweats and weight loss may affect 
up to 80% of patients. Other findings may include anaemia, abnormal liver function tests 
and less frequently atypical lymphocytes on peripheral blood film (Falchook et al., 2009). 

13.2 Immunophenotypic and genetic features 

The tumour cells express CD2, surface CD3, CD7 and CD16 but there is absence of CD4, 
CD5, CD8 and the B-cell surface marker CD20 (Swerdlow et al., 2008). Most cases express 
the γ/δ T-cell receptor (TCR-γ positive) but rarer cases express the α/β T-cell receptor (TCR-
β positive) and studies demonstrate clonal rearrangements of the TCR gene. 

A recent systematic review investigating chromosomal abnormalities in IBD patients 
diagnosed with HSTCL identified the development of isochrome 7q in 57.1%, aberrations of 
chromosome 8 in 35.7%, trisomy 8 in 21.4% and loss of the Y chromosome in 14.3 % of cases 
(Kotlyar et al., 2010). The group were intrigued by the cases with loss of the Y chromosome 
as almost all cases of HSTCL have presented in men. These chromosomal abnormalities are 
not specific to IBD patients. 

13.3 HSTCL in IBD 

HSTCL is not linked to EBV infection. However, the risk of HSTCL does seem to be related 
to thiopurine and anti-TNF therapy. DNA damage specific to chromosome 7 has been seen 
in a dose dependent manner with thiopurine agents (Piccin et al., 2010) and inhibition of 
TNF may result in decreased effectiveness of immune surveillance eliminating cells with 
aberrant abnormal chromosomal pattern (Shale et al., 2008). 

Early concern was regarding a risk of HSTCL in IBD patients who had previous exposure to 
both thiopurines and anti-TNF drugs but more and more cases have been identified with 
only thiopurine exposure. Anti-TNF drugs are frequently used in non-IBD conditions, such 
as rheumatoid arthritis, ankylosing spondylitis and psoriasis, but they are rarely used in 
combination with other immunomodulators. It is interesting that, HSTCL has only been 
reported in a single non-IBD patient who received adalimumab for rheumatoid arthritis 
(Shale et al., 2008). Conversely, there are a number of case reports of patients developing 
HSTCL whilst on immunosuppression in the post-transplant setting (Roelandt et al., 2009, 
Tey et al., 2008, Steurer et al., 2002) where anti-TNF drugs are not used. 

Kotlyar et al recently presented a systematic review investigating medications, duration of 
therapy and ages of IBD patients diagnosed with HSTCL (Kotlyar et al., 2011). 36 cases of 
HSTCL have occurred in IBD patients since 1996, all of whom had a history of thiopurine 
exposure. 20 of these patients also had also received anti-TNF therapy. Four patients had 
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previously received both infliximab and adalimumab and an additional patient had received a 
third biologic, natalizumab. There were no patients who had received an anti-TNF drug alone. 
Most patients had received at least 2 years therapy with a thiopurine and of those patients who 
had received infliximab, the number of previous infusions ranged from 1 to 20 up to 5 years 
prior to the diagnosis of HSTCL. The age range of patients was 12 to 58 years with a median of 
23 years. The majority of patients were under 35 years old and the older patient appears to be 
an isolated case. Of the 31 patients in whom gender was known, only two were female. 

13.4 Clinical application 

From the limited information available, HSTCL seems to be linked to previous prolonged 
thiopurine exposure and the risk may be higher in those who have also received an anti-
TNF drug. This seems to compete with conclusions drawn from recent efficacy trials. The 
SONIC trial found that combination therapy with azathioprine and infliximab reached 
significantly higher rates of steroid-free clinical remission than either of these drugs as 
monotherapy for a cohort of naïve patients with moderate to severe Crohn’s disease (24.1% 
vs 34.9% vs 46.2% AZA vs IXB vs AZA+IXB at 50 weeks) (Colombel et al., 2010). 

Whilst it is not possible to estimate the relative risk of HSTCL in IBD patients, Kotlyar et al 
attempted to derive the absolute risk of HSTCL in men using epidemiology data from the 
US and Europe as well as an estimate of thiopurine use in IBD patients from the French 
CESAME trial (Beaugerie et al., 2009a, Kotlyar et al., 2010). The group concluded that more 
than 99.99% of patients in immunomodulatory treatment will not develop HSTCL. Further 
reassurance comes from the CESAME study in that no cases of HSTCL were found despite 
analysis of over 50,000 patient-years follow up. 

A vigilant approach must be taken when using thiopurines for the treatment of male 
patients under 35 years. Kotlyar et al recommended careful monitoring in patients who have 
been on thiopurine treatment for more than 2 years but this may be difficult to put in to 
practice as no pre-malignant markers have been identified. Decisions between the use of 
combination or monotherapy must be made in the context of clinical severity of disease and 
poor prognostic markers for complicated IBD. The risk of HSTCL is extremely low and 
patients should be made aware of this when making choices regarding their treatment. 
Highly efficacious therapeutic strategies should not be rejected based entirely on the low 
risk of HSTCL. Somewhat reassuringly, despite the rapidly increasing number of patients on 
anti-TNF drugs, exceeding 5 million patient-years exposure, the rate at which new cases of 
HSTCL have been diagnosed has not changed over the last 15 years. 

14. Confounding factors and limitations 
There are a number of limitations to the data which has been pooled for the meta-analyses 
presented in this chapter. There are also confounding factors which are not taken in to 
account by the source studies. 

14.1 Age 

Data from the US and UK clearly demonstrates that the incidence of non-Hodgkin’s 
lymphoma, the predominant form of lymphoid neoplasm seen in IBD patients, increases 
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with advancing age (see Figure 2). Most of the studies reviewed in this chapter use age 
standardised statistics to estimate risk of lymphoma in IBD patients. An earlier meta-
analysis carried out by Kandiel et al, found a relative risk for the development of lymphoma 
in IBD patients treated with thiopurines of 4.18 (95% CI 2.07 to 7.51) which is comparable to 
the findings of the meta-analysis presented here. The authors went on to calculate the 
number of patients that would need to be treated for each new diagnosis of lymphoma i.e. 
the number needed to harm (NNH). Approximating to a relative risk of 4, the NNH varied 
from 4357 in 20-29 year olds to just 355 in 70-79 year olds (Kandiel et al., 2005). The risk of 
lymphoma is not uniform across all age groups and this needs to be taken in to account 
when this information is applied to a clinical setting. 

14.2 Gender 

Gender also appears to be a further factor when analysing the risk of both Hodgkin’s and 
non-Hodgkin’s lymphoma. Although other autoimmune conditions tend to affect more 
women, the gender difference for IBD is small. Men have an increased risk of lymphoma 
(see Figure 2 and Figure 3) but the magnitude of the gender difference varies with age and 
type of lymphoma. In NHL there is only a slight preponderance for males but in HL, the 
incidence is three times greater in males in certain age groups. As discussed, HSTCL occurs 
almost exclusively in young men. Many of the studies in this analysis did not separate 
results for male and female patients but this may have made analysis difficult because of the 
generally small number of cases of lymphoma detected in these cohorts. Vos et al, in their 
nationwide Dutch study, calculated SIRs for male and female patients separately but did not 
find a substantial difference when they took both groups as a whole. However, in the 35-39 
years age range, males had an SIR of 10.25 (95% CI 2.56 to 23.05) and females, 6.74 (95% CI 
1.20 to 16.77) and this difference was significant (Vos et al., 2010). 

14.3 Type of lymphoma 

Non-Hodgkin’s lymphoma appears to be the predominant lymphoid malignancy detected 
in IBD patients, particularly diffuse large B-cell lymphoma (DLBCL). The CESAME study 
group found 22 cases of NHL and only 1 HL in their large cohort of patients from France 
(Beaugerie et al., 2009a). Few studies have attempted to separate findings for HL and 
NHL. Palli et al did find an increased risk of HL in patients with UC but the confidence 
interval was large and the validity of these results has been put in to question (Palli et al., 
2000). 

14.4 Type of IBD 

Whether Crohn’s disease or ulcerative colitis confers a higher risk of lymphoma has not 
been established. Two publications from the same population-based cohort in Copenhagen, 
Denmark distinguished their analysis between CD and UC patients. In the CD group no 
lymphomas were identified and only 1 lymphoma was found in the UC group (SIR 0.5) 
(Winther et al., 2004, Jess et al., 2004). A further population-based cohort from Stockholm, 
Sweden also analysed UC and CD separately in two different publications. Again no cases 
of lymphoma were seen in the CD group but there were 3 in the UC group (SIR 1.2) (Persson 
et al., 1994, Karlen et al., 1999). Interpreting these findings with such small numbers is 
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previously received both infliximab and adalimumab and an additional patient had received a 
third biologic, natalizumab. There were no patients who had received an anti-TNF drug alone. 
Most patients had received at least 2 years therapy with a thiopurine and of those patients who 
had received infliximab, the number of previous infusions ranged from 1 to 20 up to 5 years 
prior to the diagnosis of HSTCL. The age range of patients was 12 to 58 years with a median of 
23 years. The majority of patients were under 35 years old and the older patient appears to be 
an isolated case. Of the 31 patients in whom gender was known, only two were female. 

13.4 Clinical application 

From the limited information available, HSTCL seems to be linked to previous prolonged 
thiopurine exposure and the risk may be higher in those who have also received an anti-
TNF drug. This seems to compete with conclusions drawn from recent efficacy trials. The 
SONIC trial found that combination therapy with azathioprine and infliximab reached 
significantly higher rates of steroid-free clinical remission than either of these drugs as 
monotherapy for a cohort of naïve patients with moderate to severe Crohn’s disease (24.1% 
vs 34.9% vs 46.2% AZA vs IXB vs AZA+IXB at 50 weeks) (Colombel et al., 2010). 

Whilst it is not possible to estimate the relative risk of HSTCL in IBD patients, Kotlyar et al 
attempted to derive the absolute risk of HSTCL in men using epidemiology data from the 
US and Europe as well as an estimate of thiopurine use in IBD patients from the French 
CESAME trial (Beaugerie et al., 2009a, Kotlyar et al., 2010). The group concluded that more 
than 99.99% of patients in immunomodulatory treatment will not develop HSTCL. Further 
reassurance comes from the CESAME study in that no cases of HSTCL were found despite 
analysis of over 50,000 patient-years follow up. 

A vigilant approach must be taken when using thiopurines for the treatment of male 
patients under 35 years. Kotlyar et al recommended careful monitoring in patients who have 
been on thiopurine treatment for more than 2 years but this may be difficult to put in to 
practice as no pre-malignant markers have been identified. Decisions between the use of 
combination or monotherapy must be made in the context of clinical severity of disease and 
poor prognostic markers for complicated IBD. The risk of HSTCL is extremely low and 
patients should be made aware of this when making choices regarding their treatment. 
Highly efficacious therapeutic strategies should not be rejected based entirely on the low 
risk of HSTCL. Somewhat reassuringly, despite the rapidly increasing number of patients on 
anti-TNF drugs, exceeding 5 million patient-years exposure, the rate at which new cases of 
HSTCL have been diagnosed has not changed over the last 15 years. 

14. Confounding factors and limitations 
There are a number of limitations to the data which has been pooled for the meta-analyses 
presented in this chapter. There are also confounding factors which are not taken in to 
account by the source studies. 

14.1 Age 

Data from the US and UK clearly demonstrates that the incidence of non-Hodgkin’s 
lymphoma, the predominant form of lymphoid neoplasm seen in IBD patients, increases 
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with advancing age (see Figure 2). Most of the studies reviewed in this chapter use age 
standardised statistics to estimate risk of lymphoma in IBD patients. An earlier meta-
analysis carried out by Kandiel et al, found a relative risk for the development of lymphoma 
in IBD patients treated with thiopurines of 4.18 (95% CI 2.07 to 7.51) which is comparable to 
the findings of the meta-analysis presented here. The authors went on to calculate the 
number of patients that would need to be treated for each new diagnosis of lymphoma i.e. 
the number needed to harm (NNH). Approximating to a relative risk of 4, the NNH varied 
from 4357 in 20-29 year olds to just 355 in 70-79 year olds (Kandiel et al., 2005). The risk of 
lymphoma is not uniform across all age groups and this needs to be taken in to account 
when this information is applied to a clinical setting. 

14.2 Gender 

Gender also appears to be a further factor when analysing the risk of both Hodgkin’s and 
non-Hodgkin’s lymphoma. Although other autoimmune conditions tend to affect more 
women, the gender difference for IBD is small. Men have an increased risk of lymphoma 
(see Figure 2 and Figure 3) but the magnitude of the gender difference varies with age and 
type of lymphoma. In NHL there is only a slight preponderance for males but in HL, the 
incidence is three times greater in males in certain age groups. As discussed, HSTCL occurs 
almost exclusively in young men. Many of the studies in this analysis did not separate 
results for male and female patients but this may have made analysis difficult because of the 
generally small number of cases of lymphoma detected in these cohorts. Vos et al, in their 
nationwide Dutch study, calculated SIRs for male and female patients separately but did not 
find a substantial difference when they took both groups as a whole. However, in the 35-39 
years age range, males had an SIR of 10.25 (95% CI 2.56 to 23.05) and females, 6.74 (95% CI 
1.20 to 16.77) and this difference was significant (Vos et al., 2010). 

14.3 Type of lymphoma 

Non-Hodgkin’s lymphoma appears to be the predominant lymphoid malignancy detected 
in IBD patients, particularly diffuse large B-cell lymphoma (DLBCL). The CESAME study 
group found 22 cases of NHL and only 1 HL in their large cohort of patients from France 
(Beaugerie et al., 2009a). Few studies have attempted to separate findings for HL and 
NHL. Palli et al did find an increased risk of HL in patients with UC but the confidence 
interval was large and the validity of these results has been put in to question (Palli et al., 
2000). 

14.4 Type of IBD 

Whether Crohn’s disease or ulcerative colitis confers a higher risk of lymphoma has not 
been established. Two publications from the same population-based cohort in Copenhagen, 
Denmark distinguished their analysis between CD and UC patients. In the CD group no 
lymphomas were identified and only 1 lymphoma was found in the UC group (SIR 0.5) 
(Winther et al., 2004, Jess et al., 2004). A further population-based cohort from Stockholm, 
Sweden also analysed UC and CD separately in two different publications. Again no cases 
of lymphoma were seen in the CD group but there were 3 in the UC group (SIR 1.2) (Persson 
et al., 1994, Karlen et al., 1999). Interpreting these findings with such small numbers is 
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fraught with difficulty. In the CESAME study, 16 of the 23 lymphomas were in patients with 
Crohn’s disease (Beaugerie et al., 2009a).  

14.5 Exposure to immunomodulators 

Not all studies have attempted to evaluate the risk of lymphoma associated with 
immunomodulator therapy. The studies which have attempted to make this estimation are 
heterogenous and frequently there is a lack of distinction between lifetime exposure to these 
drugs, the cumulative doses received and whether cessation of a drug returns any 
lymphoma risk back to baseline. The CESAME study group attempted to answer some of 
these questions (Beaugerie et al., 2009a) by analysing patients who have continuing, 
discontinued or never received thiopurines. The SIRs for these three groups were 6.86 (95% CI 
3.94 to 11.31), 1.44 (95% CI 0.17 to 5.20) and 1.43 (CI 95% 0.53 to 3.12) respectively. This may 
suggest that discontinuation of thiopurines returns risk to baseline but the results were not 
statistically significant. 

14.6 Disease severity 

It is not clear whether it is the disease itself, its treatment or a combination of the two which 
might put IBD patients at increased risk of lymphoma. It is possible that the use of drugs such 
as thiopurines and biologics are a marker of more aggressive disease and it is disease severity 
which disposes to lymphoma development. However, modern management of IBD has led to 
earlier use of these drugs, often in patients who do not have severe disease but possess risk 
factors for complicated disease, in an attempt to alter the natural history of the condition. 

Severity of disease as a risk factor for lymphoma has not been analysed in any depth in IBD 
patients but there is some evidence available from other autoimmune diseases. A study of 
378 RA patients diagnosed with lymphoma found no significant association with individual 
drugs but a marked increased risk with high disease activity which conferred a 70-fold 
increased risk (Baecklund et al., 2006). The authors concluded that it was the disease 
activity, not its treatment that was important in lymphomagenesis. In the CESAME study, 
some data regarding disease activity was collated but was not linked to lymphoma risk 
(Beaugerie et al., 2009a). 

15. Other risk factors for lymphoma development 
It is important to recognise a number of other risk factors for lymphoma development which 
are relevant to the IBD population but have not been well studied yet. 

15.1 Pharmacogenomics of thiopurine therapy 

Azathioprine is a pro-drug which is metabolised to 6-mercaptopurine and then to a number 
of further metabolites including 6-thioguanine (6TG) and 6-methylmercaptopurine (6MMP) 
which are associated with myelo- and hepato-toxicity when they accumulate at high levels. 
Important enzymes in this pathway include thiopurine methyl transferase (TPMT) and 
hypoxanthine phosphoribosyltransferase (HPRT). It is recognised that polymorphisms of 
TPMT can influence TPMT activity and hence levels of 6TG and 6MMP. About 1 in 300 
individuals have homozygote TPMT mutations and AZA or 6MP therapy results in very 
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high levels of 6TG causing myelo-toxicity. Those with heterozygote mutations have 
intermediate TPMT activity and dose adjustment of AZA and 6MP may be required. 

Thiopurines are also commonly used drugs for the management of acute lymphoblastic 
leukaemia (ALL) in paediatric patients. Following treatment, these patients have an 
increased risk of subsequently developing secondary myelodysplasia or acute myeloid 
leukaemia but it had been thought that this risk is associated with alkylating agents, 
epipodophyllotoxins or radiation therapy rather than due to AZA. However, Bo et al 
showed that paediatric patients with allelic variations of the TPMT gene (and lower TPMT 
levels) had a higher rate of secondary leukaemias in this setting (Bo et al., 1999). Thiopurines 
result in the incorporation of 6TG, a purine analogue, into lymphocyte DNA which can 
activate DNA repair mechanisms. This introduces the risk of point mutations and 
chromosomal abnormalities during repair processes. It follows that higher levels of 6TG 
may increase this risk further, possibly explaining the link with lymphomagenesis in IBD 
patients treated with thiopurines. 

Disanti et al made an interesting observation in a cohort of IBD patients treated with 6MP 
over a 37 year period. The investigators divided the group of over 600 patients in to those 
who developed a sustained leukopenia of <4.0x109/l for 20 or more days and those who did 
not. They found that there was an increased risk of haematological malignancies in the 
group with sustained leukopenia (p=0.014) (Disanti et al., 2006). 

Although, the TPMT levels were not known in these patients, further investigation in to the 
association between TPMT and lymphoma risk may be intriguing. 

15.2 Radiation exposure 

The use of imaging modalities such as computed tomography and fluoroscopy have been an 
important component for the diagnosis and assessment of IBD but there has been increasing 
concern regarding the cancer risk associated with diagnostic ionising radiation (Brenner and 
Hall, 2007). Much of the risk of medical radiation exposure is extrapolated from studies of 
populations near nuclear explosions and occupational exposure but there is some evidence 
in certain medical settings (Brenner et al., 2003). For example, young patients with scoliosis 
who have had repeated chest x-rays were at increased risk of breast malignancy (Doody et 
al., 2000). 

Recent evidence suggests that CT imaging is being used more frequently in IBD patients, 
particularly those with Crohn’s disease (Newnham et al., 2007, Kroeker et al., 2011). 
Leukaemia is well recognised as a long term consequence of radiation exposure and this risk 
is higher in children (Darby et al., 1992, Shimizu et al., 1990). However, there is little 
evidence to confirm an increased risk of lymphoma in patients exposed to diagnostic 
ionising radiation though the mechanisms of oncogenesis may be similar. There was no 
increased risk of lymphoma seen in patients receiving radiotherapy for uterine cancer nor 
amongst tuberculosis patients with repeated pneumothorax who had an average of 77 chest 
x-rays on follow up (Boice, 1992). A study including 318 NHL patients found no increased 
exposure to diagnostic radiation compared to controls if imaging from the 12 months 
immediately prior to lymphoma diagnosis was excluded. The authors felt that radiological 
procedures within this period were performed to investigate the lymphoma rather than a 
causative factor (Boice et al., 1991). 
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fraught with difficulty. In the CESAME study, 16 of the 23 lymphomas were in patients with 
Crohn’s disease (Beaugerie et al., 2009a).  

14.5 Exposure to immunomodulators 

Not all studies have attempted to evaluate the risk of lymphoma associated with 
immunomodulator therapy. The studies which have attempted to make this estimation are 
heterogenous and frequently there is a lack of distinction between lifetime exposure to these 
drugs, the cumulative doses received and whether cessation of a drug returns any 
lymphoma risk back to baseline. The CESAME study group attempted to answer some of 
these questions (Beaugerie et al., 2009a) by analysing patients who have continuing, 
discontinued or never received thiopurines. The SIRs for these three groups were 6.86 (95% CI 
3.94 to 11.31), 1.44 (95% CI 0.17 to 5.20) and 1.43 (CI 95% 0.53 to 3.12) respectively. This may 
suggest that discontinuation of thiopurines returns risk to baseline but the results were not 
statistically significant. 

14.6 Disease severity 

It is not clear whether it is the disease itself, its treatment or a combination of the two which 
might put IBD patients at increased risk of lymphoma. It is possible that the use of drugs such 
as thiopurines and biologics are a marker of more aggressive disease and it is disease severity 
which disposes to lymphoma development. However, modern management of IBD has led to 
earlier use of these drugs, often in patients who do not have severe disease but possess risk 
factors for complicated disease, in an attempt to alter the natural history of the condition. 

Severity of disease as a risk factor for lymphoma has not been analysed in any depth in IBD 
patients but there is some evidence available from other autoimmune diseases. A study of 
378 RA patients diagnosed with lymphoma found no significant association with individual 
drugs but a marked increased risk with high disease activity which conferred a 70-fold 
increased risk (Baecklund et al., 2006). The authors concluded that it was the disease 
activity, not its treatment that was important in lymphomagenesis. In the CESAME study, 
some data regarding disease activity was collated but was not linked to lymphoma risk 
(Beaugerie et al., 2009a). 

15. Other risk factors for lymphoma development 
It is important to recognise a number of other risk factors for lymphoma development which 
are relevant to the IBD population but have not been well studied yet. 

15.1 Pharmacogenomics of thiopurine therapy 

Azathioprine is a pro-drug which is metabolised to 6-mercaptopurine and then to a number 
of further metabolites including 6-thioguanine (6TG) and 6-methylmercaptopurine (6MMP) 
which are associated with myelo- and hepato-toxicity when they accumulate at high levels. 
Important enzymes in this pathway include thiopurine methyl transferase (TPMT) and 
hypoxanthine phosphoribosyltransferase (HPRT). It is recognised that polymorphisms of 
TPMT can influence TPMT activity and hence levels of 6TG and 6MMP. About 1 in 300 
individuals have homozygote TPMT mutations and AZA or 6MP therapy results in very 
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high levels of 6TG causing myelo-toxicity. Those with heterozygote mutations have 
intermediate TPMT activity and dose adjustment of AZA and 6MP may be required. 

Thiopurines are also commonly used drugs for the management of acute lymphoblastic 
leukaemia (ALL) in paediatric patients. Following treatment, these patients have an 
increased risk of subsequently developing secondary myelodysplasia or acute myeloid 
leukaemia but it had been thought that this risk is associated with alkylating agents, 
epipodophyllotoxins or radiation therapy rather than due to AZA. However, Bo et al 
showed that paediatric patients with allelic variations of the TPMT gene (and lower TPMT 
levels) had a higher rate of secondary leukaemias in this setting (Bo et al., 1999). Thiopurines 
result in the incorporation of 6TG, a purine analogue, into lymphocyte DNA which can 
activate DNA repair mechanisms. This introduces the risk of point mutations and 
chromosomal abnormalities during repair processes. It follows that higher levels of 6TG 
may increase this risk further, possibly explaining the link with lymphomagenesis in IBD 
patients treated with thiopurines. 

Disanti et al made an interesting observation in a cohort of IBD patients treated with 6MP 
over a 37 year period. The investigators divided the group of over 600 patients in to those 
who developed a sustained leukopenia of <4.0x109/l for 20 or more days and those who did 
not. They found that there was an increased risk of haematological malignancies in the 
group with sustained leukopenia (p=0.014) (Disanti et al., 2006). 

Although, the TPMT levels were not known in these patients, further investigation in to the 
association between TPMT and lymphoma risk may be intriguing. 

15.2 Radiation exposure 

The use of imaging modalities such as computed tomography and fluoroscopy have been an 
important component for the diagnosis and assessment of IBD but there has been increasing 
concern regarding the cancer risk associated with diagnostic ionising radiation (Brenner and 
Hall, 2007). Much of the risk of medical radiation exposure is extrapolated from studies of 
populations near nuclear explosions and occupational exposure but there is some evidence 
in certain medical settings (Brenner et al., 2003). For example, young patients with scoliosis 
who have had repeated chest x-rays were at increased risk of breast malignancy (Doody et 
al., 2000). 

Recent evidence suggests that CT imaging is being used more frequently in IBD patients, 
particularly those with Crohn’s disease (Newnham et al., 2007, Kroeker et al., 2011). 
Leukaemia is well recognised as a long term consequence of radiation exposure and this risk 
is higher in children (Darby et al., 1992, Shimizu et al., 1990). However, there is little 
evidence to confirm an increased risk of lymphoma in patients exposed to diagnostic 
ionising radiation though the mechanisms of oncogenesis may be similar. There was no 
increased risk of lymphoma seen in patients receiving radiotherapy for uterine cancer nor 
amongst tuberculosis patients with repeated pneumothorax who had an average of 77 chest 
x-rays on follow up (Boice, 1992). A study including 318 NHL patients found no increased 
exposure to diagnostic radiation compared to controls if imaging from the 12 months 
immediately prior to lymphoma diagnosis was excluded. The authors felt that radiological 
procedures within this period were performed to investigate the lymphoma rather than a 
causative factor (Boice et al., 1991). 
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15.3 Vitamin D and sunlight exposure 

Vitamin D deficiency is common amongst IBD patients. Recent studies have shown 
suboptimal levels of Vitamin D in 57 to 78% of recently diagnosed patients with IBD (Leslie 
et al., 2008, Bours et al., 2010). The protective role of Vitamin D has been investigated in a 
number of malignancies including prostate, colon, lung, pancreatic, endometrial, breast and 
even skin cancer (Schwartz and Skinner, 2007). The paracrine and autocrine effects of extra-
renal 25-hydroxy-Vitamin-D3 via the nuclear Vitamin D Receptor (VDR) include regulation 
of cell cycle proliferation, induction of apoptosis and increased cell differentiation 
signalling. 

Recent epidemiologic studies demonstrate a reduction in NHL risk with increased sunlight 
exposure (Armstrong and Kricker, 2007). As sunlight is a major vitamin D source, it has 
been suggested that vitamin D status may mediate this observed association. A recent 
review of the literature could not conclude or dismiss a link between vitamin D insufficiency 
and lymphoma due to confounding findings in a number of studies and the limitations on 
the accuracy of dietary history taking which was the most frequent methodology in these 
studies (Kelly et al., 2009). 

The role of Vitamin D in lymphomagenesis in the IBD population has not been investigated 
and warrants further study. 

16. Summary of findings and application to clinical practice 
This systematic review and the meta-analyses carried out in this chapter have made some 
key findings: 

 There is only a small (if any) increased overall risk of lymphoma in IBD patients. 
 Thiopurine therapy results in a 3 to 4-fold increased risk of lymphoma in IBD patients. 
 The risk of lymphoma with methotrexate therapy cannot be evaluated adequately but 

appears to be low. 
 Treatment with anti-TNF drugs appears to confer an increased risk of lymphoma in IBD 

patients. However, this may reflect previous or concurrent immunomodulator exposure 
rather than the risk of anti-TNFs alone. 

 HSTCL is associated with long term thiopurine therapy. Additionally, anti-TNF therapy 
may increase this risk. 

It is the role of the IBD physician to help patients balance up the risks and benefits of these 
drugs and make the right choice for themselves. Due to the significant morbidity associated 
with IBD, simply avoiding these drugs is frequently not an option. It is mandatory to 
provide clear communication of risks and benefits and to individualise this to the patient 
because lymphoma risk in IBD patients is not uniform nor is the risk of complicated disease. 
A recent study found that patients were more likely to tolerate the risk of adverse events 
due to IBD drug therapy for moderately symptomatic Crohn’s disease than 
gastroenterologists would choose for their patients (Johnson et al., 2010). 

Patient selection is paramount. The risk of most forms of lymphoma appears to be higher in 
males and in older age groups. HSTCL is particularly relevant to men under the age of 35 
years. Special consideration of the risks must be made in these groups. A number of predictors 
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for severe or complicated disease are now being identified which should allow selection of 
patients who are most likely to gain from aggressive treatment (Beaugerie et al., 2006). 

There is ample evidence that immunomodulators and anti-TNF drugs are very effective for 
the treatment of IBD. In a 30 year review, Fraser et al found that there were 64% and 87% 
remission rates at 6 months for patients treated with AZA for Crohn’s disease and ulcerative 
colitis respectively (Fraser et al., 2002). Feagan et al found 65% remission at 40 weeks with 
MTX for Crohn’s disease (Feagan et al., 2000). In the SONIC study, there was 57% remission 
at 1 year for combined AZA and IXB therapy (Colombel et al., 2010). The CHARM study 
and its open label extension, ADHERE, for adalimumab in Crohn’s disease found improved 
fistula healing rates, 57% decreased hospitalisation and improved Work Productivity Scores 
(Panaccione et al., 2010). A Markov model found that the benefits of azathioprine for the 
treatment of Crohn’s disease outweighed the risk of lymphoma but such calculations are 
inherently based on estimations and assumptions (Lewis et al., 2000). 

Additionally, there is evidence that stopping these drugs may be harmful to patients. 
Azathioprine withdrawal leads to relapse within 18 months at 21% vs 8% (p=0.02, NNH=8) 
(Lemann et al., 2005). Methotrexate withdrawal leads to relapse within 40 weeks in 61% vs 
35% (p=0.04, NNH=4) (Feagan et al., 2000). Infliximab withdrawal leads to hospitalisation 
within 1 year in 38% vs 23% (p=0.05, NNH=7) (Rutgeerts et al., 2004). However, the 
CESAME study did suggest that stopping immunomodulator therapy did return the risk of 
lymphoma back to baseline. 

No form of screening is able to predict lymphoma development. Although, the role of 
vitamin D status and TPMT expression on lymphoma risk is intriguing, there is insufficient 
evidence to recommend the routine testing of these parameters to guide patient 
management. Prophylactic use of antivirals in renal transplant recipients has been shown to 
reduce the risk of post-transplant lymphoproliferative disorders by as much as 83% and the 
use of this strategy in IBD patients on immunosuppression is warranted (Funch et al., 2005). 

The morbidity associated with IBD, the efficacy of these drugs and the risks of stopping 
them are important factors in making management decisions with patients. In many 
patients, the benefits will outweigh the risks.  
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A recent study found that patients were more likely to tolerate the risk of adverse events 
due to IBD drug therapy for moderately symptomatic Crohn’s disease than 
gastroenterologists would choose for their patients (Johnson et al., 2010). 

Patient selection is paramount. The risk of most forms of lymphoma appears to be higher in 
males and in older age groups. HSTCL is particularly relevant to men under the age of 35 
years. Special consideration of the risks must be made in these groups. A number of predictors 

 
Evaluating Lymphoma Risk in Inflammatory Bowel Disease 341 

for severe or complicated disease are now being identified which should allow selection of 
patients who are most likely to gain from aggressive treatment (Beaugerie et al., 2006). 
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remission rates at 6 months for patients treated with AZA for Crohn’s disease and ulcerative 
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MTX for Crohn’s disease (Feagan et al., 2000). In the SONIC study, there was 57% remission 
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fistula healing rates, 57% decreased hospitalisation and improved Work Productivity Scores 
(Panaccione et al., 2010). A Markov model found that the benefits of azathioprine for the 
treatment of Crohn’s disease outweighed the risk of lymphoma but such calculations are 
inherently based on estimations and assumptions (Lewis et al., 2000). 

Additionally, there is evidence that stopping these drugs may be harmful to patients. 
Azathioprine withdrawal leads to relapse within 18 months at 21% vs 8% (p=0.02, NNH=8) 
(Lemann et al., 2005). Methotrexate withdrawal leads to relapse within 40 weeks in 61% vs 
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lymphoma back to baseline. 

No form of screening is able to predict lymphoma development. Although, the role of 
vitamin D status and TPMT expression on lymphoma risk is intriguing, there is insufficient 
evidence to recommend the routine testing of these parameters to guide patient 
management. Prophylactic use of antivirals in renal transplant recipients has been shown to 
reduce the risk of post-transplant lymphoproliferative disorders by as much as 83% and the 
use of this strategy in IBD patients on immunosuppression is warranted (Funch et al., 2005). 

The morbidity associated with IBD, the efficacy of these drugs and the risks of stopping 
them are important factors in making management decisions with patients. In many 
patients, the benefits will outweigh the risks.  
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1. Introduction 
Paclitaxel, administered as intravenous infusion currently, is an effective anticancer drug 
belonging to the taxane family (Figure 1) and used in the treatment of a wide variety of 
cancers including breast and ovarian cancers (Rowinsky et al., 1995). Researchers have been 
looking for more effective and convenient ways to administer paclitaxel with less 
formulation-related toxicities than the commercially available formulations like Taxol® by 
Bristol-Meyers Squibb. It is well known that some of the limitations of the current 
formulation come from Cremophor EL, a polyoxyethylated castor oil. This particular 
component is known to cause hypersensitivity (Weiss et al., 1990), to be responsible for 
nonlinear pharmacokinetic behavior (Kearns et al., 1995; Gianni, 1995) and to cause 
paclitaxel precipitation oftentimes when diluted during the infusion process (Pfeifer, 1993). 
Formulations for paclitaxel and its analogs have been prepared in many different ways for 
various administration procedures (Kim et al., 2006; Xie et al., 2007; Sugahara et al., 2007; 
Singla et al., 2002; Hennenfent & Govindan, 2006). Several years ago, Abraxane®, a 
suspension of albumin nanoparticles containing paclitaxel, obtained approval to treat 
metastatic breast cancer patients (Ibrahim et al., 2002; Garber, 2004). Abraxane®, a solvent- 

 
Fig. 1. Structure of paclitaxel 
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Formulation AUC 
(μgh/ml) 

Cmax 
(μg/ml) 

Dose 
(mg/kg) 

Rodent 
species 

Ref 

Without inhibitors 

Taxol 0.50 (0-8*) 0.14 10 mice Sparreboom et al., 1997 
Taxol 0.37 (0-4) 0.13*** 10 mice Bardelmeijer et al., 2004 
Taxol 1.89 (0-∞) 0.11 50 rat Choi & Li, 2005 
Taxol 0.41 (0-6) 0.12 10 mice Bardelmeijer et al., 2000 
Cremophor/ethanol 0.51 (0-24) 0.10 5 mice Asperen et al., 1998 
Supersaturable-SEDDS 0.44 (0-∞) 0.28 10 rat Gao et al., 2003 
SMEDDS 0.81 (0-24) 0.05 2 rat Yang et al., 2004 
SMEDDS 0.97 (0-24) 0.05 10 rat Yang et al., 2004 
microemulsion 0.45 (0-24) 0.05 25 rat Woo et al., 2003 
Suspension in Tween 80 1.65 (0-24) 0.11 40 rat Choi et al., 2004a, 2004b 
Lipid nanocapsule 1.05 (0-∞) 0.37 10 rat Peltier et al., 2006 
With inhibitors 

Cremophor/Ethanol 
+Cyclosporine A (50**) 

6.68 (0-24) 0.73 10 mice Asperen et al., 1998 

Supersaturable-SEDDS 
+cyclosporine A (30) 

1.05 (0-∞) 0.31 10 rat Gao et al., 2003 

SMEDDS+cyclosporine A (40) 1.14 (0-24) 0.16 2 rat Yang et al., 2004 
Taxol+verapamil (15) 4.27 (0-∞) 0.19 50 rat Choi & Li, 2005 
Microemulsion+KR-30031 (20) 3.37 (0-24) 0.22 25 rat Woo et al., 2003 
Surfactant mix + KR30031 (5) 0.39 (0-12) 0.06 5 rat Kim et al., 2004 
Suspension in Tween 80 + 
quercetin (20) 

5.00 (0-24) 0.28 40 rat Choi et al., 2004b 

Taxol+cyclosporine A (50) 3.61 (0-4) 0.82*** 10 mice Bardelmeijer et al., 2004 
Taxol+PSC 833 (50) 2.71 (0-4) 1.47*** 10 mice Bardelmeijer et al., 2004 
Taxol+GF120918 (25) 1.39 (0-4) 0.55*** 10 mice Bardelmeijer et al., 2004 
Taxol+LY335979 (80) 1.41 (0-4) 0.42*** 10 mice Bardelmeijer et al., 2004 
Taxol+R101933 (80) 0.93 (0-4) 0.32*** 10 mice Bardelmeijer et al., 2004 
Taxol+GF120918 (25) 2.65 (0-10) 0.77 10 mice Bardelmeijer et al., 2000 
Taxol+PSC 833 (50)    mice Asperen et al., 1997 

* Time-interval used for the calibration of AUC, 
** Dose of the inhibitor in mg/kg, and 
*** Estimated concentration 

Table 1. Mini-review: Selective pharmacokinetic data of paclitaxel after oral administration 
to rodents.  

free formulation has a number of improved features such as shorter infusion time and no 
hypersensitivity without premedication (Garber, 2004). 

Since an oral route would clearly be an attractive alternative to injection for patients as well 
as for medical personnel, there have been many attempts to prepare effective oral paclitaxel 
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formulations. Paclitaxel, however, is known to be absorbed poorly in the gastrointestinal 
tract when administered orally (Sparreboom et al., 1997; Bardelmeijer et al., 2004; Choi & Li, 
2005; Bardelmeijer et al., 2000). The reasons for poor absorption were identified to be drug 
metabolism by cytochrome P450 (CYP) and the existence of the efflux system, such as P-
glycoproteins in intestinal epithelial cells and liver (Schellens et al., 2000). Tellingen and co-
workers identified that the epithelial efflux system composed of P-glycoproteins lowered 
the drug absorption by demonstrating that orally administered paclitaxel can be absorbed 
well in mice with a homozygously disrupted mdr1a gene (mdr1a(-/-) mice) (Sparreboom et 
al., 1997). Proof-of-concept experiments in mice and man have also shown that oral 
absorption of paclitaxel could be increased dramatically by concomitant administration of a 
P-glycoprotein inhibitor, cyclosporine A (Schellens et al., 2000; Asperen et al., 1998; Meerum 
Terwogt et al., 1999). Other P-glycoprotein blockers that could also serve as CYP 450 
inhibitors also boosted the oral absorption of paclitaxel (Sparreboom et al., 1997; 
Bardelmeijer et al., 2004; Choi & Li, 2005; Kim et al., 2004; Asperen et al., 1997). Formulations 
that do not contain Cremophor EL, that could lower the in vivo toxicity and increase 
solubilization of paclitaxel, were shown to deliver paclitaxel efficiently via oral 
administration especially when P-glycoprotein inhibitors were given simultaneously (Kim 
et al., 2004; Gao et al., 2003; Yang et al., 2004; Woo et al., 2003; Choi et al., 2004a, 2004b; 
Peltier et al., 2006).  

In Table 1, we reviewed the literature on oral paclitaxel formulations and summarized the 
pharmacokinetic data of paclitaxel obtained from the small-animal experiments (FVB mice 
and Sprague-Dawley rats). In the Table, we have listed Area under the plasma concentration 
vs. time curve (AUC) value, maximum drug concentration in the blood (Cmax) and oral dose. 
One has to keep in mind that the data from different papers may not be compared directly 
since the AUC values in the literature were estimated for different time intervals and drug 
doses while the pharmacokinetics of paclitaxel is known to be non-linear (Kearns et al., 1995; 
Gianni, 1995). Different time intervals could not be normalized due to lack of information in 
the pharmacokinetics data to make such estimations and thus must be viewed with caution. 
Another important point to note is that Cremophor EL in Taxol®, used for intravenous 
administration in some cases (Sparreboom et al., 1997; Bardelmeijer et al., 2004; Asperen et 
al., 1998; Gao et al., 2003; Yang et al., 2004; Peltier et al., 2006), causes nonlinear 
pharmacokinetic behavior (Sparreboom et al., 1996). Also, paclitaxel dissolved in Tween 80, 
also used for intravenous controls in others (Choi & Li, 2005; Bardelmeijer et al., 2000; Woo 
et al., 2003; Choi et al., 2004a, 2004b), does show linear pharmacokinetic behavior, but has ca. 
5~10 times lower AUC values when compared to diluted Taxol® (Sparreboom et al., 1996). 
For these reasons, it was impossible to list the bioavailability values in Table 1. 

In the past several years, we have been developing paclitaxel formulations with 
biocompatible oils, lipids and emulsifiers (Lee et al. Hong et al., 2004; I. H. Lee et al., 2005; S. 
J. Lee et al., 2005). Paclitaxel dissolved in a stable Lipiodol formulation was shown to retard 
the growth of hepatocellular carcinoma efficiently when transcatheter arterial 
chemoembolization was performed in rabbits (Yoon et al., 2003). Also, a paclitaxel 
formulation prepared with monoolein, tricaprylin and Tween 80 was mucoadhesive when 
given intravesically (S. J. Lee et al., 2005). Paclitaxel in this formulation penetrated to lamina 
propria and close to the muscle layer of the bladder while the paclitaxel concentration was 
low throughout the depth of the bladder tissue when Taxol® was used. We also have shown 
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5.00 (0-24) 0.28 40 rat Choi et al., 2004b 
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Table 1. Mini-review: Selective pharmacokinetic data of paclitaxel after oral administration 
to rodents.  

free formulation has a number of improved features such as shorter infusion time and no 
hypersensitivity without premedication (Garber, 2004). 

Since an oral route would clearly be an attractive alternative to injection for patients as well 
as for medical personnel, there have been many attempts to prepare effective oral paclitaxel 
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formulations. Paclitaxel, however, is known to be absorbed poorly in the gastrointestinal 
tract when administered orally (Sparreboom et al., 1997; Bardelmeijer et al., 2004; Choi & Li, 
2005; Bardelmeijer et al., 2000). The reasons for poor absorption were identified to be drug 
metabolism by cytochrome P450 (CYP) and the existence of the efflux system, such as P-
glycoproteins in intestinal epithelial cells and liver (Schellens et al., 2000). Tellingen and co-
workers identified that the epithelial efflux system composed of P-glycoproteins lowered 
the drug absorption by demonstrating that orally administered paclitaxel can be absorbed 
well in mice with a homozygously disrupted mdr1a gene (mdr1a(-/-) mice) (Sparreboom et 
al., 1997). Proof-of-concept experiments in mice and man have also shown that oral 
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P-glycoprotein inhibitor, cyclosporine A (Schellens et al., 2000; Asperen et al., 1998; Meerum 
Terwogt et al., 1999). Other P-glycoprotein blockers that could also serve as CYP 450 
inhibitors also boosted the oral absorption of paclitaxel (Sparreboom et al., 1997; 
Bardelmeijer et al., 2004; Choi & Li, 2005; Kim et al., 2004; Asperen et al., 1997). Formulations 
that do not contain Cremophor EL, that could lower the in vivo toxicity and increase 
solubilization of paclitaxel, were shown to deliver paclitaxel efficiently via oral 
administration especially when P-glycoprotein inhibitors were given simultaneously (Kim 
et al., 2004; Gao et al., 2003; Yang et al., 2004; Woo et al., 2003; Choi et al., 2004a, 2004b; 
Peltier et al., 2006).  

In Table 1, we reviewed the literature on oral paclitaxel formulations and summarized the 
pharmacokinetic data of paclitaxel obtained from the small-animal experiments (FVB mice 
and Sprague-Dawley rats). In the Table, we have listed Area under the plasma concentration 
vs. time curve (AUC) value, maximum drug concentration in the blood (Cmax) and oral dose. 
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administration in some cases (Sparreboom et al., 1997; Bardelmeijer et al., 2004; Asperen et 
al., 1998; Gao et al., 2003; Yang et al., 2004; Peltier et al., 2006), causes nonlinear 
pharmacokinetic behavior (Sparreboom et al., 1996). Also, paclitaxel dissolved in Tween 80, 
also used for intravenous controls in others (Choi & Li, 2005; Bardelmeijer et al., 2000; Woo 
et al., 2003; Choi et al., 2004a, 2004b), does show linear pharmacokinetic behavior, but has ca. 
5~10 times lower AUC values when compared to diluted Taxol® (Sparreboom et al., 1996). 
For these reasons, it was impossible to list the bioavailability values in Table 1. 

In the past several years, we have been developing paclitaxel formulations with 
biocompatible oils, lipids and emulsifiers (Lee et al. Hong et al., 2004; I. H. Lee et al., 2005; S. 
J. Lee et al., 2005). Paclitaxel dissolved in a stable Lipiodol formulation was shown to retard 
the growth of hepatocellular carcinoma efficiently when transcatheter arterial 
chemoembolization was performed in rabbits (Yoon et al., 2003). Also, a paclitaxel 
formulation prepared with monoolein, tricaprylin and Tween 80 was mucoadhesive when 
given intravesically (S. J. Lee et al., 2005). Paclitaxel in this formulation penetrated to lamina 
propria and close to the muscle layer of the bladder while the paclitaxel concentration was 
low throughout the depth of the bladder tissue when Taxol® was used. We also have shown 
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that this mucoadhesive formulation can deliver paclitaxel effectively when given by oral 
route without additional active pharmaceutical ingredient as an absorption enhancer (Lee et 
al., 2004; Hong et al., 2004; I. H. Lee et al., 2005, Shin et al., 2009). As an endeavor to 
formulate more efficient oral paclitaxel formulations, we have prepared oil-based paclitaxel 
formulations with monoolein, saturated triglycerides and emulsifiers. Monoolein was 
included in the formulation as a main ingredient due to its high bioadhesiveness (Nielsen et 
al., 1998) and its ability to release the encapsulated drug in a controlled fashion (Clogston et 
al., 2005a, 2005b). Triglycerides were added since they can solubilize paclitaxel efficiently 
(Kan et al., 1999). To access the effectiveness of the formulations, pharmacokinetic and anti-
tumor efficacy studies were performed in mice models. 

2. Materials and methods 
2.1 Materials 

Distilled monoolein (RYLOTM MG 19, > 90 % pure) was purchased from Danisco 
Ingredients, Denmark. Paclitaxel was obtained from Samyang Genex (Korea) and Indena 
S.P.A. (Italy). Cremophor EL, Tween 80 and triglycerides (triacetin, tributyrin, tricaproin, 
tricaprylin, tricaprin and trilaurin) were purchased from Sigma Chemical Co. (St. Louis, 
MO).  

2.2 Preparation of oral paclitaxel formulations 

The compositions of the oral paclitaxel formulations used in the experiments are 
summarized in Tables 2 and 3. Paclitaxel formulations with various triglycerides (Table 2) 
were prepared as follows: Paclitaxel in amorphous form was dissolved completely at 10 
mg/ml in mixtures of oils consisting of monoolein, triglycerides and Tween 80 by sonication 
for 30 s. Some of the oral paclitaxel formulations were semi-solid or solid wax at ambient 
temperatures with the melting points of 30 ~ 50 C, and therefore had to be warmed before 
oral feeding. 

In Table 3, Paclitaxel, amorphous or crystalline, was dissolved completely in excess amount 
of methylene chloride and mixed subsequently with tricaprylin. Methylene chloride was 
evaporated completely to prepare paclitaxel/tricaprylin solution by vacuum evaporation 
(BUCHI rotavapor R-200, Germany) at 40 C for 1 h. The content of methylene chloride was 
determined by gas chromatography and was less than 100 ppm in the paclitaxel/tricaprylin 
solution. Monoolein and Tween 80 were added to the paclitaxel/tricaprylin solution and 
mixed completely by sonication for 30 s. A formulation that does not contain paclitaxel, eG2, 
was also prepared for control. The oral paclitaxel formulations were semi-solid wax with the 
melting temperature of 33 ~ 35 C, and were warmed to body temperature before feeding. 

Dispersions of the oral paclitaxel formulations (G8, G9, and G10) were prepared by adding 
2.3 times (by volume) of distilled water or syrup to the formulation G2 (also will be referred 
to as DHP107) and by vortexing or sonicating for 1 min.  

2.3 Animals 

Male ICR and Balb/c athymic mice, 7 weeks old, were purchased from Orient Bio Co. 
(Seoul, Korea) and Japan SLC (Japan), respectively, and maintained 1 week. Animal care 
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and handling followed institutional guidelines (Korea Institute of Science and 
Technology). Mice were maintained with free access to food and water under a 12-h 
light/dark cycle. 

2.4 Differential scanning calorimetry 

Differential scanning calorimetry (DSC) was performed to obtain the heating thermograms 
of paclitaxel and the formulations in Table 2 (DSC 821e, Mettler Toledo, Columbus, OH, 
equipped with Intracooler, Haake EK90/MT, Haake, Denmark) at a heating scan rate of 5 
C/min. Scans were made with samples contained in hermetically sealed aluminum 
crucibles (ME-27331, Mettler Toledo). Initial heating scans were reported for paclitaxel and 
the formulations in Table 2. In case of the formulations, thermal history did not alter the 
heating thermograms if the samples were cooled to – 20 C before reheating.  

2.5 Determination of the particle size in the dispersion 

The average particle size in the dispersions G8, G9 and G10 in Table 3 was determined by 
quasielastic laser light scattering with a Malvern Zetasizer (Malvern Instruments Limited, 
England). The dispersions were diluted by 300 times in water before the measurement. The 
size determination was repeated 3 times/sample. The average size and the size distribution 
were estimated from the log-normal size distribution function as shown previously (Chung 
et al., 2001) 

2.6 Oral administration of paclitaxel formulations 

Paclitaxel formulations in Tables 2 and 3 were liquefied at 37 ~ 50 C and administered 
orally at doses of 25, 50, 75, and 100 mg/kg with a blunt needle via the esophagus into the 
stomach. The male ICR mice were fasted for 8 h prior to oral administration except for the 
group G3. Taxol® prepared by dissolving paclitaxel in an equivolume mixture of Cremophor 
EL and ethanol at 6 mg/ml (Taxol®) was diluted by 6 times with the saline solution, and was 
administered via bolus tail-vein injection at a dose of 10 mg/kg as a positive control. Blood 
samples were collected at various time points (n=6) after drug administration, and were 
stored at -70 C until analysis.  

2.7 Analysis of paclitaxel concentrations in blood 

Whole blood (200 μl) was spiked with irbesartan (0.5 μg/ml; internal standard), mixed and 
added to acetonitrile (400 μl) to precipitate proteins. After centrifugation at 14,000 RCF for 
20 min, the supernatant was collected and mixed with the mobile phase to adjust the 
volume to 0.6 ml. Ten microliters of the blood was injected into the LC/MS/MS system. 
Analyses were performed with a Thermo-Finnigan Discovery Max LC/MS/MS (San Jose, 
CA, USA). The LC system was performed at 35 C on a Capcellpak C18 column (150 X 2.0 
mm i.d., 5 μm particle size, Shisheido, Japan) equipped with a Zorbax SB-Aq (12.5 X 2.1 mm 
i.d.) guard column. The mobile phase consisted of 55 % acetonitrile, 0.08 % formic acid and 
44.92 % water, and the flow rate was 0.4 ml/min. The instrument was operated in SRM 
mode (positive ion), monitoring the ion transitions from m/z 854  285 (paclitaxel) and 
m/z 429  195 (internal standard). The paclitaxel LC/MS/MS assay was linear over the 
range of 2 ~ 1000 ng/ml with a lower quantitation limit of 2 ng/ml in blood. Paclitaxel 
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and handling followed institutional guidelines (Korea Institute of Science and 
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administered via bolus tail-vein injection at a dose of 10 mg/kg as a positive control. Blood 
samples were collected at various time points (n=6) after drug administration, and were 
stored at -70 C until analysis.  

2.7 Analysis of paclitaxel concentrations in blood 

Whole blood (200 μl) was spiked with irbesartan (0.5 μg/ml; internal standard), mixed and 
added to acetonitrile (400 μl) to precipitate proteins. After centrifugation at 14,000 RCF for 
20 min, the supernatant was collected and mixed with the mobile phase to adjust the 
volume to 0.6 ml. Ten microliters of the blood was injected into the LC/MS/MS system. 
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concentrations in blood were calculated based on a standard curve of paclitaxel in blank 
pooled animal blood with the internal standard.  

2.8 Tumor experiment 

Suspension of NCI-H358 human non-small cell lung cancer cells (1.2×107 cells/mouse), 
purchased from American Type Culture Collection (ATCC, Manassas, VA), was injected 
subcutaneously to the dorsal flank of male Balb/c athymic mice (8 weeks). When the tumor 
volume (length × width × height × 0.5236) reached ca. 100 mm3 in 10 days after the injection 
(day 0), the experimental groups were divided at random into three groups (n=8). On days 
1, 2, 3, 4 and 5, G2 formulation (DHP107) was administered orally at a dose of 50 mg/kg 
(G2). For controls, mice injected intravenously with diluted Taxol® (Taxol, 10 mg/kg) and 
fed orally with the vehicle only (eG2) on days 1, 2, 3, 4 and 5 were also observed.  

2.9 Characterization of crystalline forms of paclitaxel 

X-Ray diffraction (XRD) measurements were made by using an x-ray diffractometer (D8 
Discover, Bruker, Karlsruhe, Germany) with the general area detector diffraction system 
(GADDS, Bruker, Karlsruhe, Germany). The Cu Kα radiation of wavelength 1.542 Å was 
provided by the x-ray generator (FL CU 4 KE, Bruker, Karlsruhe, Germany) operating at 40 
kV and 45 mA. Sample-to-detector distance was 300 mm. Exposure time was 1 ~ 5 h. To 
avoid air scattering, the beam path was filled with helium. The surface morphology of 
paclitaxel was observed by scanning electron microscopy (SEM; Hitachi S-2460N, Japan) at 
an accelerating voltage of 15 kV after Pt/Au sputter coating (Hitachi E1010 Ion sputter, 
Japan).  

3. Results 
3.1 Characterization of crystalline forms of paclitaxel 

Crystalline forms of paclitaxel obtained from different sources were determined by DSC, x-
ray diffraction and scanning electron microscopy. Paclitaxel can exist as different 
polymorphs having distinct physical properties, which could influence the manufacturing 
process of the formulations (Liggins et al., 1997; Lee et al., 2001). Paclitaxel obtained from 
Samyang Genex (Genexol, Korea) had the glass transition temperature at 150 C and an 
exothermic transition at 220 C whereas paclitaxel obtained from Indena had the melting 
transition at 210 C as shown in Figure 2, corresponding to amorphous and anhydrous 
crystalline forms, respectively, as shown in the literature (Liggins et al., 1997). X-ray 
diffraction data revealed the differences in the crystallinity of paclitaxel. Diffraction pattern 
of Genexol showed two broad scattering peaks centered at ca. 10 and 20 characteristic of 
the amorphous form. Paclitaxel from Indena, on the other hand, revealed a pattern with 
strong and sharp diffraction peaks at 5.7 and 12.6 indicating a highly ordered structure. 
Surface morphology was also visualized by SEM. Genexol was observed to be in the powder 
form with highly contoured surfaces. We note that the grain size or the surface area of the 
powder varied depending on the lot numbers of Genexol (data not shown). For instance, 
Genexol 131 was composed of powders with wrinkled surfaces whereas Genexol 183 
contained smooth and round particles as well when observed by SEM. Needle-like crystals 
were observed for paclitaxel from Indena. Based on DSC, XRD and SEM experiments,  
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Fig. 2. Differential Scanning calorimetry, x-ray diffraction and scanning electron microscopy 
of paclitaxel obtained from of Genexol (upper panels) and Indena (lower panels).  

we confirmed that Paclitaxel from Samyang Genex and Indena were in amorphous and 
anhydrous crystalline forms, respectively.  

Due to the differences in the grain size and crystalline forms, we used two different 
procedures in preparing the oral formulations. Genexol 131 was readily soluble in all of the 
lipid mixtures in Table 2 when sonicated for ca. 30 s. Genexol 183, which had larger grains 
than Genexol 131, and paclitaxel from Indena did not dissolve in the lipid mixture. In these 
cases, paclitaxel was solubilized completely in the mixture of methylene chloride and 
triglyceride. Methylene chloride was evaporated completely from the mixture before other 
ingredients were added to prepare the formulations in Table 3.  

3.2 Physical properties of oral paclitaxel formulations 

Oral paclitaxel formulations existed as oil/wax mixtures at ambient temperatures, but 
formed clear liquid at 37 C except for the Formulation T12 (Table 2). The T12 formulation 
existed as solid wax at ambient temperatures. Thermal behavior of the formulations 
containing different triglycerides was investigated by performing DSC (Figure 3A).  

The thermograms were identical with or without paclitaxel in the formulations, and those 
with paclitaxel are shown in the Figure. Tween 80, liquid at room temperature, did not show 
any phase transition in the temperature range from 0 to 60 C. Lamellar crystalline-to-fluid 
isotropic, or the chain melting, phase transition of monoolein was observed at 32 C, which 
is similar to the values reported for pure monoolein (Briggs et al., 1996; Qiu & Caffrey, 2000) 
or Myverol 18-99K (Clogston, 2000) in the literature. The chain melting transition of 
monoolein for the monoolein/Tween 80 (55.0:16.5 by weight) mixture was observed at 26 C, 
since Tween 80 lowered the transition temperature of monoolein. In the formulations T2, T4 
and T6, only the chain melting transition of monoolein was observed because triacetin,  
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Fig. 3. A) Heating thermograms obtained from the formulations prepared with different 
triglycerides (T2 ~ T12, in Table 2), Tween 80, monoolein and monoolein/Tween 80 mixture 
(55.0:16.5 by weight). The concentration of paclitaxel was 1 %(w/w) in all formulations. B) 
Solubility of paclitaxel in the formulations containing monoolein, triglyceride and Tween 80 
at 55.0:27.5:16.5 by weight at 37 C.  

tributyrin and tricaprin were immiscible with solid monoolein. We could identify visually 
the phase separation of these triglycerides below ca. 26 C. In T8 formulation, chain melting 
transitions of tricaprylin and monoolein were observed at 8 and 23 C, respectively. In case 
of T10 formulation, single transition peak from the melting transition of the eutectic mixture 
of monoolein and tricaprin (2:1 by weight) was observed at 26 C (Roh et al., 2004). The 
chain melting transitions of monoolein and trilaurin were observed at 32 and 41 C, 
respectively, for T12 formulation. Results show that all the formulations existed as 
solid/liquid or solid/solid mixtures at room temperature, but transforms into the single-
phase liquid when heated to the body temperature for T2 ~ T10 formulations or above 45 C 
for T12 formulation. Paclitaxel was solubilized well inside all of the formulations in the 
temperature range studied when observed by polarized light microscopy (data not shown).  

3.3 Solubility of paclitaxel in oral formulations 

The solubility of paclitaxel in the oral formulations with different triglycerides was 
determined at 37 C. Mixtures of monoolein/triglyceride/Tween 80 were prepared at 
55.0:27.5:16.5 by weight and warmed to melt. Paclitaxel in powder form (Genexol, Samyang 
Genex, lot G131) was added stepwise to these mixtures until undissolved aggregates were 
observed. The mixtures were vortexed for 10 s and sonicated for 3 min after each addition at 
37 C. The formulation containing trilaurin was heated to 60 C and cooled to 37 C to obtain 
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the undercooled liquid for the measurement. Solubility of paclitaxel was ca. 250 ± 30 mg/ml 
for the formulation containing triacetin, but was ca. 120 ± 40 mg/ml for those with other 
triglycerides (Figure 3B).  

3.4 Pharmacokinetics of oral paclitaxel administration and intravenous Taxol  
injection 

Oral paclitaxel formulations were warmed to body temperature and administered to male 
ICR mice. We note that not the dispersions but the oily formulations were administered, and 
no other active pharmaceutical ingredients were given to the animals. Diluted Taxol® was 
given intravenously as a control. Paclitaxel concentration in blood after oral administration 
of formulation G2 (DHP107, paclitaxel dose of 50 mg/kg) and intravenous injection of 
Taxol® (10 mg/kg) was plotted as a function of time in Figure 4A (normal scale) and Figure 
4B (logarithmic scale). Paclitaxel concentration in blood was 60.2 μg/ml in 1 min after 
intravenous injection, and dropped to ca. 6.2 and 0.8 μg/ml and in 0.5 and 3 h, respectively. 
Paclitaxel concentration in blood increased and became 1.2 and 2.1 μg/ml at 1 and 3 h, 
respectively, after oral administration of DHP107. Pharmacokinetic parameters are listed in 
Table 2. The bioavailability [(BA) (%) = (AUCoral / AUCiv) · (Doseiv/ Doseoral) ×100] of 
DHP107 in mice was ca. 14 %. Since the plasma concentration of paclitaxel above a threshold 
value of 85.3 ng/ml (dashed line in Figure 4B) was proven to be pharmacologically active, 
DHP107 could be effective for more than 8 h (Huizing et al., 1997).  
 

Treatment group Triglyceride type Tmax (h) Cmax (μg/ml) AUC0-9 

(μgh /ml) 
T2 Triacetin 3 0.4 1.6 
T4 Tributyrin 3 1.5 5.4 
T6 Tricaproin 3 3.1 12.0 
T8 Tricaprylin 1 2.7 8.9 

T10 Tricaprin 1 2.2 8.4 
T12 Trilaurin 1 1.5 4.9 

Table 2. Pharmacokinetic parameters of paclitaxel after oral administration (50 mg/kg dose) 
of the formulations containing different triglycerides to Balb/c mice. The composition of the 
formulations was paclitaxel:monoolein:triglyceride:Tween 80 = 1.0:55.0:27.5:16.5 by weight. 

3.5 Oral administration of formulations with different triglycerides 

Paclitaxel formulations prepared with various triglycerides (paclitaxel: monoolein: 
triglyceride:Tween 80 = 1.0:55.0:27.5:16.5 by weight) were administered orally at 50 mg/kg 
dose to male ICR mice (Table 2, Figure 4C). AUC values were 12.1 ± 2.6, 8.9 ± 1.8 and 8.4 ± 
2.7 μg·h/ml for T6, T8 and T10 groups, respectively, with no statistical differences (p<0.15 
by Student t-test). In case of T2, T4 and T12 groups, AUC of paclitaxel was 1.6 ± 0.5 (p<0.003 
compared the AUC with T6 formulation), 5.4 ± 0.7 (p<0.01) and 4.9 ±1.6 μg·h/ml (p<0.01), 
respectively. Maximum concentration of paclitaxel in blood (Cmax) was also the highest for 
the formulation with tricaproin (T6) and was 3.2 ± 0.7 μg·h/ml. Interestingly, the time to 
reach Cmax (Tmax) was 3 h for the formulations with shorter chain triglycerides (T2, T4 and 
T6) and 1 h for T8, T10 and T12 groups.  
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the undercooled liquid for the measurement. Solubility of paclitaxel was ca. 250 ± 30 mg/ml 
for the formulation containing triacetin, but was ca. 120 ± 40 mg/ml for those with other 
triglycerides (Figure 3B).  

3.4 Pharmacokinetics of oral paclitaxel administration and intravenous Taxol  
injection 

Oral paclitaxel formulations were warmed to body temperature and administered to male 
ICR mice. We note that not the dispersions but the oily formulations were administered, and 
no other active pharmaceutical ingredients were given to the animals. Diluted Taxol® was 
given intravenously as a control. Paclitaxel concentration in blood after oral administration 
of formulation G2 (DHP107, paclitaxel dose of 50 mg/kg) and intravenous injection of 
Taxol® (10 mg/kg) was plotted as a function of time in Figure 4A (normal scale) and Figure 
4B (logarithmic scale). Paclitaxel concentration in blood was 60.2 μg/ml in 1 min after 
intravenous injection, and dropped to ca. 6.2 and 0.8 μg/ml and in 0.5 and 3 h, respectively. 
Paclitaxel concentration in blood increased and became 1.2 and 2.1 μg/ml at 1 and 3 h, 
respectively, after oral administration of DHP107. Pharmacokinetic parameters are listed in 
Table 2. The bioavailability [(BA) (%) = (AUCoral / AUCiv) · (Doseiv/ Doseoral) ×100] of 
DHP107 in mice was ca. 14 %. Since the plasma concentration of paclitaxel above a threshold 
value of 85.3 ng/ml (dashed line in Figure 4B) was proven to be pharmacologically active, 
DHP107 could be effective for more than 8 h (Huizing et al., 1997).  
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of the formulations containing different triglycerides to Balb/c mice. The composition of the 
formulations was paclitaxel:monoolein:triglyceride:Tween 80 = 1.0:55.0:27.5:16.5 by weight. 

3.5 Oral administration of formulations with different triglycerides 

Paclitaxel formulations prepared with various triglycerides (paclitaxel: monoolein: 
triglyceride:Tween 80 = 1.0:55.0:27.5:16.5 by weight) were administered orally at 50 mg/kg 
dose to male ICR mice (Table 2, Figure 4C). AUC values were 12.1 ± 2.6, 8.9 ± 1.8 and 8.4 ± 
2.7 μg·h/ml for T6, T8 and T10 groups, respectively, with no statistical differences (p<0.15 
by Student t-test). In case of T2, T4 and T12 groups, AUC of paclitaxel was 1.6 ± 0.5 (p<0.003 
compared the AUC with T6 formulation), 5.4 ± 0.7 (p<0.01) and 4.9 ±1.6 μg·h/ml (p<0.01), 
respectively. Maximum concentration of paclitaxel in blood (Cmax) was also the highest for 
the formulation with tricaproin (T6) and was 3.2 ± 0.7 μg·h/ml. Interestingly, the time to 
reach Cmax (Tmax) was 3 h for the formulations with shorter chain triglycerides (T2, T4 and 
T6) and 1 h for T8, T10 and T12 groups.  
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Fig. 4. Mean blood concentration of paclitaxel after intravenous administration of Taxol® 
and administration of oral formulations. Comparison between intravenous Taxol (⊞, 10 
mg/kg) and oral DHP107 (G2, , 50 mg/kg) is shown in normal (A) and logarithmic (B) 
scales. The dashed line in B) indicates the pharmacologically effective concentration (85.3 
ng/ml). Oral administration of paclitaxel formulations C) with different triglycerides (T2: , 
T4: , T6: , T8: , T10: , T12: ), D) with different paclitaxel contents (G1: , 5 mg 
paclitaxel/ml formulation, G2, DHP107: , 10 mg/ml, G3: , 15 mg/kg, G4: , 20 mg/ml), 
E) under the fasting (G2, DHP107: ) and non-fasting (G5: ) conditions, F) prepared with 
crystalline (G6: ) and amorphous (G2, DHP107: ) paclitaxel, G) with (G2, DHP107: ) or 
without (G7: ) Tween 80, and H) dispersed in syrup (G8: ) or in water (G9: ) by 
vortexing and in water by sonication (G10: ) or given per se (G2, DHP107: ). The oral 
dose of paclitaxel was 50 mg/kg except for G1 (25 mg/kg), G3 (75 mg/kg) and G4 (100 
mg/kg). 
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Treatment 
group 

Paclitaxel 
Dose 

(mg/kg) 

Composition [%(w/w)] 
Tmax 
(h) 

Cmax 
(μg/ml) 

AUC0-9 

(μg h 
/ml) 

Crystallinity 
of paclitaxel Paclitaxel Monoolein Tricaprylin Tween 

80 
Cremophor 

EL Ethanol 

G1 25 (p.o.) 0.5 55.5 27.5 16.5 - - 3 1.3 5.2 Amorphous 

G2 
(DHP107) 50 (p.o.) 1.0 55.0 27.5 16.5 - - 3 2.0 11.0 Amorphous 

G3 75 (p.o.) 1.5 54.5 27.5 16.5 - - 1 2.0 4.7 Amorphous 

G4 100 (p.o.) 2.0 54.0 27.5 16.5 - - 1 1.5 3.1 Amorphous 

G5 
(DHP107, 

Non-
fasting) 

50 (p.o.) 1.0 55.0 27.5 16.5 - - 1 3.4 15.3 Amorphous 

G6 50 (p.o.) 1.0 55.0 27.5 16.5 - - 3 1.6 8.3 Crystalline 

G7 50 (p.o.) 1.0 66.0 33.0 - - - 1 2.7 6.3 Amorphous 

eG2 0 (p.o.) 0.0 56.0 27.5 16.5 - - - - - - 

Taxol 10 (i.v.) 0.6 - - - 57.0 42.4 0.016 60.2 15.7 Amorphous 

Treatment 
group 

Paclitaxel 
Dose 

(mg/kg) 

Composition [%(w/w)] Tmax 
(h) 

Cmax 
(μg/ml) 

AUC0-9 

(μg h 
/ml) Dispersing 

method 
Paclitaxel Monoolein Tricaprylin Tween 

80 Syrup Water    

G8 50 (p.o.) 0.3 16.2 8.0 5.5 70 - 3 1.2 4.6 Vortex 

G9 50 (p.o.) 0.3 16.2 8.0 5.5 - 70 3 1.8 7.5 Vortex 

G10 50 (p.o.) 0.3 16.2 8.0 5.5 - 70 1 1.6 7.1 Sonication 

Table 3. Compositions of paclitaxel formulations and pharmacokinetic parameters of 
paclitaxel after intravenous or oral administration in Balb/c mice.  

3.6 Oral administration of formulations with different paclitaxel contents 

We prepared the formulations with different Paclitaxel contents while fixing the weight 
ratio of monoolein:tricaprylin:Tween 80 to 55.0:27.5:16.5 by weight (G1, G2, G3 and G4 in 
Table 3, Figure 4D). Bioavailability was 13 % and 14 % when the concentration of paclitaxel 
was 0.5 and 1 %(w/w), respectively, in the formulation. When the concentration was 1.5 and 
2.0 %(w/w), bioavailability decreased with increasing paclitaxel dose and was 4 % and 2 %, 
respectively.  

3.7 Fasting vs. non-fasting conditions 

When the formulation is given orally, the fullness of stomach can influence the 
pharmacokinetics of the administered drug. Throughout the experiments, we administered 
the oral formulations after 8 h of fasting. In G5, however, we fed DHP107 to mice with free 
access to food and water before and after the drug administration in order to observe the 
influence of stomach emptiness on the absorption of the drug. Under the non-fasting 
condition, Cmax increased to 3.4 μg/ml when compared to the fasting condition (2.0 μg/ml) 
and Tmax was reduced to 1 h (Figure 4E). The AUC values for non-fasting and fasting 
conditions were 15.3 (20 % BA) and 11.0 μg·h /ml (14 % BA), respectively. We could 
conclude that the food in the gastrointestinal tract did not interfere with, but rather helped 
the absorption of paclitaxel.  
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Fig. 4. Mean blood concentration of paclitaxel after intravenous administration of Taxol® 
and administration of oral formulations. Comparison between intravenous Taxol (⊞, 10 
mg/kg) and oral DHP107 (G2, , 50 mg/kg) is shown in normal (A) and logarithmic (B) 
scales. The dashed line in B) indicates the pharmacologically effective concentration (85.3 
ng/ml). Oral administration of paclitaxel formulations C) with different triglycerides (T2: , 
T4: , T6: , T8: , T10: , T12: ), D) with different paclitaxel contents (G1: , 5 mg 
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E) under the fasting (G2, DHP107: ) and non-fasting (G5: ) conditions, F) prepared with 
crystalline (G6: ) and amorphous (G2, DHP107: ) paclitaxel, G) with (G2, DHP107: ) or 
without (G7: ) Tween 80, and H) dispersed in syrup (G8: ) or in water (G9: ) by 
vortexing and in water by sonication (G10: ) or given per se (G2, DHP107: ). The oral 
dose of paclitaxel was 50 mg/kg except for G1 (25 mg/kg), G3 (75 mg/kg) and G4 (100 
mg/kg). 
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Table 3. Compositions of paclitaxel formulations and pharmacokinetic parameters of 
paclitaxel after intravenous or oral administration in Balb/c mice.  

3.6 Oral administration of formulations with different paclitaxel contents 

We prepared the formulations with different Paclitaxel contents while fixing the weight 
ratio of monoolein:tricaprylin:Tween 80 to 55.0:27.5:16.5 by weight (G1, G2, G3 and G4 in 
Table 3, Figure 4D). Bioavailability was 13 % and 14 % when the concentration of paclitaxel 
was 0.5 and 1 %(w/w), respectively, in the formulation. When the concentration was 1.5 and 
2.0 %(w/w), bioavailability decreased with increasing paclitaxel dose and was 4 % and 2 %, 
respectively.  

3.7 Fasting vs. non-fasting conditions 

When the formulation is given orally, the fullness of stomach can influence the 
pharmacokinetics of the administered drug. Throughout the experiments, we administered 
the oral formulations after 8 h of fasting. In G5, however, we fed DHP107 to mice with free 
access to food and water before and after the drug administration in order to observe the 
influence of stomach emptiness on the absorption of the drug. Under the non-fasting 
condition, Cmax increased to 3.4 μg/ml when compared to the fasting condition (2.0 μg/ml) 
and Tmax was reduced to 1 h (Figure 4E). The AUC values for non-fasting and fasting 
conditions were 15.3 (20 % BA) and 11.0 μg·h /ml (14 % BA), respectively. We could 
conclude that the food in the gastrointestinal tract did not interfere with, but rather helped 
the absorption of paclitaxel.  
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3.8 Crystalline vs. amorphous paclitaxel 

The formulations made with crystalline and amorphous paclitaxel were administered orally to 
mice (Figure 4F). The pharmacokinetic profiles were virtually identical for these two 
formulations. We expected that the crystallinity of the drug would not affect the degree of oral 
absorption since paclitaxel was dissolved completely in tricaprylin/dichloromethane mixture 
before adding other ingredients, and therefore, the final products would be identical.  

3.9 Formulation without Tween 80 

Oral formulations with (G2, DHP107, Table 3) or without Tween 80 (G7) were prepared. 
Pharmacokinetic profiles were different for these two formulations (Figure 4G). When the 
formulation without Tween 80 was administered, Tmax was 1 h instead of 3, and the AUC 
value was reduced to 6.3 μg·h /ml, which was ca. 56 % of that for DHP107.  

3.10 Oral administration of the aqueous dispersions of DHP107 

Even though our oral paclitaxel formulations including DHP107 can be taken per se, they can 
also be mixed with water or taste-masking syrups for administration. To examine how the 
absorption of paclitaxel changes upon feeding the dispersion, DHP107 was mixed with 
water or syrup at 3:7 by weight. DHP107 was dispersed spontaneously in water to produce 
emulsion droplets having average diameter of 6-8 μm. By vortexing the mixture of DHP107 
and water or syrup for 1 min, the diameters of emulsion droplets were reduced to 6 
(polydispersity = 1) or 3 (polydispersity = 1) μm, respectively. By sonicating DHP107/water 
mixture at 180 KW for 1 min, we also obtained the dispersion with the oil droplets having 
1.4 μm (polydispersity = 1) in diameter. 

When the dispersions were orally administered, pharmacokinetic profiles did not change 
significantly except for the fact that the AUC values were reduced to ca. 40 ~ 70 % of the 
original G2 formulation.  

3.11 Antitumor efficacy of DHP107 in experimental animals 

To evaluate the antitumor activity of DHP107 in mice, suspension of NCI-H358 cells was 
injected subcutaneously to Balb/c athymic mice. All of the mice inoculated with the human 
non-small cell lung cancer cells developed progressively growing tumors. The mice were 
administered orally with DHP107 (G2, 50 mg/kg) or intravenously with Taxol® (10 mg/kg) for 
5 consecutive days 10 days after the inoculation. The entire tumor tissue was removed 
surgically after the experiment and photographed as shown in Figure 5A. In the group 
administered with oral DHP107 and intravenous Taxol®, the tumor size was reduced gradually 
from ca. 100 to 15 ± 3 and 19 ± 5 mm3, respectively, in ca. 25 days after the administration of the 
drug and remained unchanged for the duration of the experiment (Figure 5B). The tumor size 
data for these two groups were indifferent statistically. In the control group administered orally 
with the vehicle only, the tumor grew continuously to ca. 360 ± 20 mm3 in 45 days.  

4. Discussion 
In current study, we prepared oil formulations for oral administration of paclitaxel and 
examined their physical properties, pharmacokinetic profiles and antitumor activities.  
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Fig. 5. Antitumor activity of DHP107 in male Balb/c athymic mice, subcutaneously injected 
with suspension of NCI-H358 cells (1.2×107 cells/mouse). A) The entire tumor tissue 
removed surgically after the experiment. B) The volume of tumor for the oral vehicle control 
(eG2, ), intravenous Taxol® (, 10mg/kg) and oral DHP107 (G2, , 50 mg/kg). 

Paclitaxel was commercially available in at least two different polymorphs. Amorphous 
paclitaxel was readily soluble in our oral formulations at 10 mg/ml when sonicated for 30 s. 
Crystalline paclitaxel, on the other hand, did not dissolve in the oily formulations directly. We 
had to dissolve crystalline paclitaxel in the tricaprylin/methylene chloride mixture completely, 
and to remove the solvent in turn to obtain the oily solution of paclitaxel/tricaprylin before 
adding monoolein and Tween 80. Even though paclitaxel could also be dissolved in methylene 
chloride/tricaprylin/monoolein/Tween 80 as well as in methylene chloride/tricaprylin, 
monoolein and Tween 80 were not added to the mixture until after evaporating the solvent to 
minimize the oxidation of these materials containing unsaturated hydrocarbons. 
Pharmacokinetic study showed that AUC values were identical statistically when paclitaxel 
from different vendors or different preparation processes was used (Figure 4F). 

DSC study was performed for the formulations with different triglycerides. In the heating 
thermograms, two endothermic transitions were observed corresponding to the chain 
melting transitions of monoolein and triglycerides for T8 and T12 formulations. Chain 
melting transition of triacetin, tributyrin and tricaproin were not observed since the phase 
transition temperatures of these triglycerides were below 0 C. There was only a single 
endothermic transition for the tricaprin/monoolein mixture at the weight ratio of 2:1 since 
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injected subcutaneously to Balb/c athymic mice. All of the mice inoculated with the human 
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drug and remained unchanged for the duration of the experiment (Figure 5B). The tumor size 
data for these two groups were indifferent statistically. In the control group administered orally 
with the vehicle only, the tumor grew continuously to ca. 360 ± 20 mm3 in 45 days.  

4. Discussion 
In current study, we prepared oil formulations for oral administration of paclitaxel and 
examined their physical properties, pharmacokinetic profiles and antitumor activities.  

Development, Optimization and Absorption Mechanism of  
DHP107, Oral Paclitaxel Formulation for Single-Agent Anticancer Therapy 

 

369 

 
Fig. 5. Antitumor activity of DHP107 in male Balb/c athymic mice, subcutaneously injected 
with suspension of NCI-H358 cells (1.2×107 cells/mouse). A) The entire tumor tissue 
removed surgically after the experiment. B) The volume of tumor for the oral vehicle control 
(eG2, ), intravenous Taxol® (, 10mg/kg) and oral DHP107 (G2, , 50 mg/kg). 

Paclitaxel was commercially available in at least two different polymorphs. Amorphous 
paclitaxel was readily soluble in our oral formulations at 10 mg/ml when sonicated for 30 s. 
Crystalline paclitaxel, on the other hand, did not dissolve in the oily formulations directly. We 
had to dissolve crystalline paclitaxel in the tricaprylin/methylene chloride mixture completely, 
and to remove the solvent in turn to obtain the oily solution of paclitaxel/tricaprylin before 
adding monoolein and Tween 80. Even though paclitaxel could also be dissolved in methylene 
chloride/tricaprylin/monoolein/Tween 80 as well as in methylene chloride/tricaprylin, 
monoolein and Tween 80 were not added to the mixture until after evaporating the solvent to 
minimize the oxidation of these materials containing unsaturated hydrocarbons. 
Pharmacokinetic study showed that AUC values were identical statistically when paclitaxel 
from different vendors or different preparation processes was used (Figure 4F). 
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thermograms, two endothermic transitions were observed corresponding to the chain 
melting transitions of monoolein and triglycerides for T8 and T12 formulations. Chain 
melting transition of triacetin, tributyrin and tricaproin were not observed since the phase 
transition temperatures of these triglycerides were below 0 C. There was only a single 
endothermic transition for the tricaprin/monoolein mixture at the weight ratio of 2:1 since 
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they formed a eutectic mixture (Roh et al., 2004). The phase behavior of monoolein and 
triglycerides could be explained by the classical binary eutectic phase diagram of two 
immiscible solid phases and a completely miscible melt.  

We could conclude from the DSC data that monoolein and tricaprylin do not mix below ca. 30 
C where monoolein exists as lamellar crystalline phase. Monoolein and Tween 80 did not mix 
in this temperature range either. Above 30 C, however, all three ingredients, tricaprylin, 
monoolein and Tween 80 existed as liquid and mixed homogeneously. Two important things 
to note were that paclitaxel precipitates were not observed even at 0 C by microscopy in any 
of the oral formulations and that the formulations could be heated and cooled in cycles 
between -20 and 40 C without compromising the effectiveness of the drug. These results are 
significant in that the oral formulation (possibly in a soft capsule) can be stored in the shelf and 
orally administered in the phase-separated form, but transforms into a homogenous liquid 
solution by the body heat while traveling inside the gastrointestinal tract.  

In our oral formulations, monoolein was included due to its well-known mucoadhesive 
property (Nielsen et al., 1998). Monoolein and other monoglycerides have been used in oral 
drug delivery formulations since they can enhance absorption of small molecules and even 
proteins through the epithelial cells (Ganem-Quintanar et al., 2000; Chung et al., 2002). The 
absorption enhancing mechanism is not clearly known. Nanopore induction or the 
membrane perturbation (Anderson, 2005), and the intermediate phases formed in the 
intestine (Kossena et al., 2005) were considered important. In vitro study showed that 
monoglycerides can enhance the cellular absorption of drugs by inhibition of P-
glycoproteins (Konishi et al., 2004). Further studies are required to explain the absorption 
enhancing mechanism of monoolein unequivocally.  

In the previous study, we administered intravesically the dispersion of DHP107 in water to 
experimental rabbits and observed that the formulation adhered tightly to the bladder 
mucosa, and paclitaxel penetrated through the physical barrier imposed by the 
uroepithelium (S. J. Lee et al., 2005). Histological examination of the bladder and other 
tissues did not reveal any local or systemic toxicity to the rabbits.  

Oral administration of formulations containing different triglycerides showed that those with 
tricaproin, tricaprylin and tricaprin had higher AUC values than others. The formulation with 
tricaproin had the highest AUC value. We must note that paclitaxel was mixed directly with 
the vehicles and sonicated for 30 s to obtain the formulations in Table 2. When the preparation 
process was changed to add and to remove methylene chloride in turn in order to solubilize 
crystalline as well as amorphous paclitaxel, the AUC value of tricaprylin/monoolein/Tween 
80/paclitaxel formulation (G2, DHP107) increased from 8.9 to 11.0 μgh/ml, which was similar 
to that of tricaproin/monoolein/Tween 80/paclitaxel formulation in Table 2 (T6) statistically. 
We proceeded with the tricaprylin/monoolein/Tween 80/paclitaxel formulation for further 
experiments because the toxicity of tricaprylin (LD50 = 3700 mg/kg; intravenous and 26600 
mg/kg; oral) was much lower than that of tricaproin (LD50 = 122 mg/kg; intravenous) for 
mice according to the Material Safety Data Sheets for tricaprylin (T9126) and tricaproin (T4137) 
provided by Sigma (www.sigma-aldrich.com).  

We also performed the pharmacokinetic study with the formulations having different 
contents of the drug, under fasting or non-fasting conditions, by changing the commercial 
source of paclitaxel, with or without the emulsifier, Tween 80 and in the form of dispersions 
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in syrup or in water. From these experiments, we could conclude that the optimum 
concentration of paclitaxel in the formulation was 10 mg/ml, and the 
tricaprylin/monoolein/Tween 80/paclitaxel formulation was the most effective when given 
directly to the non-fasting animals. Under the fasting conditions, Tmax was 3 h. Tmax, 
however, was 1 h when the animal had free access to food and water. In a separate 
experiment, we observed that the bile salts helped the micronization and micellization of 
DHP107. It is possible that the micronization process of DHP107 was fastened by the 
secreted bile salts already existing under the non-fasting condition. When the formulation 
was fed to the empty stomach, on the other hand, bile salt secretion would start after the oily 
DHP107 reaches the upper intestine.  

Our liquid type formulations were very effective in delivering paclitaxel orally, easy to 
prepare, biocompatible, and physically stable. Preclinical studies have demonstrated superior 
antitumor efficacy and high bioavailability. Most notably, the blood paclitaxel concentration 
was high after the oral administration even though the P-glycoprotein inhibitors were not co-
administered when compared to the formulations reported in the literature (Table 1). The 
results show that the blood paclitaxel concentration reached as high as ca. 3 μg/ml and higher 
than 1 μg/ml for 4~6 hours in Balb/c mice after oral administration of 50 mg/kg of paclitaxel 
dose. Also the bioavailability of paclitaxel was ca. 14 % and 20 % when compared to Taxol® 
injection under fasting and non-fasting conditions, respectively.  

Antitumor experiment also showed that the tumor regression rate of the oral DHP107 group 
(50 mg/kg) was similar to that of the intravenous Taxol® group (10 mg/kg). Also, the tumor 
size of an established non-small cell lung cancer was significantly reduced after the oral 
treatment. Considering that the bioavailability of DHP107 was ca. 14 ~ 20 % compared to 
Taxol® injection, similar regression rate was expected to a degree.  

5. Conclusions 
In conclusion, we prepared oral paclitaxel formulations that do not contain P-glycoprotein 
inhibitors as active pharmaceutical ingredients. The formulations are liquid at body 
temperature and can solubilize paclitaxel effectively. The oral bioavailability of paclitaxel 
was 14 ~ 20 % when compared to the intravenous Taxol® formulation without concomitant 
administration of P-glycoprotein inhibitors. Preclinical efficacy study on mice showed that 
the tumor size was reduced significantly for the human non-small cell lung carcinoma. In 
separate studies, we have determined the tissue distribution of paclitaxel after oral 
administration (manuscript in preparation) and performed pre-clinical antitumor efficacy 
studies in mice with several tumor types (manuscript in preparation). Regulatory preclinical 
experiments to initiate the clinical evaluations of DHP107 have also been carried out. 
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1. Introduction 
The health quality of human population is strongly connected to the decrease of 
environmental burden and increase of quality and safety of food. The production of high-
quality and safe food and materials of animal origin is conditioned by the good health of 
raised animals. Diseases of the gastrointestinal tract can be considered the most important 
health and economic problem of rearing young animals, since they may cause extremely 
high losses due to morbidity, mortality, cost of treatment and weight loss. At an early age, 
diseases debilitate the animal organism and cause delays in development which can 
subsequently become evident as health problems and decreased productivity. For this 
reason, it is extremely important to ensure optimum development of the digestive tract in 
young animals. These relations are determined by digestive juice and enzyme secretion, 
morphological development and microbial colonization of the digestive tract as well as by 
absorption capacity of the latter. The pig gut is exposed to a variety of stress factors 
particularly in the early postnatal period and just after weaning. This is the period of 
significant growth, morphological changes and maturation of the gastrointestinal tract 
(Godlewski et al., 2005; Trahair & Sanglid, 2002; Xu, 1996). Prior to birth, the alimentary tract 
is exposed to substances from the ingested amniotic fluid which seems to be of importance 
to its development (Trahair & Sanglid, 2002). The colostrum, however, differs from the 
amniotic fluid by the density of nutrients and high immunoglobulin, enzyme, hormone, 
growth factor and neuroendocrine peptide levels. Widdowson & Crabb (1976) were the first 
to demonstrate the effect of the colostrum upon development of the alimentary tract by 
comparing the colostrums-suckling piglets with watered animals. Maternal colostrums 
contained high levels of several hormones and growth promoting peptides like insulin, 
epidermal growth factor (EGF), insulin-like growth factor-I and II (IGF-I and II), 
transforming growth factor-β (TGF- β), glucagon-like peptide-2 (GLP-2) and leptin. It was 
proved that colostral growth factors play an important role in the postnatal development of 
the digestive tract in newborn animals (Guilloteau et al., 2002; Xu, 1996). During the several 
initial days of life of newborns, their small intestine increases its weight by about 70%, 
length by approx. 20%, diameter by 15%. Its absorption area increases by about 50% during 
the first postnatal day and by 100% during the first 10 postnatal days (Marion et al., 2003; 
Xu, 1996). A large luminal surface area with optimal enterocyte functional maturity is 
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proved that colostral growth factors play an important role in the postnatal development of 
the digestive tract in newborn animals (Guilloteau et al., 2002; Xu, 1996). During the several 
initial days of life of newborns, their small intestine increases its weight by about 70%, 
length by approx. 20%, diameter by 15%. Its absorption area increases by about 50% during 
the first postnatal day and by 100% during the first 10 postnatal days (Marion et al., 2003; 
Xu, 1996). A large luminal surface area with optimal enterocyte functional maturity is 
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important to young growing pigs so they may attain maximum digestive and absorptive 
capability. Consequently, suboptimal or adverse environmental factors, influencing the 
morphological development of intestinal tissue, may have critical functional consequences for 
the young growing pig. The marked and abrupt morphological responses to weaning in the 
small intestine, characterized by the transformation from a dense finger-like villi population to 
a smooth, compact, tongue-shaped luminal villi surface may indicate critical consequences for 
the young pig digestive capacity and subsequent use of nutrients during the starter phase 
(Skrzypek et al., 2005). The changes at weaning which include shortening of villi, hyperplasia 
of crypts, decrease in absorption capacity and certain loss of carbohydrate activity may, in 
combination with changes in the number and type of enterobacteria, induce various degree of 
post-weaning diarrhoea (Pluske et al., 1997). By now, the prevention and therapy of diseases of 
sucklings and weanlings was implemented by means of synthetic substances, which 
enormously burden not only the organisms, but also the living environment as a whole. The 
extensive use of antibiotics has increased the risk of development of resistance in human and 
animal pathogens and chemical residues in meat of animals. In progress is the research and 
development of new methods of biotechnological and natural character that with their 
complex influence will maximally make efficient the prevention of diseases of animals by the 
stabilisation of physiological function of biological barriers of the gastrointestinal tract 
ecosystem. Biological barriers of digestive tract represent the prime and basal protection of 
organism from negative impacts of external and internal environment, and therefore it is 
possible to decrease a health risk by its sophisticated modulation. The indigenous microbiota 
suppresses colonization of incoming bacteria by a process named colonization resistance that 
is a first line of defence against invasion by exogenous, potential pathogenic organisms or 
indigenous opportunists. Beneficial microbiota prevent bacterial colonization by competing for 
epithelium receptors and enteric nutrients, producing antimicrobial compounds such as 
bacteriocins and metabolizing nutrients to create a restrictive environment which is generally 
unfavourable for the growth of many enteric pathogens (Bomba et al., 2002; Marinho et al., 
2007). Probiotics as natural bioregulators assist the maintenance of the homeostasis of the 
gastrointestinal tract ecosystem and, during the critical periods of animal life, can play an 
important role in prevention of diarrhoeic diseases of dietetic and bacterial origin (Bomba et 
al., 2002; Marinho et al., 2007). Gastrointestinal microflora may be affected by adding probiotic 
micro-organisms of genera Lactobacillus, Bifidobacterium (Bomba et al., 2002), Bacillus, 
Enterococcus and Streptococcus (Scharek et al., 2005) to feed or by their combinations (Bomba et 
al., 2002; Mathew et al., 1998). Enterococci belong to those lactic-acid bacteria which inhabit 
human and animal intestines (Devriese et al., 1991). It was observed that Enterococcus faecium 
prevents adherence of enterotoxigenic Escherichia coli K 88+ to the surface of intestinal mucosa 
of piglets (Scharek et al., 2005). In terms of exactitude and interpretability of results, 
gnotobiotic piglets are an ideal experimental model for the study of digestive processes and 
their development. The presence of normal microflora influences the structure of the host 
intestinal mucous membrane, its function and short-chain fatty acids (SCFAs) production. By 
means of gnotobiotic conditions, we excluded the influence of the normal microflora and sow's 
milk. The changes in the small intestine, observed under the specific controlled conditions, 
were compared to the development of the gut in conventionally bred piglets. 

The aim of the study was to evaluate the effects of piglet´s age and diet (natural feeding, 
artificial feeding and gnotobiotic conditions) on the development of microflora, production 
of short-chain fatty acids (SCFAs), postnatal morphological development and 
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disaccharidase enzymes activity in the small intestine in piglets reared under the sow, 
piglets fed on milk replacement, as well as in gnotobiotic piglets. 

2. Materials and methods 
The experiments on growing and weaned piglets were carried out at the Institute of 
Microbiology and Gnotobiology, University of Veterinary Medicine and Pharmacy, Košice, 
Slovakia. The State Veterinary and Food Administration of the Slovak Republic approved 
the experimental protocols and the animals were handled and sacrificed in a humane 
manner in accordance with the guidelines established by the relevant commission. 

2.1 Animal, housing and diets 

2.1.1 Gnotobiotic piglets - 1st experiment 

The experiment was carried out in 4 gnotobiotic units, each consisting of reserve, waste and 
rearing isolator (Velaz s.r.o., Prague, Czech Republic). All experimental materials, including 
milk substitute, distilled water, saline solution and glass and metal materials were sterilised 
by autoclaving at 121oC and pressure 1.3 MPa for 30 minutes and cellulose wadding and 
other sanitary material was gamma-irradiated (Bioster, Veverská Bitýška, Czech Republic). 
The isolators were sterilized with a 2% solution of peracetic acid (36%, Merci s.r.o., Brno, 
Czech Republic), sealed for 24 hrs, and vented for a minimum of 72 hrs prior to placing pigs 
inside. Isolators were maintained under positive pressure, the filtering unit consisting of a 
fan with preliminary EU 3 filter and two-stage filtering chamber (Velaz s.r.o., Prague, Czech 
Republic). The first stage of filtration consisted of a frame filter type KS-W, filtration class F 
7, the second stage used a KS MIKRO S filter, filtration class H 13, for removing of 
microparticles. The vented air passed through a frame filter KS W/48, filtration class F 5. 
The filtration unit assured a minimum of 10 exchanges of air per hour at overpressure of 50-
70 kPa and air flow 8-30 m3. 

The experiment was carried out on 18 gnotobiotic piglets of Slovak white × Landrace breed. 
Gnotobiotic sucklings were obtained using the method of open hysterotomy on day 112 of 
pregnancy. After opening the abdominal cavity and uterus the piglets were immediately 
transferred through a disinfectant bath containing 2% Incidur® (Ecolab GmbH & Co. OHG, 
Düsseldorf, Germany) into a hysterectomy box were they were subjected to preliminary 
treatment and then were placed into 1 of 4 gnotobotic rearing isolators. The floor of isolators 
was heated by electric underfloor heating system to ensure floor temperature of 34oC for 
new born piglets and 30oC for 7-14 days old piglets. The piglets were non-colostral and were 
fed autoclaved milk substitute (Sanolac Ferkel, Germany, in 1 kg dry matter: fat 18.0%, N-
free extract 20.0%, lysine 1.7%, Ca 0.9%, P 0.7%, Na 1.0%, Mg 0.2%, fibre 1.5%, ash 10.0%, 
ME 17.5 MJ, vitamin A 50 000 IU, vitamin D3 5 000 IU, vitamin E 100 mg, biotin 200 μg, Fe 
100 mg, vitamin B1 4 mg, vitamin B2 4 mg, vitamin B6 2 mg, vitamin B12 20 μg, calcium 
pantothenate 10 mg, nicotinic acid 20 mg, folic acid 1 mg, vitamin C 100 mg, choline 
chloride 250 mg), diluted 1 : 5 with distilled water. The milk substitute was fed to piglets 
individually from a glass bottle six times daily (2, 6, 10, 14, 18, 22 h), ad libitum. A total of 18 
gnotobiotic animals derived from 2 litters were divided into 4 isolators. From the first day of 
life, a probiotic strain of Enterococcus faecium isolated from non autoclaved milk substitute 
(Sanolac Ferkel, Germany) was administered continuously at a dose of 2 ml of inoculum;  
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important to young growing pigs so they may attain maximum digestive and absorptive 
capability. Consequently, suboptimal or adverse environmental factors, influencing the 
morphological development of intestinal tissue, may have critical functional consequences for 
the young growing pig. The marked and abrupt morphological responses to weaning in the 
small intestine, characterized by the transformation from a dense finger-like villi population to 
a smooth, compact, tongue-shaped luminal villi surface may indicate critical consequences for 
the young pig digestive capacity and subsequent use of nutrients during the starter phase 
(Skrzypek et al., 2005). The changes at weaning which include shortening of villi, hyperplasia 
of crypts, decrease in absorption capacity and certain loss of carbohydrate activity may, in 
combination with changes in the number and type of enterobacteria, induce various degree of 
post-weaning diarrhoea (Pluske et al., 1997). By now, the prevention and therapy of diseases of 
sucklings and weanlings was implemented by means of synthetic substances, which 
enormously burden not only the organisms, but also the living environment as a whole. The 
extensive use of antibiotics has increased the risk of development of resistance in human and 
animal pathogens and chemical residues in meat of animals. In progress is the research and 
development of new methods of biotechnological and natural character that with their 
complex influence will maximally make efficient the prevention of diseases of animals by the 
stabilisation of physiological function of biological barriers of the gastrointestinal tract 
ecosystem. Biological barriers of digestive tract represent the prime and basal protection of 
organism from negative impacts of external and internal environment, and therefore it is 
possible to decrease a health risk by its sophisticated modulation. The indigenous microbiota 
suppresses colonization of incoming bacteria by a process named colonization resistance that 
is a first line of defence against invasion by exogenous, potential pathogenic organisms or 
indigenous opportunists. Beneficial microbiota prevent bacterial colonization by competing for 
epithelium receptors and enteric nutrients, producing antimicrobial compounds such as 
bacteriocins and metabolizing nutrients to create a restrictive environment which is generally 
unfavourable for the growth of many enteric pathogens (Bomba et al., 2002; Marinho et al., 
2007). Probiotics as natural bioregulators assist the maintenance of the homeostasis of the 
gastrointestinal tract ecosystem and, during the critical periods of animal life, can play an 
important role in prevention of diarrhoeic diseases of dietetic and bacterial origin (Bomba et 
al., 2002; Marinho et al., 2007). Gastrointestinal microflora may be affected by adding probiotic 
micro-organisms of genera Lactobacillus, Bifidobacterium (Bomba et al., 2002), Bacillus, 
Enterococcus and Streptococcus (Scharek et al., 2005) to feed or by their combinations (Bomba et 
al., 2002; Mathew et al., 1998). Enterococci belong to those lactic-acid bacteria which inhabit 
human and animal intestines (Devriese et al., 1991). It was observed that Enterococcus faecium 
prevents adherence of enterotoxigenic Escherichia coli K 88+ to the surface of intestinal mucosa 
of piglets (Scharek et al., 2005). In terms of exactitude and interpretability of results, 
gnotobiotic piglets are an ideal experimental model for the study of digestive processes and 
their development. The presence of normal microflora influences the structure of the host 
intestinal mucous membrane, its function and short-chain fatty acids (SCFAs) production. By 
means of gnotobiotic conditions, we excluded the influence of the normal microflora and sow's 
milk. The changes in the small intestine, observed under the specific controlled conditions, 
were compared to the development of the gut in conventionally bred piglets. 

The aim of the study was to evaluate the effects of piglet´s age and diet (natural feeding, 
artificial feeding and gnotobiotic conditions) on the development of microflora, production 
of short-chain fatty acids (SCFAs), postnatal morphological development and 
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disaccharidase enzymes activity in the small intestine in piglets reared under the sow, 
piglets fed on milk replacement, as well as in gnotobiotic piglets. 

2. Materials and methods 
The experiments on growing and weaned piglets were carried out at the Institute of 
Microbiology and Gnotobiology, University of Veterinary Medicine and Pharmacy, Košice, 
Slovakia. The State Veterinary and Food Administration of the Slovak Republic approved 
the experimental protocols and the animals were handled and sacrificed in a humane 
manner in accordance with the guidelines established by the relevant commission. 

2.1 Animal, housing and diets 

2.1.1 Gnotobiotic piglets - 1st experiment 

The experiment was carried out in 4 gnotobiotic units, each consisting of reserve, waste and 
rearing isolator (Velaz s.r.o., Prague, Czech Republic). All experimental materials, including 
milk substitute, distilled water, saline solution and glass and metal materials were sterilised 
by autoclaving at 121oC and pressure 1.3 MPa for 30 minutes and cellulose wadding and 
other sanitary material was gamma-irradiated (Bioster, Veverská Bitýška, Czech Republic). 
The isolators were sterilized with a 2% solution of peracetic acid (36%, Merci s.r.o., Brno, 
Czech Republic), sealed for 24 hrs, and vented for a minimum of 72 hrs prior to placing pigs 
inside. Isolators were maintained under positive pressure, the filtering unit consisting of a 
fan with preliminary EU 3 filter and two-stage filtering chamber (Velaz s.r.o., Prague, Czech 
Republic). The first stage of filtration consisted of a frame filter type KS-W, filtration class F 
7, the second stage used a KS MIKRO S filter, filtration class H 13, for removing of 
microparticles. The vented air passed through a frame filter KS W/48, filtration class F 5. 
The filtration unit assured a minimum of 10 exchanges of air per hour at overpressure of 50-
70 kPa and air flow 8-30 m3. 

The experiment was carried out on 18 gnotobiotic piglets of Slovak white × Landrace breed. 
Gnotobiotic sucklings were obtained using the method of open hysterotomy on day 112 of 
pregnancy. After opening the abdominal cavity and uterus the piglets were immediately 
transferred through a disinfectant bath containing 2% Incidur® (Ecolab GmbH & Co. OHG, 
Düsseldorf, Germany) into a hysterectomy box were they were subjected to preliminary 
treatment and then were placed into 1 of 4 gnotobotic rearing isolators. The floor of isolators 
was heated by electric underfloor heating system to ensure floor temperature of 34oC for 
new born piglets and 30oC for 7-14 days old piglets. The piglets were non-colostral and were 
fed autoclaved milk substitute (Sanolac Ferkel, Germany, in 1 kg dry matter: fat 18.0%, N-
free extract 20.0%, lysine 1.7%, Ca 0.9%, P 0.7%, Na 1.0%, Mg 0.2%, fibre 1.5%, ash 10.0%, 
ME 17.5 MJ, vitamin A 50 000 IU, vitamin D3 5 000 IU, vitamin E 100 mg, biotin 200 μg, Fe 
100 mg, vitamin B1 4 mg, vitamin B2 4 mg, vitamin B6 2 mg, vitamin B12 20 μg, calcium 
pantothenate 10 mg, nicotinic acid 20 mg, folic acid 1 mg, vitamin C 100 mg, choline 
chloride 250 mg), diluted 1 : 5 with distilled water. The milk substitute was fed to piglets 
individually from a glass bottle six times daily (2, 6, 10, 14, 18, 22 h), ad libitum. A total of 18 
gnotobiotic animals derived from 2 litters were divided into 4 isolators. From the first day of 
life, a probiotic strain of Enterococcus faecium isolated from non autoclaved milk substitute 
(Sanolac Ferkel, Germany) was administered continuously at a dose of 2 ml of inoculum;  
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1 ml contained 1 × 104 cfu (data analysed in the Laboratory of Gnotobiology). From the 5th 
day of life, autoclaved water was available to piglets ad libitum and they were fed 
irradiation-sterilized rations intended for early weaning of piglets. At the age of 28 days, the 
suckling piglets were weaned and fed irradiation-sterilized starter feedstuff ad libitum (OŠ-
02®, Tajba Čaňa, Slovak Republic, in 1 kg dry matter: crude protein 180 g, fibre 45 g, lysine 
11.5 g, methionine and cysteine 6.3 g, threonine 7.5 g, Ca 7 g, P 5.8 g, Na 1.5 g, Cu 10 mg, Zn 
100 mg, Mn 30 mg, ME 13 MJ, vitamin A 8 000 IU, vitamin D3 1 000 IU, vitamin E 20 mg, Fe 
125 mg, vitamin B2 3 mg, vitamin B12 20 μg, choline 600 mg). A routine microbiological 
control of gnotobiotic isolators was performed throughout the experiment. Microbiological 
swabs were taken from isolator walls, surface of animals and from their rectum. The 
samples were cultivated in PYG medium (Imuna, Slovak Republic). The microbiological 
control was verified every day on TSA agar with 5% ram’s blood (BBL, Microbiology 
systems, Cockeysville, USA).  

2.1.2 Conventional suckled piglets - 2nd experiment 

In the experiment, 24 piglets of both sexes (Large white breed x Landrace) from two litters 
were included. The pigs were housed in two pens, 12 piglets in each, equipped with 
automatic heating, forced ventilation and completely slatted floors. The suckling piglets had 
access to sows 6 times daily (2, 6, 10, 14, 18, 22 h.) and from day 5 onwards the animals were 
provided commercial mixed feed OŠ-01® (Tajba Čaňa, Slovak Republic, in 1 kg dry matter: 
crude protein 200 g, fibre 40 g, lysine 14 g, methionine and cysteine 6.3 g, threonine 9.1 g, Ca 
8 g, P 6.7 g, Na 2 g, Cu 10 mg, Zn 100 mg, Mn 30 mg, ME 13.3 MJ, vitamin A 8 000 IU, 
vitamin D3 1 000 IU, vitamin E 20 mg, Fe 125 mg, vitamin B2 3 mg, vitamin B12 20 μg, choline 
300 mg) ad libitum. The piglets were weaned at 28 days of age, fed starter feedstuff ad libitum 
(OŠ-02®, Tajba Čaňa, Slovak Republic) and moved to 2 pens (375 x 165 cm) where three 
piglets were housed per pen. The temperature in the nursery was maintained at 32oC during 
the first week, and was gradually reduced to 25oC between weeks two and six. The animals 
had free access to water throughout the experiment (42 days). 

2.1.3 Conventional replacer-fed piglets - 3rd experiment 

The experiment included 26 piglets of both sexes (Large white breed x Landrace) from two 
litters. The experiment was carried out in two blocks, 13 piglets in each. The piglets were 
separated from the sow immediately after birth and had no contact with sow faeces. They 
were born naturally, were non-colostral, and were fed a commercial milk replacer diluted 
with distilled water 1:5 (Sanolac Ferkel, Germany), enriched by Enterococcus faecium 0.1 × 104 
cfu/g of feed. Milk was given to piglets individually from a glass bottle 6 times daily (2, 6, 
10, 14, 18, 22 h.), ad libitum. Starting from day 5, the suckling piglets were offered the same 
commercial mixed feed OŠ-01® (Tajba Čaňa, Slovak Republic) and were housed under the 
same hygiene conditions as those in the second experiment. 

2.2 Experimental procedure 

All pigs were sacrificed by intracardial euthanasia with 1 ml/kg BW T61® (Intervet 
International B.V. Boxmeer, The Netherlands). In the first experiment, three hours after birth 
and at the age of two and seven days, two piglets of each indicated age were sacrificed. Three 
piglets of each indicated age were sacrificed at the age of 14, 21, 28 and 35 days. In the course 
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of conventional experiments, three piglets from each group were sacrificed at 3 hours post 
partum and at 2, 7, 14, 21, and 28 days of age. In the second experiment the piglets were 
slaughtered also on days 35 and 42 of age. The gastrointestinal tract was immediately removed 
and divided into six segments as follows: stomach, three equal segments of the small intestine, 
caecum and colon. The total content of each segment was weighed, pH was immediately 
measured. Intestinal tissue (1 cm2) were taken from the duodenum (5 cm distal to the orifice of 
the pancreatic duct) and the medial part of both the jejunum and ileum. The samples were 
fixed in 4% formalin solution for microscopic assessment of mucosal morphology. Sections of 
jejunum, ileum and caecum (1 g) were collected and processed for microbial counting and 
short-chain fatty acids (SCFAs) determinations were carried out in the contents from jejunum, 
ileum and colon. The intestinal segments (duodenum, jejunum and ileum) were rinsed 
thoroughly with ice-cold saline solution, opened lengthwise and blotted dry. The mucosa was 
scraped using a glass slide and immediately frozen in liquid nitrogen. Samples of mucosa 
were then stored at -70oC until the analysis of digestive enzyme activities. 

2.2.1 Microbiological analysis 

For microbial analysis, about 1 g of samples (jejunum, ileum, caecum) was placed in a sterile 
polyethylene stomacher Lab Blender bag (Seward Medical Limited, London, UK) with 9 ml 
of sterile anaerobic diluent (0.4 g Na HCO3, 0.05g L-cysteine HCl, 1 ml resazurine 0.1%), 7.5 
ml mineral solution I (0.6% K2HPO4), 7.5 ml mineral solution II (1.2% NaCl, 1.2% (NH4)2SO4, 
0.6% KH2PO4, 0.12% CaCl2, 0.25% MgSO4 and 84 ml distilled water, pH 6.8) and stomached 
(Stomacher Lab Blender 80, Seward Medical Limited, London, UK) for 5 min under a CO2 
atmosphere. A series of 10-fold dilutions (10-2 to 10-8) were made in the same diluents. From 
appropriate dilutions, 0.1 ml aliquots were spread onto one non-selective agar plate: 
trypticase soy blood agar with 10% sheep blood (BBL, Microbiology systems, Cockeysville, 
USA) for aerobes. Aliquots (0.1 ml) were also spread on 5 selective agar media as follows: 
Beerens medium (Beerens, 1990) for Bifidobacterium, Rogosa agar (Imuna, Šarišské 
Michaľany, Slovak Republic) for Lactobacillus, Enterococcosel agar (BBL) for Enterococcus, 
MacConkey agar (Imuna) for Coliforms and Endo agar (Imuna) for Enterobacteriaceae. Plates 
for the enumeration of aerobic bacteria were incubated for 2 days at 37oC. Colonies were 
counted and bacteria were Gram stained and visualized under a microscope for 
morphological characterization. The viable counts are expressed as the log 10 of colony 
forming units (cfu)g-1 of sample. 

2.2.2 Biochemical analysis 

After the collection, 1 g of digesta (jejunum, ileum, colon) was diluted in 50 ml of deionized 
H2O and applied at a volume of 30 µl for analysis of SCFAs. The concentration of formic, 
acetoacetic, lactic, succinic, acetic, propionic, butyric and valeric acids in the intestinal 
content was determined by capillary isotachophoresis (ITP). The measurements were done 
on an „Isotachophoretic analyser ZKI 01“ (SR). In the pre-separation capillary, a leading 
electrolyte of the following composition was used: 10-2 M HCl + 2.2. 10-2 M ε-aminocaproic 
acid + 0.1% methylhydroxyethylcellulosic acid, pH 4.3. As finishing electrolyte, a solution of 
5.10-3 M caproic acid + histidine was used. This electrolytic system worked at 250µA in pre-
separation and 50 µA in the analytic capillary. pH was measured by a pH meter (LP Prague, 
Czech Republic). 
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1 ml contained 1 × 104 cfu (data analysed in the Laboratory of Gnotobiology). From the 5th 
day of life, autoclaved water was available to piglets ad libitum and they were fed 
irradiation-sterilized rations intended for early weaning of piglets. At the age of 28 days, the 
suckling piglets were weaned and fed irradiation-sterilized starter feedstuff ad libitum (OŠ-
02®, Tajba Čaňa, Slovak Republic, in 1 kg dry matter: crude protein 180 g, fibre 45 g, lysine 
11.5 g, methionine and cysteine 6.3 g, threonine 7.5 g, Ca 7 g, P 5.8 g, Na 1.5 g, Cu 10 mg, Zn 
100 mg, Mn 30 mg, ME 13 MJ, vitamin A 8 000 IU, vitamin D3 1 000 IU, vitamin E 20 mg, Fe 
125 mg, vitamin B2 3 mg, vitamin B12 20 μg, choline 600 mg). A routine microbiological 
control of gnotobiotic isolators was performed throughout the experiment. Microbiological 
swabs were taken from isolator walls, surface of animals and from their rectum. The 
samples were cultivated in PYG medium (Imuna, Slovak Republic). The microbiological 
control was verified every day on TSA agar with 5% ram’s blood (BBL, Microbiology 
systems, Cockeysville, USA).  

2.1.2 Conventional suckled piglets - 2nd experiment 

In the experiment, 24 piglets of both sexes (Large white breed x Landrace) from two litters 
were included. The pigs were housed in two pens, 12 piglets in each, equipped with 
automatic heating, forced ventilation and completely slatted floors. The suckling piglets had 
access to sows 6 times daily (2, 6, 10, 14, 18, 22 h.) and from day 5 onwards the animals were 
provided commercial mixed feed OŠ-01® (Tajba Čaňa, Slovak Republic, in 1 kg dry matter: 
crude protein 200 g, fibre 40 g, lysine 14 g, methionine and cysteine 6.3 g, threonine 9.1 g, Ca 
8 g, P 6.7 g, Na 2 g, Cu 10 mg, Zn 100 mg, Mn 30 mg, ME 13.3 MJ, vitamin A 8 000 IU, 
vitamin D3 1 000 IU, vitamin E 20 mg, Fe 125 mg, vitamin B2 3 mg, vitamin B12 20 μg, choline 
300 mg) ad libitum. The piglets were weaned at 28 days of age, fed starter feedstuff ad libitum 
(OŠ-02®, Tajba Čaňa, Slovak Republic) and moved to 2 pens (375 x 165 cm) where three 
piglets were housed per pen. The temperature in the nursery was maintained at 32oC during 
the first week, and was gradually reduced to 25oC between weeks two and six. The animals 
had free access to water throughout the experiment (42 days). 

2.1.3 Conventional replacer-fed piglets - 3rd experiment 

The experiment included 26 piglets of both sexes (Large white breed x Landrace) from two 
litters. The experiment was carried out in two blocks, 13 piglets in each. The piglets were 
separated from the sow immediately after birth and had no contact with sow faeces. They 
were born naturally, were non-colostral, and were fed a commercial milk replacer diluted 
with distilled water 1:5 (Sanolac Ferkel, Germany), enriched by Enterococcus faecium 0.1 × 104 
cfu/g of feed. Milk was given to piglets individually from a glass bottle 6 times daily (2, 6, 
10, 14, 18, 22 h.), ad libitum. Starting from day 5, the suckling piglets were offered the same 
commercial mixed feed OŠ-01® (Tajba Čaňa, Slovak Republic) and were housed under the 
same hygiene conditions as those in the second experiment. 

2.2 Experimental procedure 

All pigs were sacrificed by intracardial euthanasia with 1 ml/kg BW T61® (Intervet 
International B.V. Boxmeer, The Netherlands). In the first experiment, three hours after birth 
and at the age of two and seven days, two piglets of each indicated age were sacrificed. Three 
piglets of each indicated age were sacrificed at the age of 14, 21, 28 and 35 days. In the course 
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of conventional experiments, three piglets from each group were sacrificed at 3 hours post 
partum and at 2, 7, 14, 21, and 28 days of age. In the second experiment the piglets were 
slaughtered also on days 35 and 42 of age. The gastrointestinal tract was immediately removed 
and divided into six segments as follows: stomach, three equal segments of the small intestine, 
caecum and colon. The total content of each segment was weighed, pH was immediately 
measured. Intestinal tissue (1 cm2) were taken from the duodenum (5 cm distal to the orifice of 
the pancreatic duct) and the medial part of both the jejunum and ileum. The samples were 
fixed in 4% formalin solution for microscopic assessment of mucosal morphology. Sections of 
jejunum, ileum and caecum (1 g) were collected and processed for microbial counting and 
short-chain fatty acids (SCFAs) determinations were carried out in the contents from jejunum, 
ileum and colon. The intestinal segments (duodenum, jejunum and ileum) were rinsed 
thoroughly with ice-cold saline solution, opened lengthwise and blotted dry. The mucosa was 
scraped using a glass slide and immediately frozen in liquid nitrogen. Samples of mucosa 
were then stored at -70oC until the analysis of digestive enzyme activities. 

2.2.1 Microbiological analysis 

For microbial analysis, about 1 g of samples (jejunum, ileum, caecum) was placed in a sterile 
polyethylene stomacher Lab Blender bag (Seward Medical Limited, London, UK) with 9 ml 
of sterile anaerobic diluent (0.4 g Na HCO3, 0.05g L-cysteine HCl, 1 ml resazurine 0.1%), 7.5 
ml mineral solution I (0.6% K2HPO4), 7.5 ml mineral solution II (1.2% NaCl, 1.2% (NH4)2SO4, 
0.6% KH2PO4, 0.12% CaCl2, 0.25% MgSO4 and 84 ml distilled water, pH 6.8) and stomached 
(Stomacher Lab Blender 80, Seward Medical Limited, London, UK) for 5 min under a CO2 
atmosphere. A series of 10-fold dilutions (10-2 to 10-8) were made in the same diluents. From 
appropriate dilutions, 0.1 ml aliquots were spread onto one non-selective agar plate: 
trypticase soy blood agar with 10% sheep blood (BBL, Microbiology systems, Cockeysville, 
USA) for aerobes. Aliquots (0.1 ml) were also spread on 5 selective agar media as follows: 
Beerens medium (Beerens, 1990) for Bifidobacterium, Rogosa agar (Imuna, Šarišské 
Michaľany, Slovak Republic) for Lactobacillus, Enterococcosel agar (BBL) for Enterococcus, 
MacConkey agar (Imuna) for Coliforms and Endo agar (Imuna) for Enterobacteriaceae. Plates 
for the enumeration of aerobic bacteria were incubated for 2 days at 37oC. Colonies were 
counted and bacteria were Gram stained and visualized under a microscope for 
morphological characterization. The viable counts are expressed as the log 10 of colony 
forming units (cfu)g-1 of sample. 

2.2.2 Biochemical analysis 

After the collection, 1 g of digesta (jejunum, ileum, colon) was diluted in 50 ml of deionized 
H2O and applied at a volume of 30 µl for analysis of SCFAs. The concentration of formic, 
acetoacetic, lactic, succinic, acetic, propionic, butyric and valeric acids in the intestinal 
content was determined by capillary isotachophoresis (ITP). The measurements were done 
on an „Isotachophoretic analyser ZKI 01“ (SR). In the pre-separation capillary, a leading 
electrolyte of the following composition was used: 10-2 M HCl + 2.2. 10-2 M ε-aminocaproic 
acid + 0.1% methylhydroxyethylcellulosic acid, pH 4.3. As finishing electrolyte, a solution of 
5.10-3 M caproic acid + histidine was used. This electrolytic system worked at 250µA in pre-
separation and 50 µA in the analytic capillary. pH was measured by a pH meter (LP Prague, 
Czech Republic). 
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2.2.3 Disaccharidase activity 

The lactase (EC 3.2.1.23), maltase (EC 3.2.1.20) and saccharase (EC 3.2.1.26) activities were 
measured according to Mir et al. (1997). Mucosa samples (200 mg) were homogenized for 3 
min with 1 mL saline solution at 0oC. The homogenate was transferred to a test tube 
together with 2.5 mL (2 × aliquot) of saline solution. Three reaction tubes were filled with 
100 µL of the homogenate and placed in a 37oC water bath, and then 400 µL of 56 mM 
lactose, maltose, saccharose in citrate buffer (pH 6.6, 0.01 mM) were added, respectively. 
After shaking and incubation for 30 min enzyme activity was stopped in boiling water. The 
reaction tubes were centrifuged at 2000 × g (30 min, 5oC). The individual enzymes were 
determined using enzymatic UV method (Boehringer Mannheim, Germany). Protein content 
in homogenate was started according to Bradford et al. (1976) and the results were 
expressed as µmol/ mg protein/ hour.  

2.2.4 Small intestinal morphology 

Fixed intestinal segments were rinsed with water, the samples were dehydrated in a graded 
series of absolute ethanol (30%, 50%, 70%, 90%), cleared with benzene, saturated with and 
embedded in paraffin. Sections of 7 μm thickness (10 slices of each sample) were stained 
with haematoxylin/eosin and observed under a light microscope. The length of 10 villi and 
depth of 10 crypts was determined by a computer operated Image C picture analysis system 
(Intronic GmbH, Berlin, Germany) and the IMES analysis software, using a colour video 
camera (Sony 3 CCD) and a light microscope (Axiolab, Carl Zeiss Jena, Germany). 

2.2.5 Statistical analysis 

Statistical analysis was performed using Statistic software PRIZMA (version 3.0). All the 
data were presented as means ± SEM. To estimate the effect of age and weaning on the 
concentration of SCFAs, bacterial count, disaccharidase activity and intestinal morphology, 
the data were evaluated statistically by one-way analysis of variance (ANOVA) followed by 
a multiple comparison Tukey´s test. Significant differences between the two groups of 
piglets were tested using analysis of variance and Student´s t-test. Probability values less 
than 0.05 were used as the criterion for statistical significance. 

3. Results 
3.1 Health status of animals 

The deficit of colostral feeding on day 4 of life caused clinical symptoms of disease in 8 
replacer-fed piglets (i.e. 30.8 % of the total number of 26 piglets). The other piglets from this 
group were healthy. The sick piglets were apathic and did not show any interest in feeding. 
The disease was peracute and proceeded with physiological temperature. Even though 
antibiotics were administered, the piglets died within 8 hrs of the first appearance of 
symptoms. Rectal smears and blood for hematological examination were taken from the 
piglets and both pathological and anatomical dissections were carried out. In the piglets, 
lymphocytic leukocytosis as well as hypochromic anaemia were diagnosed, and E. coli K88 
was isolated from rectal swabs. The colonies from the final dilutions were verified by slide 
agglutination with K88ab antiserum (Imuna Šarišské Michaľany, Slovakia). The pathological 
and anatomical dissection for peracuteness of the course of the disease revealed only 
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petechial bleeding on seroses and mucoses of the gastrointestinal tract. Transudate in the 
abdominal cavity was of a deep-red colour, and the blood was uncoagulated. In the groups 
of suckled piglets (natural feeding) and gnotobiotic piglets the health status was good. 

3.2 Acidity 

The actual acidity of stomach digesta in replacer-fed piglets ranged more widely - i.e. from pH 
1.7 to 3.8. During the period of observation, only on day 2 of age the pH of stomach contents of 
these piglets was significantly lower (p<0.01, p<0.05) than in suckled piglets with pH ranging 
from 2.9 to 3.7 and gnotobiotic piglets with 2.7 - 4.1 pH range (Table 1). In the proximal 
segment of GIT (content of duodenum and jejunum) of gnotobiotic piglets we recorded 
between days 7 and 28 days of age the lowest levels of pH which differed significantly on day 
14 of age (p<0.001) in duodenum and on day 21 of age (p<0.01) in jejunum in comparison 
with replacer-fed piglets. The pH level in the caudal segment of GIT (ileal content) of suckled 
piglets was lower in comparison with replacer-fed piglets and significantly lower on days 2 
(p<0.05) and 21 (p<0.01) of age. The ileal and colonic pH were on average lower by 0.08 to 0.5 
in the group of suckled piglets and the pH values ranged from 6.27 to 7.17 and from 6.50 to 
7.21 compared to replacer-fed piglets in which the pH of the ileal content ranged from 6.93 to 
7.64 and the pH of the colonic content ranged from 6.24 to 7.53. 

3.3 Effect of age and weaning on production of SCFAs in the intestinal tract of 
gnotobiotic and conventionally bred piglets 

3.3.1 Conventional suckled piglets (natural feeding) 

Concentration of both acetoacetic and acetic acid in the jejunal content of suckled piglets 
(Table 2) within the period of milk nutrition was the highest at 7 days of age (p < 0.001 and 
p < 0.01, respectively). Subsequently the values declined at 2 weeks of age to 14.76 mmol/l 
of acetoacetic and to 28.02 mmol/l of acetic acid. This decline continued in acetoacetic acid 
by day 35 of age to 6.10 mmol/l and in acetic acid by week 4 of life to 7.71 mmol/l (p < 0.01). 
The concentration of lactic acid in jejunal contents was comparable to that of both 
acetoacetic and acetic acid, with a mean decline of 11.85 mmol lactic acid/l between day 2 
and day 21. But a pronounced increase in the concentration of lactic acid was recorded at 1st 
week post-weaning - i.e. 53.91 mmol/l. The course of the concentration of both acetoacetic 
and lactic acid in the ileal content (Table 3) was largely similar to that recorded in the jejunal 
content. Under the influence of more diverse populations of microorganisms, the conditions 
in the colonic content changed. Propionic acid concentration (Table 4) increased gradually 
up to weaning (28 days) and then markedly after weaning (day 35: p < 0.01 and on day 42: p 
< 0.05). The most pronounced production of acids in the colonic content was observed in 
acetoacetic acid with highest concentrations at day 14 and 28 of age (p < 0.001 and p < 0.001) 
and a sudden 4-fold decline at 1st week post-weaning (p < 0.01). In acetic acid, a gradual 
increase in values was recorded from 7 days of age (11.91 mmol/l), with its highest 
concentration at 2 weeks post-weaning (p < 0.001). 

3.3.2 Conventional replacer-fed piglets (artificial feeding) 

In both acetoacetic and lactic acid, the highest levels in the jejunal content in replacer-fed 
piglets (Table 2) were recorded at 7 days of age (19.89 mmol/l and 24.92 mmol/l, p < 0.01,  
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2.2.3 Disaccharidase activity 

The lactase (EC 3.2.1.23), maltase (EC 3.2.1.20) and saccharase (EC 3.2.1.26) activities were 
measured according to Mir et al. (1997). Mucosa samples (200 mg) were homogenized for 3 
min with 1 mL saline solution at 0oC. The homogenate was transferred to a test tube 
together with 2.5 mL (2 × aliquot) of saline solution. Three reaction tubes were filled with 
100 µL of the homogenate and placed in a 37oC water bath, and then 400 µL of 56 mM 
lactose, maltose, saccharose in citrate buffer (pH 6.6, 0.01 mM) were added, respectively. 
After shaking and incubation for 30 min enzyme activity was stopped in boiling water. The 
reaction tubes were centrifuged at 2000 × g (30 min, 5oC). The individual enzymes were 
determined using enzymatic UV method (Boehringer Mannheim, Germany). Protein content 
in homogenate was started according to Bradford et al. (1976) and the results were 
expressed as µmol/ mg protein/ hour.  

2.2.4 Small intestinal morphology 

Fixed intestinal segments were rinsed with water, the samples were dehydrated in a graded 
series of absolute ethanol (30%, 50%, 70%, 90%), cleared with benzene, saturated with and 
embedded in paraffin. Sections of 7 μm thickness (10 slices of each sample) were stained 
with haematoxylin/eosin and observed under a light microscope. The length of 10 villi and 
depth of 10 crypts was determined by a computer operated Image C picture analysis system 
(Intronic GmbH, Berlin, Germany) and the IMES analysis software, using a colour video 
camera (Sony 3 CCD) and a light microscope (Axiolab, Carl Zeiss Jena, Germany). 

2.2.5 Statistical analysis 

Statistical analysis was performed using Statistic software PRIZMA (version 3.0). All the 
data were presented as means ± SEM. To estimate the effect of age and weaning on the 
concentration of SCFAs, bacterial count, disaccharidase activity and intestinal morphology, 
the data were evaluated statistically by one-way analysis of variance (ANOVA) followed by 
a multiple comparison Tukey´s test. Significant differences between the two groups of 
piglets were tested using analysis of variance and Student´s t-test. Probability values less 
than 0.05 were used as the criterion for statistical significance. 

3. Results 
3.1 Health status of animals 

The deficit of colostral feeding on day 4 of life caused clinical symptoms of disease in 8 
replacer-fed piglets (i.e. 30.8 % of the total number of 26 piglets). The other piglets from this 
group were healthy. The sick piglets were apathic and did not show any interest in feeding. 
The disease was peracute and proceeded with physiological temperature. Even though 
antibiotics were administered, the piglets died within 8 hrs of the first appearance of 
symptoms. Rectal smears and blood for hematological examination were taken from the 
piglets and both pathological and anatomical dissections were carried out. In the piglets, 
lymphocytic leukocytosis as well as hypochromic anaemia were diagnosed, and E. coli K88 
was isolated from rectal swabs. The colonies from the final dilutions were verified by slide 
agglutination with K88ab antiserum (Imuna Šarišské Michaľany, Slovakia). The pathological 
and anatomical dissection for peracuteness of the course of the disease revealed only 
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petechial bleeding on seroses and mucoses of the gastrointestinal tract. Transudate in the 
abdominal cavity was of a deep-red colour, and the blood was uncoagulated. In the groups 
of suckled piglets (natural feeding) and gnotobiotic piglets the health status was good. 

3.2 Acidity 

The actual acidity of stomach digesta in replacer-fed piglets ranged more widely - i.e. from pH 
1.7 to 3.8. During the period of observation, only on day 2 of age the pH of stomach contents of 
these piglets was significantly lower (p<0.01, p<0.05) than in suckled piglets with pH ranging 
from 2.9 to 3.7 and gnotobiotic piglets with 2.7 - 4.1 pH range (Table 1). In the proximal 
segment of GIT (content of duodenum and jejunum) of gnotobiotic piglets we recorded 
between days 7 and 28 days of age the lowest levels of pH which differed significantly on day 
14 of age (p<0.001) in duodenum and on day 21 of age (p<0.01) in jejunum in comparison 
with replacer-fed piglets. The pH level in the caudal segment of GIT (ileal content) of suckled 
piglets was lower in comparison with replacer-fed piglets and significantly lower on days 2 
(p<0.05) and 21 (p<0.01) of age. The ileal and colonic pH were on average lower by 0.08 to 0.5 
in the group of suckled piglets and the pH values ranged from 6.27 to 7.17 and from 6.50 to 
7.21 compared to replacer-fed piglets in which the pH of the ileal content ranged from 6.93 to 
7.64 and the pH of the colonic content ranged from 6.24 to 7.53. 

3.3 Effect of age and weaning on production of SCFAs in the intestinal tract of 
gnotobiotic and conventionally bred piglets 

3.3.1 Conventional suckled piglets (natural feeding) 

Concentration of both acetoacetic and acetic acid in the jejunal content of suckled piglets 
(Table 2) within the period of milk nutrition was the highest at 7 days of age (p < 0.001 and 
p < 0.01, respectively). Subsequently the values declined at 2 weeks of age to 14.76 mmol/l 
of acetoacetic and to 28.02 mmol/l of acetic acid. This decline continued in acetoacetic acid 
by day 35 of age to 6.10 mmol/l and in acetic acid by week 4 of life to 7.71 mmol/l (p < 0.01). 
The concentration of lactic acid in jejunal contents was comparable to that of both 
acetoacetic and acetic acid, with a mean decline of 11.85 mmol lactic acid/l between day 2 
and day 21. But a pronounced increase in the concentration of lactic acid was recorded at 1st 
week post-weaning - i.e. 53.91 mmol/l. The course of the concentration of both acetoacetic 
and lactic acid in the ileal content (Table 3) was largely similar to that recorded in the jejunal 
content. Under the influence of more diverse populations of microorganisms, the conditions 
in the colonic content changed. Propionic acid concentration (Table 4) increased gradually 
up to weaning (28 days) and then markedly after weaning (day 35: p < 0.01 and on day 42: p 
< 0.05). The most pronounced production of acids in the colonic content was observed in 
acetoacetic acid with highest concentrations at day 14 and 28 of age (p < 0.001 and p < 0.001) 
and a sudden 4-fold decline at 1st week post-weaning (p < 0.01). In acetic acid, a gradual 
increase in values was recorded from 7 days of age (11.91 mmol/l), with its highest 
concentration at 2 weeks post-weaning (p < 0.001). 

3.3.2 Conventional replacer-fed piglets (artificial feeding) 

In both acetoacetic and lactic acid, the highest levels in the jejunal content in replacer-fed 
piglets (Table 2) were recorded at 7 days of age (19.89 mmol/l and 24.92 mmol/l, p < 0.01,  
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 Segments of GIT p - value 

 St D J Ile C SEM SC
× RFP 

GP 
× RFP 

Day 2  
Suckled piglets 3.7 5.5 6.1 6.6a 7.2 0.27 p < 0.05 - 
Replacer-fed piglets 1.7ba 5.7 6.8 7.4 7.4 0.12 p < 0.01 p < 0.05 
Gnotobiotic piglets 4.1 ND 7.2 8.0 7.7 0.39 - - 
Day 7  
Suckled piglets 2.9 5.6 6.2 6.3 6.5 0.09 NS - 
Replacer-fed piglets 3.8 5.8 6.0 6.9 6.3b 0.22 NS p < 0.01 
Gnotobiotic piglets 4.1 4.5 5.9 7.4 7.0 0.56 - - 
Day 14  
Suckled piglets 3.4 5.4 6.1 7.2 6.7 0.09 NS - 
Replacer-fed piglets 2.5 5.5 5.9 7.1 7.5 0.18 NS - 
Gnotobiotic piglets 3.5 4.2c 5.4 7.0 6.4 0.23 - p < 0.001 
Day 21 p < 0.05  
Suckled piglets 3.3 5.2 6.2a 6.8b 7.4 0.15 p < 0.01 - 
Replacer-fed piglets 3.4 5.4 6.7 7.5 7.5 0.23 - - 
Gnotobiotic piglets 3.1 4.2 5.9b 6.9 6.7 0.34 - p < 0.01 
Day 28  
Suckled piglets 3.2 5.8 5.9 6.6 6.5 0.18 NS - 
Replacer-fed piglets 2.9 6.0 6.7 7.6 6.2 0.25 NS NS 
Gnotobiotic piglets 2.7 4.4 5.8 6.7 6.6 0.34 - NS 

ND- not detectable, NS- not significant, SP- suckled piglets, GP- gnotobiotic piglets, RFP- replacer-fed 
piglets, St- stomach, D- duodenum, J- jejunum, Ile- ileum, C- colon, GIT- gastrointestinal tract 
Significantly different (SP,GP vs RFP): a (p < 0.05), b (p < 0.01), c (p < 0.001) 

Table 1. The pH along the gastrointestinal tract of gnotobiotic and conventionally bred 
piglets 

respectively), with a slight decline in the concentration up to the end of observation. 
Concentrations of acetoacetic acid in the colonic content (Table 4) were similar to those in 
the jejunal content except on day 7 of age when a value of 24.09 mmol/l was recorded (p < 
0.05). With lactic acid, the highest concentration was seen on day 7 of age (31.17 mmol/l), 
with a sudden 10-fold decline from day 14 of age (3.15 mmol/l) up to 28 days of life. Acetic 
acid concentration was relatively stable from 2 to 21 days of life. Thereafter, a marked 
increase in the concentration was observed at 4 weeks of life (p < 0.01).  

3.3.3 Gnotobiotic piglets 

The concentration of acetoacetic acid in the jejunal content of gnotobiotic piglets (Table 2) 
reached the highest level at the age of 7 days, in the period of milk nutrition (p < 0.05), in 
comparison with the concentration recorded three hours after birth (3.35 mmol/l). A more  
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Table 2. Effect of age, weaning and diets on production of SCFAs in the jejunum (mmol/l) of 
gnotobiotic and conventionally bred piglets. ND- not detectable, NS- not significant, SP- 
suckled piglets, GP- gnotobiotic piglets, RFP- replacer-fed piglets. Significantly different 
(SC,GP vs RFP): a (p < 0.05), b (p < 0.01), c (p < 0.001) 
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Replacer-fed piglets 1.7ba 5.7 6.8 7.4 7.4 0.12 p < 0.01 p < 0.05 
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Replacer-fed piglets 3.8 5.8 6.0 6.9 6.3b 0.22 NS p < 0.01 
Gnotobiotic piglets 4.1 4.5 5.9 7.4 7.0 0.56 - - 
Day 14  
Suckled piglets 3.4 5.4 6.1 7.2 6.7 0.09 NS - 
Replacer-fed piglets 2.5 5.5 5.9 7.1 7.5 0.18 NS - 
Gnotobiotic piglets 3.5 4.2c 5.4 7.0 6.4 0.23 - p < 0.001 
Day 21 p < 0.05  
Suckled piglets 3.3 5.2 6.2a 6.8b 7.4 0.15 p < 0.01 - 
Replacer-fed piglets 3.4 5.4 6.7 7.5 7.5 0.23 - - 
Gnotobiotic piglets 3.1 4.2 5.9b 6.9 6.7 0.34 - p < 0.01 
Day 28  
Suckled piglets 3.2 5.8 5.9 6.6 6.5 0.18 NS - 
Replacer-fed piglets 2.9 6.0 6.7 7.6 6.2 0.25 NS NS 
Gnotobiotic piglets 2.7 4.4 5.8 6.7 6.6 0.34 - NS 

ND- not detectable, NS- not significant, SP- suckled piglets, GP- gnotobiotic piglets, RFP- replacer-fed 
piglets, St- stomach, D- duodenum, J- jejunum, Ile- ileum, C- colon, GIT- gastrointestinal tract 
Significantly different (SP,GP vs RFP): a (p < 0.05), b (p < 0.01), c (p < 0.001) 

Table 1. The pH along the gastrointestinal tract of gnotobiotic and conventionally bred 
piglets 

respectively), with a slight decline in the concentration up to the end of observation. 
Concentrations of acetoacetic acid in the colonic content (Table 4) were similar to those in 
the jejunal content except on day 7 of age when a value of 24.09 mmol/l was recorded (p < 
0.05). With lactic acid, the highest concentration was seen on day 7 of age (31.17 mmol/l), 
with a sudden 10-fold decline from day 14 of age (3.15 mmol/l) up to 28 days of life. Acetic 
acid concentration was relatively stable from 2 to 21 days of life. Thereafter, a marked 
increase in the concentration was observed at 4 weeks of life (p < 0.01).  

3.3.3 Gnotobiotic piglets 

The concentration of acetoacetic acid in the jejunal content of gnotobiotic piglets (Table 2) 
reached the highest level at the age of 7 days, in the period of milk nutrition (p < 0.05), in 
comparison with the concentration recorded three hours after birth (3.35 mmol/l). A more  
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Table 2. Effect of age, weaning and diets on production of SCFAs in the jejunum (mmol/l) of 
gnotobiotic and conventionally bred piglets. ND- not detectable, NS- not significant, SP- 
suckled piglets, GP- gnotobiotic piglets, RFP- replacer-fed piglets. Significantly different 
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pronounced post-weaning decrease in the level of acetoacetic acid was recorded one week 
after weaning (p < 0.05). The proportion of lactic acid was relatively stable from day 7 to 28 
of life and ranged between 19.96 and 23.59 mmol/l. Afterwards, in the 5th week of life, the 
lactic acid level increased to 31.25 mmol/l. Similarly, acetic acid level was relatively stable 
during the first two weeks of life of piglets, then increased significantly (p < 0.01) at the age 
of 28 days compared to the level at 3 hours after birth (6.57 mmol/l). The most important 
production of acids in the colon of gnotobiotic piglets (Table 4) was the production of acetic 
acid which remained relatively stable between days 7 and 35 of life and the difference 
between its concentration recorded at 3 hours after the birth (6.94 mmol/l) and that 
determined on day 7 of life (41.98 mmol/l) was significant (p < 0.05). A significant difference 
in concentration of lactic acid was recorded on day 28 of age (p < 0.001, p < 0.01 ) compared 
to the level on the second day (8.18 mmol/l) and 21st day (14.49 mmol/l). Subsequently, we 
recorded a non-significant, 3-fold increase in the level of this acid at 5 weeks of age (to 76.30 
mmol/l). A similar tendency was recorded for acetoacetic and propionic acid in the colonal 
content with the exception of the level recorded at 3 hours after the birth. The level of 
acetoacetic acid was significantly higher on day 21 of age (16.22 mmol/l, p < 0.01) compared 
to the second day of life (6.71 mmol/l). 

3.4 Effect of diets on production of SCFAs in the intestinal tract of gnotobiotic and 
conventionally bred piglets 

The concentration of acetoacetic acid in the jejunal content (Table 2) was higher in suckled 
piglets at 7 days of life (28.69 mmol/l) compared to the replacer-fed animals in which the 
level of the above acid represented 19.89 mmol/l. In both groups of piglets observed, 
well-balanced levels of the above acid were recorded thereafter. The course of the 
concentration of lactic acid up to day 7 of age was the same in 3 groups of piglets with a 
subsequent increase in replacer-fed piglets at 21 days of age (p < 0.01) compared to 
suckled animals. In the acetic acid of suckled piglets, significantly higher levels were 
recorded at day 2 and 14 of age compared to the replacer-fed piglets (p < 0.05, p < 0.001). 
The proportion of acetic acid in gnotobiotic piglets was up to two weeks of life 
considerably lower in comparison with both investigated groups and the decrease on day 
14 of life was significant (p < 0.05) in comparison with replacer-fed piglets. The course of 
the concentration of acetoacetic acid in the ileal content (Table 3) was the same in all 3 
observed groups except at 3 weeks of age of replacer-fed piglets. While the content of 
acetoacetic acid represented 17.11 mmol/l in suckled piglets at 3 weeks of life, in the non-
colostral group a decline to 8.78 mmol/l was observed. The level of acetic acid in the ileal 
contents of suckled piglets was higher throughout the period of investigation ranging 
from about 7 to 21.5 mmol/l compared with the replacer-fed piglets which showed the 
highest concentration on day 2 (p < 0.001) and 14 of life (p < 0.05). Insignificantly higher 
concentrations of acetic acid in the ileal content were observed also in gnotobiotic piglets 
(2.05 - 13.69 mmol/l) compared to replacer-fed piglets. A similar tendency was recorded 
in lactic acid, in the ileal content up to 14 days of age, with higher concentrations in 
suckled piglets as compared to the replacer-fed piglets in which the values later ranged 
about 8.2 till 21.4 mmol/l and a significantly higher level of the acid was recorded at 7 
days of age (p < 0.001). Higher production of lactic acid by gnotobiotic piglets (0.6 - 10.14 
mmol/l) was observed throughout the observation period in comparison with replacer-
fed piglets with a significant increase on day 7 of age (p < 0.01). 
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 Age (days) p - value 

 0 2 7 14 21 28 35 42 SEM 28 × 35 SC × RFP GP 
× RFP 

Formic acid   
Suckled piglets ND 6.37 6.70 4.79 9.23 14.65 12.19 13.08 1.50 NS NS - 
Replacer-fed 
piglets ND 9.66 8.38 14.35a 8.55 7.41 ND ND 1.20 - p < 0.05 NS 

Gnotobiotic 
piglets 3.28 9.02 26.17 22.82 20.84a 12.68 21.47 ND 3.57 NS - p < 

0.05 
Acetoacetic acid   

Suckled piglets ND 9.06 26.17 13.58 17.11 14.16 4.18* 5.14 3.48 p < 0.05 NS - 
Replacer-fed 
piglets ND 5.39 22.48 10.12a 8.78 9.13 ND ND 2.75 - NS p < 

0.05 
Gnotobiotic 
piglets 6.37 6.84 13.42 6.14 13.08 7.68 6.17 ND 2.00 NS - NS 

Lactic acid   
Suckled piglets ND 25.63 26.91c 21.64 15.52 37.58 60.11 55.90 12.61 NS p < 0.001 - 
Replacer-fed 
piglets ND 6.27 14.42 13.41 20.30 16.17 ND ND 1.79 - NS NS 

Gnotobiotic 
piglets 8.72 6.87 24.56b 12.25 24.40 20.67 23.73 ND 7.34 NS - p < 

0.01 
Succinic acid   

Suckled piglets ND 7.24 23.62 11.07c 11.07 9.72 4.85 5.47 1.97 NS p < 0.001 - 
Replacer-fed 
piglets ND 4.72 2.91 3.40 8.38 7.51 ND ND 0.85 - NS NS 

Gnotobiotic 
piglets 1.87 2.91 3.69 4.56 5.02 5.03 2.50 ND 0.79 NS - NS 

Acetic acid   

Suckled piglets ND 35.23c 21.81 27.18a 25.00 34.00 11.34 15.83 5.74 NS p < 0.05, 
p < 0.001 - 

Replacer-fed 
piglets ND 15.10 10.47 20.13 19.86 13.43 ND ND 2.03 - NS NS 

Gnotobiotic 
piglets 7.71 11.14 24.16 22.18 32.08 21.58 25.41 ND 5.48 NS - NS 

Propionic acid   
Suckled piglets ND ND 3.18 6.71 8.38 ND ND ND 1.06 - NS - 
Replacer-fed 
piglets ND ND 5.30 4.57 5.03 7.24 ND ND 1.36 - NS NS 

Gnotobiotic 
piglets ND 2.21 6.17 ND 1.84 3.52 1.17 ND 0.48 NS - NS 

Butyric acid   
Suckled piglets ND 2.68 ND ND 1.67 ND 2.25 3.48 0.68 - NS - 
Replacer-fed 
piglets ND 2.51 ND ND ND 3.02 ND ND 0.84 - NS NS 

Gnotobiotic 
piglets ND 2.01 ND 3.52 3.38 7.24 1.71 ND 1.03 NS - NS 

Table 3. Effect of age, weaning and diets on production of SCFAs in the ileum (mmol/l) of 
gnotobiotic and conventionally bred piglets. ND - not detectable, NS- not significant, SP- 
suckled piglets, GP- gnotobiotic piglets, RFP- replacer-fed piglets. Significantly different 
(SP,GP vs RFP): a (p < 0.05), b (p < 0.01), c (p < 0.001) 
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pronounced post-weaning decrease in the level of acetoacetic acid was recorded one week 
after weaning (p < 0.05). The proportion of lactic acid was relatively stable from day 7 to 28 
of life and ranged between 19.96 and 23.59 mmol/l. Afterwards, in the 5th week of life, the 
lactic acid level increased to 31.25 mmol/l. Similarly, acetic acid level was relatively stable 
during the first two weeks of life of piglets, then increased significantly (p < 0.01) at the age 
of 28 days compared to the level at 3 hours after birth (6.57 mmol/l). The most important 
production of acids in the colon of gnotobiotic piglets (Table 4) was the production of acetic 
acid which remained relatively stable between days 7 and 35 of life and the difference 
between its concentration recorded at 3 hours after the birth (6.94 mmol/l) and that 
determined on day 7 of life (41.98 mmol/l) was significant (p < 0.05). A significant difference 
in concentration of lactic acid was recorded on day 28 of age (p < 0.001, p < 0.01 ) compared 
to the level on the second day (8.18 mmol/l) and 21st day (14.49 mmol/l). Subsequently, we 
recorded a non-significant, 3-fold increase in the level of this acid at 5 weeks of age (to 76.30 
mmol/l). A similar tendency was recorded for acetoacetic and propionic acid in the colonal 
content with the exception of the level recorded at 3 hours after the birth. The level of 
acetoacetic acid was significantly higher on day 21 of age (16.22 mmol/l, p < 0.01) compared 
to the second day of life (6.71 mmol/l). 

3.4 Effect of diets on production of SCFAs in the intestinal tract of gnotobiotic and 
conventionally bred piglets 

The concentration of acetoacetic acid in the jejunal content (Table 2) was higher in suckled 
piglets at 7 days of life (28.69 mmol/l) compared to the replacer-fed animals in which the 
level of the above acid represented 19.89 mmol/l. In both groups of piglets observed, 
well-balanced levels of the above acid were recorded thereafter. The course of the 
concentration of lactic acid up to day 7 of age was the same in 3 groups of piglets with a 
subsequent increase in replacer-fed piglets at 21 days of age (p < 0.01) compared to 
suckled animals. In the acetic acid of suckled piglets, significantly higher levels were 
recorded at day 2 and 14 of age compared to the replacer-fed piglets (p < 0.05, p < 0.001). 
The proportion of acetic acid in gnotobiotic piglets was up to two weeks of life 
considerably lower in comparison with both investigated groups and the decrease on day 
14 of life was significant (p < 0.05) in comparison with replacer-fed piglets. The course of 
the concentration of acetoacetic acid in the ileal content (Table 3) was the same in all 3 
observed groups except at 3 weeks of age of replacer-fed piglets. While the content of 
acetoacetic acid represented 17.11 mmol/l in suckled piglets at 3 weeks of life, in the non-
colostral group a decline to 8.78 mmol/l was observed. The level of acetic acid in the ileal 
contents of suckled piglets was higher throughout the period of investigation ranging 
from about 7 to 21.5 mmol/l compared with the replacer-fed piglets which showed the 
highest concentration on day 2 (p < 0.001) and 14 of life (p < 0.05). Insignificantly higher 
concentrations of acetic acid in the ileal content were observed also in gnotobiotic piglets 
(2.05 - 13.69 mmol/l) compared to replacer-fed piglets. A similar tendency was recorded 
in lactic acid, in the ileal content up to 14 days of age, with higher concentrations in 
suckled piglets as compared to the replacer-fed piglets in which the values later ranged 
about 8.2 till 21.4 mmol/l and a significantly higher level of the acid was recorded at 7 
days of age (p < 0.001). Higher production of lactic acid by gnotobiotic piglets (0.6 - 10.14 
mmol/l) was observed throughout the observation period in comparison with replacer-
fed piglets with a significant increase on day 7 of age (p < 0.01). 

Differences in the Development of the Small Intestine  
Between Gnotobiotic and Conventionally Bred Piglets 385 

 Age (days) p - value 

 0 2 7 14 21 28 35 42 SEM 28 × 35 SC × RFP GP 
× RFP 

Formic acid   
Suckled piglets ND 6.37 6.70 4.79 9.23 14.65 12.19 13.08 1.50 NS NS - 
Replacer-fed 
piglets ND 9.66 8.38 14.35a 8.55 7.41 ND ND 1.20 - p < 0.05 NS 

Gnotobiotic 
piglets 3.28 9.02 26.17 22.82 20.84a 12.68 21.47 ND 3.57 NS - p < 

0.05 
Acetoacetic acid   

Suckled piglets ND 9.06 26.17 13.58 17.11 14.16 4.18* 5.14 3.48 p < 0.05 NS - 
Replacer-fed 
piglets ND 5.39 22.48 10.12a 8.78 9.13 ND ND 2.75 - NS p < 

0.05 
Gnotobiotic 
piglets 6.37 6.84 13.42 6.14 13.08 7.68 6.17 ND 2.00 NS - NS 

Lactic acid   
Suckled piglets ND 25.63 26.91c 21.64 15.52 37.58 60.11 55.90 12.61 NS p < 0.001 - 
Replacer-fed 
piglets ND 6.27 14.42 13.41 20.30 16.17 ND ND 1.79 - NS NS 

Gnotobiotic 
piglets 8.72 6.87 24.56b 12.25 24.40 20.67 23.73 ND 7.34 NS - p < 

0.01 
Succinic acid   

Suckled piglets ND 7.24 23.62 11.07c 11.07 9.72 4.85 5.47 1.97 NS p < 0.001 - 
Replacer-fed 
piglets ND 4.72 2.91 3.40 8.38 7.51 ND ND 0.85 - NS NS 

Gnotobiotic 
piglets 1.87 2.91 3.69 4.56 5.02 5.03 2.50 ND 0.79 NS - NS 

Acetic acid   

Suckled piglets ND 35.23c 21.81 27.18a 25.00 34.00 11.34 15.83 5.74 NS p < 0.05, 
p < 0.001 - 

Replacer-fed 
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piglets ND 2.51 ND ND ND 3.02 ND ND 0.84 - NS NS 

Gnotobiotic 
piglets ND 2.01 ND 3.52 3.38 7.24 1.71 ND 1.03 NS - NS 

Table 3. Effect of age, weaning and diets on production of SCFAs in the ileum (mmol/l) of 
gnotobiotic and conventionally bred piglets. ND - not detectable, NS- not significant, SP- 
suckled piglets, GP- gnotobiotic piglets, RFP- replacer-fed piglets. Significantly different 
(SP,GP vs RFP): a (p < 0.05), b (p < 0.01), c (p < 0.001) 
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piglets. In the period between weeks 2 to 4 of life, production of this acid by gnotobiotic 
piglets was also higher in comparison with replacer-fed piglets with significant increase at 3 
weeks of life (p < 0.001). While the dynamics of lactic acid in the colon of suckled and 
replacer-fed piglets was similar with the exception of week 1, and its levels were low and 
did not exceed 7 mmol/l, gnotobiotic piglets produced higher level of this acid with peaks 
at 2 days (p < 0.05) and 14, 21 and 28 days of age (p < 0.01) compared to the replacer-fed 
animals. Dynamics of acetic acid in colonal content of suckled piglets resembled that in 
jejunal and ileal contents and reached higher levels with the exception of days 2 and 7 of 
age. Significant difference (p < 0.01) was observed at 3 hours after the birth in comparison 
with replacer-fed piglets. Acetic acid in replacer-fed piglets showed an opposite trend in the 
proximal section of the intestinal tract where we recorded a gradual increase in 
concentrations up to the end of observation with highest levels at 2 days (p < 0.01) and 28 
days of age (p < 0.05) compared to the gnotobiotic piglets. In the colon of replacer-fed 
piglets we recorded also higher production of propionic acid on days 21 and 28 of age (p < 
0.01) compared to the gnotobiotic piglets and butyric acid at 2 days of age (p < 0.05) 
compared to suckled piglets. 

3.5 Effect of diets on development of microflora in the digestive tract of suckling 
piglets and replacer-fed piglets 

In suckled piglets, an increase in the followed microflora population was recorded towards 
the caudal part of the intestine. Bacterial populations ranged from 4 to 8 log cfu/g in the 
jejunum, from 4 to 9 log cfu/g in the ileum, and from 6 to 9 log cfu/g in the caecum. The 
lactobacilli in the ileum slightly increased within the period of observation ranging from 1 to 
2 log. The cfu of E. coli and Enterobacteriaceae in the ileum remained more or less stable over 
time, while they declined in the caecum. The course of development of total aerobes was 
similar in the jejunum and ileum throughout the period of observation, in the colon, 
however, total aerobes populations maintained at a constant level of 9 log cfu/g. 

Likewise, in conventional piglets fed on milk replacement, an increase in the microflora 
population was observed towards the caudal part of the intestine. Bacterial populations 
ranged from 4 to 8 log cfu/g in the jejunum, from 4 to 9 log cfu/g in the ileum and from 6 to 
9 log cfu/g in the caecum. In all parts of the intestine, E. coli and Enterobacteriaceae increased 
by 1 to 3 log units between days 2 and 14, and decreased thereafter until day 28. In the 
jejunum and ileum lactobacilli and enterococci slightly increased throughout the period of 
observation, in the colon, however, lactobacilli populations persisted at a constant level of 9 
log cfu/g. Enterococcus spp. in colon contents declined by about 2 log units until 28 days of 
age. The course of the development of total aerobes was the same throughout the period of 
observation in all parts of the intestine.  

Total lactobacilli populations in the jejunal content were significantly higher in the group of 
conventional replacer-fed piglets with highest counts on days 21 and 28 of age (p < 0.001 
and p < 0.001) compared to the group of suckled piglets (Figure 1). The course of E. coli 
development in the jejunal content was the same in both observed groups except at 2 weeks 
of age. Whereas total E. coli populations were lower in the group of suckled piglets at 2 
weeks of life, i.e. 3.78 log cfu/g, a significant increase was observed in group of replacer-fed 
piglets (p < 0.001). In conventional piglets fed on milk replacement, an increase in 
enterococci populations (Table 5) in the jejunal content was seen throughout the period of  
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piglets was also higher in comparison with replacer-fed piglets with significant increase at 3 
weeks of life (p < 0.001). While the dynamics of lactic acid in the colon of suckled and 
replacer-fed piglets was similar with the exception of week 1, and its levels were low and 
did not exceed 7 mmol/l, gnotobiotic piglets produced higher level of this acid with peaks 
at 2 days (p < 0.05) and 14, 21 and 28 days of age (p < 0.01) compared to the replacer-fed 
animals. Dynamics of acetic acid in colonal content of suckled piglets resembled that in 
jejunal and ileal contents and reached higher levels with the exception of days 2 and 7 of 
age. Significant difference (p < 0.01) was observed at 3 hours after the birth in comparison 
with replacer-fed piglets. Acetic acid in replacer-fed piglets showed an opposite trend in the 
proximal section of the intestinal tract where we recorded a gradual increase in 
concentrations up to the end of observation with highest levels at 2 days (p < 0.01) and 28 
days of age (p < 0.05) compared to the gnotobiotic piglets. In the colon of replacer-fed 
piglets we recorded also higher production of propionic acid on days 21 and 28 of age (p < 
0.01) compared to the gnotobiotic piglets and butyric acid at 2 days of age (p < 0.05) 
compared to suckled piglets. 

3.5 Effect of diets on development of microflora in the digestive tract of suckling 
piglets and replacer-fed piglets 

In suckled piglets, an increase in the followed microflora population was recorded towards 
the caudal part of the intestine. Bacterial populations ranged from 4 to 8 log cfu/g in the 
jejunum, from 4 to 9 log cfu/g in the ileum, and from 6 to 9 log cfu/g in the caecum. The 
lactobacilli in the ileum slightly increased within the period of observation ranging from 1 to 
2 log. The cfu of E. coli and Enterobacteriaceae in the ileum remained more or less stable over 
time, while they declined in the caecum. The course of development of total aerobes was 
similar in the jejunum and ileum throughout the period of observation, in the colon, 
however, total aerobes populations maintained at a constant level of 9 log cfu/g. 

Likewise, in conventional piglets fed on milk replacement, an increase in the microflora 
population was observed towards the caudal part of the intestine. Bacterial populations 
ranged from 4 to 8 log cfu/g in the jejunum, from 4 to 9 log cfu/g in the ileum and from 6 to 
9 log cfu/g in the caecum. In all parts of the intestine, E. coli and Enterobacteriaceae increased 
by 1 to 3 log units between days 2 and 14, and decreased thereafter until day 28. In the 
jejunum and ileum lactobacilli and enterococci slightly increased throughout the period of 
observation, in the colon, however, lactobacilli populations persisted at a constant level of 9 
log cfu/g. Enterococcus spp. in colon contents declined by about 2 log units until 28 days of 
age. The course of the development of total aerobes was the same throughout the period of 
observation in all parts of the intestine.  

Total lactobacilli populations in the jejunal content were significantly higher in the group of 
conventional replacer-fed piglets with highest counts on days 21 and 28 of age (p < 0.001 
and p < 0.001) compared to the group of suckled piglets (Figure 1). The course of E. coli 
development in the jejunal content was the same in both observed groups except at 2 weeks 
of age. Whereas total E. coli populations were lower in the group of suckled piglets at 2 
weeks of life, i.e. 3.78 log cfu/g, a significant increase was observed in group of replacer-fed 
piglets (p < 0.001). In conventional piglets fed on milk replacement, an increase in 
enterococci populations (Table 5) in the jejunal content was seen throughout the period of  
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Fig. 1. Effect of diets on bacterial population (lactobacilli and E.coli) in the jejunum of 
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observation. In suckled piglets, on the other hand, total enterococci populations were by 0.5 
- 2.5 log lower. The highest enterococci populations in the jejunal content of replacer-fed 
piglets were recorded at 21 and 28 d of age (p < 0.001 and p < 0.001, respectively). Total 
counts of Enterobacteriaceae in the jejunal content were the highest in replacer-fed piglets at 2 
(6.95 log cfu/g) and 14 days of age (p < 0.001) compared to the group of suckled piglets in 
which lower numbers (by 3 logs) were seen at 2 days of life (4.00 log cfu/g) and at 14 days 
of age the populations were by 3.6 log lower (4.11 log cfu/g). The course of the development 
of total aerobes in the jejunal content was the same in both groups of piglets, however, with 
the difference that in replacer-fed piglets, the total numbers of observed bacteria were by 0.5 
to 1.2 log higher with significantly higher numbers at 7 (p < 0.001), 14 (p < 0.05), and 21 days 
of age (p < 0.001). 

In the ileal content of replacer-fed piglets we detected higher lactobacilli populations (Figure 2) 
compared to the suckled animals throughout the period of observation except at 14 days of 
age with significantly higher numbers at 7 and 21 days of age (p < 0.01 and p < 0.05). The 
course of development of E. coli was the same in both groups, however, with the difference 
that in the group of suckled piglets the total numbers were higher by 0.5 log except at 14 
days of age when an increase in the total E. coli populations was recorded (p < 0.001). Total 
enterococci populations in the ileal content (Table 5) were higher by 1 to 3.5 log in replacer- 
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 Content  
 Jejunum Ileum Caecum  
 SP RFP SP RFP SP RFP SEM 
Day 2        
Enterococci 6.36 6.83 6.10 7.70*** 8.08 8.69* 0.31 
Enterobacteiaceae 4.00 6.95 6.89*** 4.55 8.95 7.92 0.25 
Total aerobes 7.35 7.97 9.04 8.31 9.33 9.35 0.19 

Day 7        
Enterococci 6.19 7.22 3.96 7.42*** 7.49 8.73* 0.29 

Enterobacteiaceae 4.43 4.02 7.24*** 5.27 8.51 8.35 0.19 
Total aerobes 6.56 8.15*** 7.76 8.45** 9.24 9.57 0.14 

Day 14        
Enterococci 5.12 6.80 5.06 7.49*** 6.82 7.41 0.31 
Enterobacteiaceae 4.11 7.72*** 7.16*** 8.17 7.37 9.42 0.26 
Total aerobes 7.51 8.13* 7.46 8.83** 9.15 9.43 0.19 

Day 21        
Enterococci 4.93 7.42*** 6.01 6.93*** 6.91 6.57 0.14 
Enterobacteiaceae 5.38 4.69 6.69 6.57 7.10 8.13 0.19 
Total aerobes 6.93 8.22*** 8.77 9.35 9.13 9.12 0.29 

Day 28        
Enterococci 5.52 7.46*** 6.38 8.95*** 7.17 6.94 0.16 
Enterobacteiaceae 4.81 4.74 6.71** 5.96 6.07 6.53 0.28 
Total aerobes 7.95 7.65 8.89 9.20 9.05 8.79 0.21 

Day 35        
Enterococci 4.45 ND 5.15 ND 7.17 ND 0.39 
Enterobacteiaceae 3.00 ND 5.79 ND 5.98 ND 0.19 
Total aerobes 6.61 ND 9.26 ND 9.38 ND 0.14 

Day 42        
Enterococci 6.75 ND 7.94 ND 8.91 ND 0.19 
Enterobacteiaceae 5.38 ND 5.30 ND 5.36 ND 0.14 
Total aerobes 7.80 ND 8.07 ND 9.13 ND 0.51 

SP- suckled piglets (n=3), RFP- replacer-fed piglets (n=3), ND- not detectable 
*p < 0.05, **p < 0.01, ***p < 0.001  

Table 5. Effect of diets on bacterial population (log10 cfu/g of digesta) at various locations 
along the intestinal tract of suckling piglets and replacer-fed piglets 

fed piglets than those in suckled piglets throughout the period of observation with 
significant difference between days 7 and 28 of age (p < 0.001). In suckled piglets, total 
Enterobacteriaceae populations were by 2 log higher by 1 week of life compared to the  
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fed piglets than those in suckled piglets throughout the period of observation with 
significant difference between days 7 and 28 of age (p < 0.001). In suckled piglets, total 
Enterobacteriaceae populations were by 2 log higher by 1 week of life compared to the  
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piglets and replacer-fed piglets 

replacer-fed piglets. Thereafter, the populations of observed bacteria slightly declined up 
to the end of the period of observation. A significant increase in the Enterobacteriaceae 
populations in replacer-fed piglets was recorded at 14 days of age (p < 0.001). Numbers of 
total aerobes in the ileal content were by 0.5 - 1.5 log higher in replacer-fed piglets 
compared to colostral animals with significant difference on day 7 (p < 0.01) and 14 of age 
(p < 0.01). 

In the caecum of suckled piglets, E. coli populations gradually declined throughout the 
period of observation (Figure 3) compared with replacer-fed piglets in which a significant 
increase in numbers was recorded at 14 and 21 days of age (p < 0.001 and p < 0.01, 
respectively). The course of the development of lactobacilli and total aerobes in the 
content of the caecum was the same. Total enterococci populations in replacer-fed piglets 
(Table 5) were by 0.6 - 1.2 log higher by day 14 of age, with significant enterococci 
populations at 2 and 7 days of age (p < 0.05 and p< 0.05). After day 14, the cfu of 
Enterococcus spp. in the caecum contents of replacer-fed piglets were about 0.3 log units 
lower than those of suckled piglets. A significant increase in the Enterobacteriaceae 
populations in replacer-fed piglets compared to the second group was recorded from day 
14 of age (p < 0.001) to the end of the period of observation (p < 0.01) at 21 days of age and 
(p < 0.05) at 28 days of age. 

Lactobacilli

6

7

8

9

10

2 7 14 21 28 35 42
age (day)

log 10/g

E. coli

5

6
7

8

9

2 7 14 21 28 35 42

log 10/g

replacer-fed piglets suckled piglets

a

b

c

 a 

 c 

Differences in the Development of the Small Intestine  
Between Gnotobiotic and Conventionally Bred Piglets 391 

 

 
Each bar represents the mean ± SE of 3 piglets. 
Significantly different (SP vs RFP): a (p < 0.05), b (p < 0.01), c (p < 0.001) 

Fig. 3. Effect of diets on bacterial population (lactobacilli and E.coli) in the colon of suckling 
piglets and replacer-fed piglets 

3.6 Effect of age, weaning and diets on development of intestinal morphology in 
gnotobiotic and conventionally bred piglets 

From day 2 of age we recorded a gradual increase in body weight of gnotobiotic piglets 
from 0.75 kg up to 1.80 kg (p < 0.05) on day 14 of age and 3.90 kg (p < 0.01) on day 21 of age. 
On day 28 (day of weaning) and one week after weaning the body weight of piglets was 
decreased insignificantly (Table 6). The increase in relative weight of the small intestine 
resembled that of the large intestine throughout the period of investigation with the 
exception that the relative weight of the large intestine in comparison with the weight on 
day 2 of age was increased significantly on day 21 (p < 0.05), 28 (p < 0.05) and 35 of age (p < 
0.001). Similar trend of body weight increase as that recorded in gnotobiotic piglets was 
observed also in conventional piglets, increasing from 1.41 kg at 2 days of age to 3.50 kg at 
14 days of age (p < 0.05). The body weight of piglets increased gradually up to the end of 
observation with significant increase on day 35 of life (p < 0.01) in comparison with the day 
of weaning (Table 6).  

The development of relative weight of the small and large intestine of suckled piglets was 
similar and the relative weights decreased gradually between days 2 and 21 of age. On day  

Lactobacilli

7

8

9

10

2 7 14 21 28 35 42
age (day)

log 10/g

E. coli

5

6

7

8

9

10

2 7 14 21 28 35 42

log 10/g

replacer-fed piglets suckled piglets

a

 b 

 c 



 
New Advances in the Basic and Clinical Gastroenterology 390 

 

 
Each bar represents the mean ± SE of 3 piglets  
Significantly different (SP vs RFP): a (p < 0.05), b (p < 0.01), c (p < 0.001) 

Fig. 2. Effect of diets on bacterial population (lactobacilli and E.coli) in the ileum of suckling 
piglets and replacer-fed piglets 

replacer-fed piglets. Thereafter, the populations of observed bacteria slightly declined up 
to the end of the period of observation. A significant increase in the Enterobacteriaceae 
populations in replacer-fed piglets was recorded at 14 days of age (p < 0.001). Numbers of 
total aerobes in the ileal content were by 0.5 - 1.5 log higher in replacer-fed piglets 
compared to colostral animals with significant difference on day 7 (p < 0.01) and 14 of age 
(p < 0.01). 

In the caecum of suckled piglets, E. coli populations gradually declined throughout the 
period of observation (Figure 3) compared with replacer-fed piglets in which a significant 
increase in numbers was recorded at 14 and 21 days of age (p < 0.001 and p < 0.01, 
respectively). The course of the development of lactobacilli and total aerobes in the 
content of the caecum was the same. Total enterococci populations in replacer-fed piglets 
(Table 5) were by 0.6 - 1.2 log higher by day 14 of age, with significant enterococci 
populations at 2 and 7 days of age (p < 0.05 and p< 0.05). After day 14, the cfu of 
Enterococcus spp. in the caecum contents of replacer-fed piglets were about 0.3 log units 
lower than those of suckled piglets. A significant increase in the Enterobacteriaceae 
populations in replacer-fed piglets compared to the second group was recorded from day 
14 of age (p < 0.001) to the end of the period of observation (p < 0.01) at 21 days of age and 
(p < 0.05) at 28 days of age. 

Lactobacilli

6

7

8

9

10

2 7 14 21 28 35 42
age (day)

log 10/g

E. coli

5

6
7

8

9

2 7 14 21 28 35 42

log 10/g

replacer-fed piglets suckled piglets

a

b

c

 a 

 c 

Differences in the Development of the Small Intestine  
Between Gnotobiotic and Conventionally Bred Piglets 391 

 

 
Each bar represents the mean ± SE of 3 piglets. 
Significantly different (SP vs RFP): a (p < 0.05), b (p < 0.01), c (p < 0.001) 

Fig. 3. Effect of diets on bacterial population (lactobacilli and E.coli) in the colon of suckling 
piglets and replacer-fed piglets 

3.6 Effect of age, weaning and diets on development of intestinal morphology in 
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From day 2 of age we recorded a gradual increase in body weight of gnotobiotic piglets 
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decreased insignificantly (Table 6). The increase in relative weight of the small intestine 
resembled that of the large intestine throughout the period of investigation with the 
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day 2 of age was increased significantly on day 21 (p < 0.05), 28 (p < 0.05) and 35 of age (p < 
0.001). Similar trend of body weight increase as that recorded in gnotobiotic piglets was 
observed also in conventional piglets, increasing from 1.41 kg at 2 days of age to 3.50 kg at 
14 days of age (p < 0.05). The body weight of piglets increased gradually up to the end of 
observation with significant increase on day 35 of life (p < 0.01) in comparison with the day 
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 Age (day)  
 2 7 14 21 28 35 SEM 
Suckled piglets        

Weight (kg) 1.41 2.05 3.50*a 4.30 5.35 8.55**a 0.39 
Small intestinal weight (g/kg) 67.88 64.59 43.59 41.88 44.27 156.6***a 7.08 
Large intestinal weight (g/kg) 25.52 24.65 15.68 15.53 23.38 125.4***a 2.38 

Gnotobiotic piglets        
Weight (kg) 0.75 1.29 1.80* 3.90** 3.65 3.25 0.46 
Small intestinal weight (g/kg) 42.47 52.59 53.02 64.68b 55.41 60.67 6.14 
Large intestinal weight (g/kg) 13.89 18.31 20.07 47.41*b 42.1* 85.63*** 4.07 

Significantly different (SP vs GP): a (p < 0.05), b (p < 0.01)  
*p < 0.05, **p < 0.01, ***p < 0.001  

Table 6. Effect of age, weaning and diets on weight, gut weight of suckling piglets and 
gnotobiotic piglets 

28 of age the relative weights showed an insignificant increase but in the first week post-
weaning the relative weights of both small and large intestine increased significantly (p < 
0.001) in comparison with all periods of investigation. The weight of conventional piglets 
was greater throughout the experiment and significant differences (p < 0.05) were recorded 
on days 14 and 35. Completely opposite trend was recorded for relative weights of small 
and large intestines of these piglets (Table 6). While relative weights of intestines of 
gnotobiotic piglets gradually increased throughout the experiment with the exception of day 
28 of life, the weight of small and large intestine in suckled piglets decreased gradually 
between days 2 and 21 of life. Between days 2 and 28 of life the relative weight of the 
intestines of gnotobiotic piglets was higher compared to conventional piglets with 
significant difference on day 21 of life (p < 0.01). In the post-weaning period (one week post-
weaning), the weight of small and large intestine of suckled piglets was significantly higher 
(p < 0.05) in comparison with gnotobiotic piglets in the same period of observation.  

The development of the height of villi in individual segments of the small intestine of 
gnotobiotic piglets is shown in Table 7. On day 21, the height of villi in the duodenum was 
decreased significantly (p < 0.01). A decrease in their length was also recorded on day 28 but 
the difference was insignificant. In the duodenum of suckled piglets, the height of villi 
(Table 7) increased significantly (p < 0.001) in the period between birth and day 14 of age. 
Subsequently, their length decreased gradually up to the weaning (p < 0.01). Throughout 
the experiment, the willi in the duodenum of gnotobiotic piglets were higher and their 
height differed significantly from that of conventional piglets at 3 hours after birth, days 2 
and 7 of age (p < 0.01) and day 14 of age (p < 0.05) (Figure 4). 

The length of jejunal villi of gnotobiotic piglets (Table 7) increased from day 0 up to day 2 of 
age reaching maximum of 725.18 m. In the subsequent 5 weeks, the length of villi 
decreased gradually down to 387.44 m in the week after weaning and the decrease was 
significant on days 14 (p < 0.05) and 21 of age (p < 0.001). In the jejunum of suckled piglets 
we observed a gradual but insignificant increase in villi height in the period from birth up to 
day 7 of life. In the following period, from day 14 of age till one week post-weaning we 
recorded gradual decrease in the height of villi, significant on days 21 (p < 0.001) and 35 of  

Differences in the Development of the Small Intestine  
Between Gnotobiotic and Conventionally Bred Piglets 393 

 Content  
 Duodenum Jejunum Ileum  
 SP GP SP GP SP GB SEM 
Day 0        
Villus height, µm 253.67 371.29 689.68 679.43 574.80 587.37 47.11 
Crypt depth, µm 129.13 81.63 53.67 67.12 48.14 79.43 1.96 

Day 2        
Villus height, µm 308.42*** 424.81 701.57 725.18 588.29 455.05 45.66 
Crypt depth, µm 140.23 104.15 69.77 72.66 77.77 82.54 2.73 

Day 7        
Villus height, µm 374.98*** 502.63 718.21 691.74 401.54*** 393.00 28.60 
Crypt depth, µm 188.00 124.10 83.82 90.97 71.18 111.35 5.03 

Day 14        
Villus height, µm 547.83*** 605.14 661.59 581.23* 369.52 424.16 29.03 
Crypt depth, µm 151.79 119.27 92.53 103.47 178.96 118.22 3.96 

Day 21        
Villus height, µm 454.48** 478.43** 492.42*** 442.86*** 351.01 423.29 34.21 
Crypt depth, µm 168.54 162.33* 129.44 136.17 134.26 176.15* 3.60 

Day 28        
Villus height, µm 351.81** 349.21 447.67 401.93 361.69 358.57 31.64 
Crypt depth, µm 220.94 197.82 164.80 145.50 165.94 157.69 3.70 

Day 35        
Villus height, µm 364.13 396.07 324.23** 387.44 310.00 336.54 25.33 
Crypt depth, µm 343.56*** 205.10 230.11** 164.23 206.80* 166.91 5.83 

Day 42        
Villus height, µm 379.44 ND 440.08 ND 358.65 ND 18.32 
Crypt depth, µm 322.66 ND 223.39 ND 174.81 ND 4.22 

SP- suckled piglets, GP- gnotobiotic piglets, ND- not detectable 
*p < 0.05, **p < 0.01, ***p < 0.001  

Table 7. Effect of age and weaning on small intestinal morphology at various locations along 
the intestinal tract of suckling piglets and gnotobiotic piglets 

age (p < 0.01). Comparison of both animal groups showed that villi in the jejunum of 
conventional piglets were higher between days 14 and 28 of age, the difference being 
significant on day 14 (p < 0.05). In the post-weaning period, villi were significantly higher (p 
< 0.05) in gnotobiotic piglets on day 35 (Figure 4).  

When comparing both mentioned groups, higher villi were observed in ileum of gnotobiotic 
piglets, resembling the situation in duodenum, with significant difference (p < 0.05) on days  



 
New Advances in the Basic and Clinical Gastroenterology 392 

 Age (day)  
 2 7 14 21 28 35 SEM 
Suckled piglets        

Weight (kg) 1.41 2.05 3.50*a 4.30 5.35 8.55**a 0.39 
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*p < 0.05, **p < 0.01, ***p < 0.001  

Table 6. Effect of age, weaning and diets on weight, gut weight of suckling piglets and 
gnotobiotic piglets 

28 of age the relative weights showed an insignificant increase but in the first week post-
weaning the relative weights of both small and large intestine increased significantly (p < 
0.001) in comparison with all periods of investigation. The weight of conventional piglets 
was greater throughout the experiment and significant differences (p < 0.05) were recorded 
on days 14 and 35. Completely opposite trend was recorded for relative weights of small 
and large intestines of these piglets (Table 6). While relative weights of intestines of 
gnotobiotic piglets gradually increased throughout the experiment with the exception of day 
28 of life, the weight of small and large intestine in suckled piglets decreased gradually 
between days 2 and 21 of life. Between days 2 and 28 of life the relative weight of the 
intestines of gnotobiotic piglets was higher compared to conventional piglets with 
significant difference on day 21 of life (p < 0.01). In the post-weaning period (one week post-
weaning), the weight of small and large intestine of suckled piglets was significantly higher 
(p < 0.05) in comparison with gnotobiotic piglets in the same period of observation.  

The development of the height of villi in individual segments of the small intestine of 
gnotobiotic piglets is shown in Table 7. On day 21, the height of villi in the duodenum was 
decreased significantly (p < 0.01). A decrease in their length was also recorded on day 28 but 
the difference was insignificant. In the duodenum of suckled piglets, the height of villi 
(Table 7) increased significantly (p < 0.001) in the period between birth and day 14 of age. 
Subsequently, their length decreased gradually up to the weaning (p < 0.01). Throughout 
the experiment, the willi in the duodenum of gnotobiotic piglets were higher and their 
height differed significantly from that of conventional piglets at 3 hours after birth, days 2 
and 7 of age (p < 0.01) and day 14 of age (p < 0.05) (Figure 4). 

The length of jejunal villi of gnotobiotic piglets (Table 7) increased from day 0 up to day 2 of 
age reaching maximum of 725.18 m. In the subsequent 5 weeks, the length of villi 
decreased gradually down to 387.44 m in the week after weaning and the decrease was 
significant on days 14 (p < 0.05) and 21 of age (p < 0.001). In the jejunum of suckled piglets 
we observed a gradual but insignificant increase in villi height in the period from birth up to 
day 7 of life. In the following period, from day 14 of age till one week post-weaning we 
recorded gradual decrease in the height of villi, significant on days 21 (p < 0.001) and 35 of  
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Villus height, µm 374.98*** 502.63 718.21 691.74 401.54*** 393.00 28.60 
Crypt depth, µm 188.00 124.10 83.82 90.97 71.18 111.35 5.03 
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Villus height, µm 547.83*** 605.14 661.59 581.23* 369.52 424.16 29.03 
Crypt depth, µm 151.79 119.27 92.53 103.47 178.96 118.22 3.96 
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Villus height, µm 454.48** 478.43** 492.42*** 442.86*** 351.01 423.29 34.21 
Crypt depth, µm 168.54 162.33* 129.44 136.17 134.26 176.15* 3.60 
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Villus height, µm 351.81** 349.21 447.67 401.93 361.69 358.57 31.64 
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Villus height, µm 379.44 ND 440.08 ND 358.65 ND 18.32 
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SP- suckled piglets, GP- gnotobiotic piglets, ND- not detectable 
*p < 0.05, **p < 0.01, ***p < 0.001  

Table 7. Effect of age and weaning on small intestinal morphology at various locations along 
the intestinal tract of suckling piglets and gnotobiotic piglets 

age (p < 0.01). Comparison of both animal groups showed that villi in the jejunum of 
conventional piglets were higher between days 14 and 28 of age, the difference being 
significant on day 14 (p < 0.05). In the post-weaning period, villi were significantly higher (p 
< 0.05) in gnotobiotic piglets on day 35 (Figure 4).  

When comparing both mentioned groups, higher villi were observed in ileum of gnotobiotic 
piglets, resembling the situation in duodenum, with significant difference (p < 0.05) on days  
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Fig. 4. Effect of diets on small intestinal morphology at various locations along the intestinal 
tract of suckling and gnotobiotic piglets 

14 and 21 of age with the exception of day 2 of life when ileal villi were significantly higher 
(p < 0.001) in conventional piglets (Figure 4). 

The postnatal changes in the depth of crypts (Table 7) were the same in all small intestinal 
segments of gnotobiotic piglets. From the birth up to day 35 of life the crypts in the jejunal 
segment gradually deepened and reached 164.23 m on day 35 of life. Similar development 
was observed also in the duodenal segment of the small intestine, where, with the exception 
of slight decrease on day 14 of age, the depth of crypts gradually increased throughout the 
observation period with significant difference on day 21 of age (p < 0.05). One week after 
weaning the depth of crypts in the duodenum reached 205.1 m. A significant increase in 
the depth of crypts (p < 0.05) was recorded on day 21 of age also in the ileal segment of 
gnotobiotic piglets. Also dynamics of development of the depth of crypts was similar in all 
small intestine segments of colostral piglets. In the first post-weaning week we recorded a 
significant deepening of crypts in duodenal (p < 0.001), jejunal (p < 0.01) and ileal (p < 0.05) 
segments. 

Staining with haematoxylin/eosin showed that the small intestinal mucosa of gnotobiotic 
piglets and suckled piglets at 3 h after birth (Figure 5/a,b) and on day 2 of age (Figure 5/c,d) 
was covered by population of dense, finger-like villi of the same height. While on the 
surface of villi of gnotobiotic piglets we were able to observe enterocytes with apically 
located nucleus, in suckled piglets the enterocytes had apically to medially located nucleus. 
The fibrous base of intestinal villi was poorly differentiated and the intestinal crypts were 
small. By day 7 of age of gnotobiotic piglets (Figure 5/e) the height of villi decreased but 
their diameter increased. In the same period the villi in suckled piglets preserved their 
finger-like shape with medially to basally located nucleus in enterocytes (Figure 5/f). At the  
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(a, b) 3 hours after birth, (c, d) 2 days of age, (e, f) 7 days of age, (g, h) 28 days of age, (ch) 35days of age 
of GP, (i) 42 days of age of SP, SP- suckled piglets, GP- gnotobiotic piglets, Magnification x 125. 

Fig. 5. Light micrograph of hematoxylin and eosin-stained jejunal mucosa of gnotobiotic and 
suckling piglets 

time of weaning (day 28 of age) the differentiated basis of intestinal villi in both observed 
groups of piglets consisted of thin fibrous tissue containing fascicles of smooth muscle cells. 
On the surface of the villi we were able to observe goblet cells interspersed among 
enterocytes (Figure 5/g, h). The enterocyte nuclei were located in the medial part of the 
cytoplasm. The villi stroma was infiltrated with small number of lymphocytes and plasmatic 
cells. By day 35 of life, the jejunal villi acquired tongue-like shape (Figure 5/ch). On day 42 
of age intestinal crypts of suckled piglets (Figure 5/i) almost completely filled up lamina 
propria of the small intestine and their bases almost reached lamina muscularis mucosae. 
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was covered by population of dense, finger-like villi of the same height. While on the 
surface of villi of gnotobiotic piglets we were able to observe enterocytes with apically 
located nucleus, in suckled piglets the enterocytes had apically to medially located nucleus. 
The fibrous base of intestinal villi was poorly differentiated and the intestinal crypts were 
small. By day 7 of age of gnotobiotic piglets (Figure 5/e) the height of villi decreased but 
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time of weaning (day 28 of age) the differentiated basis of intestinal villi in both observed 
groups of piglets consisted of thin fibrous tissue containing fascicles of smooth muscle cells. 
On the surface of the villi we were able to observe goblet cells interspersed among 
enterocytes (Figure 5/g, h). The enterocyte nuclei were located in the medial part of the 
cytoplasm. The villi stroma was infiltrated with small number of lymphocytes and plasmatic 
cells. By day 35 of life, the jejunal villi acquired tongue-like shape (Figure 5/ch). On day 42 
of age intestinal crypts of suckled piglets (Figure 5/i) almost completely filled up lamina 
propria of the small intestine and their bases almost reached lamina muscularis mucosae. 
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Intestinal villi were shorter and acquired tongue-like shape. Such characteristic 
development was observed in all investigated segments of the small intestine which, 
however, differed by morphometric parameters of villi height. 

3.7 Effect of age, weaning and diets on development of specific activity of 
disaccharidases in the small intestine of gnotobiotic and conventionally bred piglets 

In our study we registered that development of lactase activity of gnotobiotic piglets was 
similar in the duodenum and jejunum in the period from day 0 to 35 of age. The specific 
activity of lactase (Figure 6) in the duodenum reached at birth the level of 3.4 µmol/mg 
protein/hour. From the 2nd day of life the increasing enzyme activity was noticed with a 
measured maximum on day 7 of life (p < 0.001). High enzyme levels were observed until the 
21th day of life (5.80 µmol/mg protein/hour), after which the enzyme activity decreased in 
the weeks 4 (p < 0.001) and 5 (p < 0.001) to levels similar to those noticed at birth. In terms of 
lactase activity distribution throughout the small intestine, higher activity in the duodenum 
and jejunum were noticed than in distal parts of the small intestine, where the incidence of 
enzyme was 4 times lower. The specific activity of lactase in the duodenum of conventional 
piglets (Figure 6) reached at birth 3.6 µmol/mg protein/hour. The course of activity of this 
enzyme during our observations resembled that of gnotobiotic piglets with maximum 
recorded on day 7 of age (p < 0.001), gradual decrease from day 14 of life and significant 
decrease (p < 0.001) on the day of weaning and in the 1st post-weaning weak. As far as the 
distribution of lactase in the small intestine was concerned, the highest activity of lactase  

 
Significantly different (SP vs GP): a (p < 0.05), b (p < 0.01), *p < 0.05, **p < 0.01, ***p < 0.001  

Fig. 6. Effect of age, weaning and diets on specific activity of lactase at various locations 
along the intestinal tract of suckling and gnotobiotic piglets, SP- suckled piglets, GP- 
gnotobiotic piglets 
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was recorded in duodenum and the lowest in ileum where lactase levels were 4-fold lower 
compared to proximal small intestine segments. Significant increase in the activity of 
enzyme was observed in jejunum (p < 0.001) and ileum (p < 0.01) of conventional piglets on 
day 7 of age. Comparison of both animal groups (Figure 6) showed that specific activity of 
lactase in the intestinal tract was higher in conventional piglets throughout the experiment 
with significantly higher lactase activity in duodenum from day 7 to 35 of age (p < 0.05, p < 
0.01) and significantly higher level in the jejunum (p < 0.05) on day 7 of age. 

The post-natal dynamics of maltase (Figure 7) and saccharase (Figure 8) in gnotobiotic 
piglets took a completely different course. Very low levels of maltase in the jejunum 
detected at birth (0.3 µmol/mg protein/hour) and during the 1st week of life slightly 
increased in the following period and on the 14th day reached 1.2 µmol/mg protein/hour. 
The slightly increased specific activity of maltase persisted also in the following period. 
Maltase distribution (Figure 7) throughout the small intestine changed depending on the 
age with a predominant concentration of maltase activity in the jejunum at the age of 1-2 
weeks, through a higher activity in the duodenal part at the age of 21 days, until a balanced 
distribution in the proximal and medial part of the small intestine was achieved at the age of 
4-5 weeks. Similarly also very low specific saccharase activity in the jejunum (Figure 8) 
recorded until the 1st week of life (1.12 µmol/mg protein/hour) progressively increased 
with a maximum on the 21st day of life (p < 0.001), sustained values were reached in the 4th 
and 5th week of the life of piglets. Saccharase activity distribution throughout the small 
intestine of gnotobiotic piglets was higher in the jejunum during the entire period of 
observation. Specific activities of maltase (Figure 7) and saccharase (Figure 8) in newborn  

 
Significantly different (SP vs GP): a (p < 0.05), *p < 0.05, **p < 0.01, ***p < 0.001  

Fig. 7. Effect of age, weaning and diets on specific activity of maltase at various locations 
along the intestinal tract of suckling and gnotobiotic piglets, SP- suckled piglets, GP- 
gnotobiotic piglets.  
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Intestinal villi were shorter and acquired tongue-like shape. Such characteristic 
development was observed in all investigated segments of the small intestine which, 
however, differed by morphometric parameters of villi height. 

3.7 Effect of age, weaning and diets on development of specific activity of 
disaccharidases in the small intestine of gnotobiotic and conventionally bred piglets 

In our study we registered that development of lactase activity of gnotobiotic piglets was 
similar in the duodenum and jejunum in the period from day 0 to 35 of age. The specific 
activity of lactase (Figure 6) in the duodenum reached at birth the level of 3.4 µmol/mg 
protein/hour. From the 2nd day of life the increasing enzyme activity was noticed with a 
measured maximum on day 7 of life (p < 0.001). High enzyme levels were observed until the 
21th day of life (5.80 µmol/mg protein/hour), after which the enzyme activity decreased in 
the weeks 4 (p < 0.001) and 5 (p < 0.001) to levels similar to those noticed at birth. In terms of 
lactase activity distribution throughout the small intestine, higher activity in the duodenum 
and jejunum were noticed than in distal parts of the small intestine, where the incidence of 
enzyme was 4 times lower. The specific activity of lactase in the duodenum of conventional 
piglets (Figure 6) reached at birth 3.6 µmol/mg protein/hour. The course of activity of this 
enzyme during our observations resembled that of gnotobiotic piglets with maximum 
recorded on day 7 of age (p < 0.001), gradual decrease from day 14 of life and significant 
decrease (p < 0.001) on the day of weaning and in the 1st post-weaning weak. As far as the 
distribution of lactase in the small intestine was concerned, the highest activity of lactase  
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was recorded in duodenum and the lowest in ileum where lactase levels were 4-fold lower 
compared to proximal small intestine segments. Significant increase in the activity of 
enzyme was observed in jejunum (p < 0.001) and ileum (p < 0.01) of conventional piglets on 
day 7 of age. Comparison of both animal groups (Figure 6) showed that specific activity of 
lactase in the intestinal tract was higher in conventional piglets throughout the experiment 
with significantly higher lactase activity in duodenum from day 7 to 35 of age (p < 0.05, p < 
0.01) and significantly higher level in the jejunum (p < 0.05) on day 7 of age. 

The post-natal dynamics of maltase (Figure 7) and saccharase (Figure 8) in gnotobiotic 
piglets took a completely different course. Very low levels of maltase in the jejunum 
detected at birth (0.3 µmol/mg protein/hour) and during the 1st week of life slightly 
increased in the following period and on the 14th day reached 1.2 µmol/mg protein/hour. 
The slightly increased specific activity of maltase persisted also in the following period. 
Maltase distribution (Figure 7) throughout the small intestine changed depending on the 
age with a predominant concentration of maltase activity in the jejunum at the age of 1-2 
weeks, through a higher activity in the duodenal part at the age of 21 days, until a balanced 
distribution in the proximal and medial part of the small intestine was achieved at the age of 
4-5 weeks. Similarly also very low specific saccharase activity in the jejunum (Figure 8) 
recorded until the 1st week of life (1.12 µmol/mg protein/hour) progressively increased 
with a maximum on the 21st day of life (p < 0.001), sustained values were reached in the 4th 
and 5th week of the life of piglets. Saccharase activity distribution throughout the small 
intestine of gnotobiotic piglets was higher in the jejunum during the entire period of 
observation. Specific activities of maltase (Figure 7) and saccharase (Figure 8) in newborn  

 
Significantly different (SP vs GP): a (p < 0.05), *p < 0.05, **p < 0.01, ***p < 0.001  

Fig. 7. Effect of age, weaning and diets on specific activity of maltase at various locations 
along the intestinal tract of suckling and gnotobiotic piglets, SP- suckled piglets, GP- 
gnotobiotic piglets.  
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Fig. 8. Effect of age, weaning and diets on specific activity of saccharase at various locations 
along the intestinal tract of suckling and gnotobiotic piglets 

and 2-day old conventional piglets were very low and did not exceed 0.6 µmol/mg 
protein/hour. After one week of age of piglets, activities of both enzymes increased. The 
maximum specific activity of maltase peaked on days 14 and 21 (p < 0.05, p < 0.001) in the 
duodenum and significant difference was observed (p < 0.05) in the jejunal segment. 
Similarly, activity of saccharase reached highest values on days 14 and 21 of age and 
differed significantly (p < 0.001) in both the duodenal and jejunal segment. On day 28 of age 
we observed a decrease in the specific activity of both enzymes with significant difference in 
saccharase (p < 0.01) in the jejunum. Observation of distribution of maltase in the small 
intestine of conventional piglets showed that in the direction of terminal ileum, up to the 
age of 2 weeks the highest activity was detected in the jejunum and the lowest in the ileum. 
In the following period activity of this enzyme was higher in proximal to medial segments 
of the intestine than in the distal ones. Throughout the experiment saccharase reached the 
highest activity in the jejunum and the lowest in the ileum. 

The postnatal development of specific activity of enzymes maltase and saccharase showed a 
similar trend with higher activities of both enzymes in suckled piglets in all digestive tract 
segments throughout the observation. The highest activity of the enzymes in comparison 
with gnotobiotic piglets was recorded on days 14 and 21 of age with significant differences 
in the level of maltase (p < 0.05, p < 0.001) in the duodenum and significantly different 
activity of the enzyme (p < 0.05) in jejunum. Significantly different activities of saccharase 
compared to the other group of piglets were observed in the same period (days 14 and 21) in 
duodenum (p < 0.05) and jejunum (p < 0.01, p < 0.001).  
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4. Discussion 
4.1 Effect of age and diets on development of the small intestine – Intestinal 
microflora 

At birth, a young pig which is axenic during its uterine life is suddenly confronted with a 
complex bacterial environment. Beginning with birth, the young are in contact with several 
microbial ecosystems - i.e. faeces, contaminated vagina and perineum, but also from the skin 
and teats of the sow which are usually contaminated as well. It could be assumed that each of 
these ecosystems contributes to constituting the gut flora of the newborn (Siggers et al., 2007). 
However, in the following days, simplified microbiota profiles have been characterized, 
which will become more complex with time, increasing its diversity as the animal grows 
(Inoue at al., 2005). The population level of the microbiota in various parts of the 
gastrointestinal tract of monogastric animals depends on the attachment ability, replication 
period of the microorganism under the physicochemical tract conditions and the emptying 
rhythm in the part of the gastrointestinal tract under investigation. Swords et al. (1993) 
studied pig faecal microbiota evolution within the first four months of life, and concluded 
that the establishment of the adult faecal flora is a large and complex process with three 
different marked phases in the bacterial succession. The first phase corresponds with the first 
week of life, the second one, from the end of the first week to conclusion of suckling, and the 
third phase from weaning to final adaptation to dry food. In this first phase, aerobes and 
facultative anaerobes from the sow and the environment become the predominant bacterial 
groups, comprising 80% of the total flora by three hours after birth. The gut colonization is 
extremely fast, only twelve hours after birth, total bacteria in distal colon reaches counts of 
109 cfu/g colonic content (Jensen et al., 1998; Swords et al., 1993). First colonizers modify the 
gastrointestinal environment (by consumption of molecular oxygen and reduction of the 
redox potential), making it more favourable for the following colonization by anaerobes. As a 
result, aerotolerant bacteria are gradually supplanted by strict anaerobes, and 48h after birth, 
piglets already show 90% of anaerobic bacteria (Swords et al., 1993). Of these bacterial 
groups, lactobacilli and streptococci become the dominant bacteria at the end of the first week 
of life and will be maintained for the whole suckling period with counts of around 107-109 
cfu/g digesta (Swords et al., 1993). Microbiota remains fairly stable in terms of species 
composition during the second phase when the piglets receive milk from their mother 
(Mathew et al., 1996). The diversity of anaerobic bacteria increases in this period (Inoue et al., 
2005) and supplantation of aerobic and facultative anaerobic bacteria by anaerobic bacteria 
become almost completed in this phase. As has been mentioned before, lactobacilli and 
streptococci continue being dominant bacteria, which are well adapted to utilize substrate 
from the milk diet. Clostridium, Bacteroides, bifidobacteria, and low densities Eubacterium, 
Fusobacterium, Propionibacterium and Streptococcus spp. are also usually found in this second 
phase (Swords et al., 1993). In our experiment with piglets fed maternal milk, the gut flora 
developed very quickly post partum. As early as within 48 hrs post partum, Escherichia coli, 
enterococci and lactobacilli were detected in the content of digesta in suckled piglets, the 
populations of which represented 105 - 109 bacteria/g per sample. The gut flora of piglets in 
the proximal part (jejunum) consisted of facultatively anaerobic bacteria (enterococci, E. coli) 
and aerotolerant anaerobes (lactobacilli) counting 104 - 106 bacteria/g per sample. These 
numbers increased progressively in the ileum and the dominant flora in the posterior 
portions of the digestive tract (caecum) was facultatively anaerobic bacteria (E. coli, 
enterococci, Enterobacteriaceae and lactobacilli) counting 108 - 109 bacteria/g per sample. As  
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Fig. 8. Effect of age, weaning and diets on specific activity of saccharase at various locations 
along the intestinal tract of suckling and gnotobiotic piglets 

and 2-day old conventional piglets were very low and did not exceed 0.6 µmol/mg 
protein/hour. After one week of age of piglets, activities of both enzymes increased. The 
maximum specific activity of maltase peaked on days 14 and 21 (p < 0.05, p < 0.001) in the 
duodenum and significant difference was observed (p < 0.05) in the jejunal segment. 
Similarly, activity of saccharase reached highest values on days 14 and 21 of age and 
differed significantly (p < 0.001) in both the duodenal and jejunal segment. On day 28 of age 
we observed a decrease in the specific activity of both enzymes with significant difference in 
saccharase (p < 0.01) in the jejunum. Observation of distribution of maltase in the small 
intestine of conventional piglets showed that in the direction of terminal ileum, up to the 
age of 2 weeks the highest activity was detected in the jejunum and the lowest in the ileum. 
In the following period activity of this enzyme was higher in proximal to medial segments 
of the intestine than in the distal ones. Throughout the experiment saccharase reached the 
highest activity in the jejunum and the lowest in the ileum. 

The postnatal development of specific activity of enzymes maltase and saccharase showed a 
similar trend with higher activities of both enzymes in suckled piglets in all digestive tract 
segments throughout the observation. The highest activity of the enzymes in comparison 
with gnotobiotic piglets was recorded on days 14 and 21 of age with significant differences 
in the level of maltase (p < 0.05, p < 0.001) in the duodenum and significantly different 
activity of the enzyme (p < 0.05) in jejunum. Significantly different activities of saccharase 
compared to the other group of piglets were observed in the same period (days 14 and 21) in 
duodenum (p < 0.05) and jejunum (p < 0.01, p < 0.001).  
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4. Discussion 
4.1 Effect of age and diets on development of the small intestine – Intestinal 
microflora 

At birth, a young pig which is axenic during its uterine life is suddenly confronted with a 
complex bacterial environment. Beginning with birth, the young are in contact with several 
microbial ecosystems - i.e. faeces, contaminated vagina and perineum, but also from the skin 
and teats of the sow which are usually contaminated as well. It could be assumed that each of 
these ecosystems contributes to constituting the gut flora of the newborn (Siggers et al., 2007). 
However, in the following days, simplified microbiota profiles have been characterized, 
which will become more complex with time, increasing its diversity as the animal grows 
(Inoue at al., 2005). The population level of the microbiota in various parts of the 
gastrointestinal tract of monogastric animals depends on the attachment ability, replication 
period of the microorganism under the physicochemical tract conditions and the emptying 
rhythm in the part of the gastrointestinal tract under investigation. Swords et al. (1993) 
studied pig faecal microbiota evolution within the first four months of life, and concluded 
that the establishment of the adult faecal flora is a large and complex process with three 
different marked phases in the bacterial succession. The first phase corresponds with the first 
week of life, the second one, from the end of the first week to conclusion of suckling, and the 
third phase from weaning to final adaptation to dry food. In this first phase, aerobes and 
facultative anaerobes from the sow and the environment become the predominant bacterial 
groups, comprising 80% of the total flora by three hours after birth. The gut colonization is 
extremely fast, only twelve hours after birth, total bacteria in distal colon reaches counts of 
109 cfu/g colonic content (Jensen et al., 1998; Swords et al., 1993). First colonizers modify the 
gastrointestinal environment (by consumption of molecular oxygen and reduction of the 
redox potential), making it more favourable for the following colonization by anaerobes. As a 
result, aerotolerant bacteria are gradually supplanted by strict anaerobes, and 48h after birth, 
piglets already show 90% of anaerobic bacteria (Swords et al., 1993). Of these bacterial 
groups, lactobacilli and streptococci become the dominant bacteria at the end of the first week 
of life and will be maintained for the whole suckling period with counts of around 107-109 
cfu/g digesta (Swords et al., 1993). Microbiota remains fairly stable in terms of species 
composition during the second phase when the piglets receive milk from their mother 
(Mathew et al., 1996). The diversity of anaerobic bacteria increases in this period (Inoue et al., 
2005) and supplantation of aerobic and facultative anaerobic bacteria by anaerobic bacteria 
become almost completed in this phase. As has been mentioned before, lactobacilli and 
streptococci continue being dominant bacteria, which are well adapted to utilize substrate 
from the milk diet. Clostridium, Bacteroides, bifidobacteria, and low densities Eubacterium, 
Fusobacterium, Propionibacterium and Streptococcus spp. are also usually found in this second 
phase (Swords et al., 1993). In our experiment with piglets fed maternal milk, the gut flora 
developed very quickly post partum. As early as within 48 hrs post partum, Escherichia coli, 
enterococci and lactobacilli were detected in the content of digesta in suckled piglets, the 
populations of which represented 105 - 109 bacteria/g per sample. The gut flora of piglets in 
the proximal part (jejunum) consisted of facultatively anaerobic bacteria (enterococci, E. coli) 
and aerotolerant anaerobes (lactobacilli) counting 104 - 106 bacteria/g per sample. These 
numbers increased progressively in the ileum and the dominant flora in the posterior 
portions of the digestive tract (caecum) was facultatively anaerobic bacteria (E. coli, 
enterococci, Enterobacteriaceae and lactobacilli) counting 108 - 109 bacteria/g per sample. As  
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the piglets grew, the flora progressively changed. The replacement of maternal milk by a milk 
replacement diet in our third experiment resulted at 2 and 14 days of age in increased 
numbers of bacterial flora, of the family Enterobacteriaceae in the proximal small intestine 
(jejunum) by 3 log compared to suckled piglets. At the same time a gradual increase in the 
numbers of coliform bacteria (p < 0.001) in the proximal (jejunum) and terminal (caecum) 
part of the intestine occurred reaching numbers as much as by 4 log higher in the jejunum at 
14 d of age compared to colostral piglets. Similar findings were obtained by (Franklin et al. 
2002; Jensen et al., 1998; Pluske et al., 1997) which observed, in addition to higher populations 
of anaerobic and coliform bacteria, a significant decline in lactobacilli populations in piglets 
fed replacement milk. The mechanism of the selection has not yet been determined, although 
feeding may be a primary factor. According to different authors it is almost impossible to 
prevent neonatal E. coli diarrhoea in piglets which do not receive maternal colostrum (Pluske 
et al., 1997; Xu et al., 1996). Colostrum and also maternal milk contain highly digestible 
nutrients and components such as immunoglobulins and lysozymes and have both 
bacteriostatic and antiadhesive properties towards the pathogen E. coli (Xu et al., 1996). This 
protective effect, however, does not seem to be accompanied by an elimination of E. coli from 
the digestive tract. In addition, in both the jejunal and ileal part (p < 0.001) of the small 
intestine of replacer-fed piglets, high numbers of enterococci were recorded, being by 1-3.5 
log higher compared to the colostrum-fed piglets throughout the period of observation. It is 
likely, however, that this result was influenced by the milk replacement having been enriched 
by Enterococcus faecium counting 104 cfu/g of feed. The human intestinal microbiota is 
a complex ecosystem, consisting of several hundred (more than 800) different bacterial 
species. This microbiota plays an important role in human health and nutrition by producing 
nutrients, preventing colonization of the gut by potential pathogenic microorganisms 
(Guarner & Malagelada, 2003), and preserving the health of the host through interactions 
with the developing immune system. The microbiota in early life has been linked to allergy 
risk (Penders et al., 2007). Major changes in the intestinal microbial composition occur in 
early life. Sterile in utero, the gastrointestinal tract of the newborn infant is rapidly colonized 
at birth by a myriad of maternal vaginal and faecal bacteria and other sources from its 
environment. The first few weeks after birth correspond to critical stages of gut colonization. 
Bacterial colonization of the gastrointestinal tract is influenced by numerous factors including 
diet, environment, antibiotic treatment, mucosal maturation, and age. Naturally delivered 
babies experienced a period of 2-3 days in which, as a consequence of the low selective 
potential of their stomach and small bowel, bacteria invading and reproducing within the gut 
belong to aerobic species as Enterobacteriaceae, streptococci, and staphylococci. These bacteria, 
arriving from the external environment, belong to species with a pathogenic potential, and 
therefore, it might seem that they would not be the best choice for the health of neonates. 
However, the metabolisms of these bacteria are believed to be positive factors in preparing 
the path to a beneficial enteric flora. In the study of Fallani et al. (2010) they confirmed 
previously published work (Hopkins et al., 2005; Penders et al., 2007) that bifidobacteria are 
the predominant group detected in the faeces of pre-weaned infants, followed by Bacteroides 
and enterobacteria.  

4.2 Production of SCFAs and pH 

Organic acids are the main metabolites of intestinal fermentation. The degree of their 
concentration in the digesta reflects the level of intestinal fermentation (Piva et al., 2002). It is 
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well known that organic acids exhibit antibacterial activity (Piva et al., 2002), increase 
intestinal absorption of minerals and improve ileal digestion of proteins and amino acids. 
Their relative levels vary depending on location (stomach, small intestine, large intestine) 
and diet composition (dietary lactose level, fibre level, etc). Lactic acid is in the greatest 
concentration in the stomach and small intestine while other organic acids, acetic along with 
propionic and butyric, are predominant in the large intestine. In our study, in suckled 
piglets we recorded higher level of acetic acid in the ileal contents in comparison with the 
replacer-fed piglets throughout the observation, ranging from about 7 to 21.5 mmol/l. 
Higher concentrations of this acid were observed in the same segment also in gnotobiotic 
piglets compared to replacer-fed piglets, ranging from 2.05 to 13.69 mmol/l. A similar 
tendency was recorded in lactic acid, in the ileal content, with higher concentrations in 
suckled piglets compared to the replacer-fed piglets in which the values later ranged from 
about 8.2 to 21.4 mmol/l. Higher production of lactic acid in gnotobiotic piglets in 
comparison with replacer-fed piglets was recorded throughout the observation and ranged 
from 0.6 to 10.14 mmol/l. Increasing concentrations of lactate in ileal digesta should 
therefore reflect an increased population and activity of lactic acid bacteria (Pluske et al., 
2002). These findings are of importance relative to the management of growing pigs, 
because lactate has been shown to have antibacterial effects on E. coli and Salmonella species, 
and lactobacilli have been shown to inhibit adhesion of enterotoxigenic E. coli to the ileal 
epithelium (Pluske et al., 2002). The ability to generate organic acids, particularly lactic and 
acetic acid, present one of the mechanisms by which lactobacilli perform their inhibitory 
effect upon pathogens. With decreasing pH values, the inhibitory activity of the above acids 
increases, their molecular form being toxic for bacteria. The increased toxicity of acetic acid 
is attributed to its higher pKa in comparison to lactic acid. Increased lactic acid levels 
intensify the toxicity of acetic acid. Comparison of lactic acid levels in the jejunal and ileal 
contents of one week old gnotobiotic piglets (Bomba et al., 1998) and conventional suckling 
piglets (Zitnan et al., 2001) revealed that the highest levels were found in conventional 
animals (29.30 and 27.90 mmol/l, resp.) and in Lactobacillus plantarum inoculated gnotobiotic 
piglets (26.60 and 14.20 mmol/l, resp.). High levels of lactic acid were recorded in our study 
in jejunal and ileal contents of conventional suckling piglets (27.52 and 26.91 mmol/l, resp.) 
and piglets inoculated with Enterococus faecium at the age of 1 week (23.59 and 24.56 mmol/l, 
resp.). Lower concentrations of this acid were found in replacer-fed piglets (24.92 and 14.42) 
and the lowest levels of lactic acid in the jejunal and ileal contents (Bomba et al., 1998) were 
seen in germ-free piglets (4.40 and 6.45 mmol/l, resp.). At the age of 3 weeks, the level of 
lactic acid in the jejunum of piglets inoculated with Enterococcus faecium was lower in 
comparison with that in the jejunum of piglets inoculated with Lactobacillus plantarum (21.94 
and 33.15 mmol/l, resp.) but in the ileum of Enterococcus faecium inoculated piglets we found 
the highest level of this acid (24.40 mmol/l) in comparison with all other groups of piglets. 
The mentioned authors presented different results also with regard to acetic acid, as the 
highest concentrations of acetic acid in the jejunum and ileum (30.05 and 23.61 mmol/l, 
resp.) were observed in conventional piglets by Zitnan et al. (2001) and in conventional 
suckling piglets investigated in our study (33.05 and 21.81 mmol/l, resp.). Lower levels were 
observed in replacer-fed piglets (21.43 and 10.47 mmol/l, resp.) and in gnotobiotic piglets 
(Bomba et al. 1998) inoculated with lactobacilli (11.80 and 11.85 mmol/l, resp.) and in those 
inoculated with Enterococcus faecium (8.18 and 24.16 mmol/l, resp.). Similarly low levels 
were detected also in germ-free piglets (13.15 and 3.9 mmol/l, resp.). On the contrary, at the 
age of 3 weeks, we recorded higher levels of acetic acid in the jejunal and ileal content of 
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the piglets grew, the flora progressively changed. The replacement of maternal milk by a milk 
replacement diet in our third experiment resulted at 2 and 14 days of age in increased 
numbers of bacterial flora, of the family Enterobacteriaceae in the proximal small intestine 
(jejunum) by 3 log compared to suckled piglets. At the same time a gradual increase in the 
numbers of coliform bacteria (p < 0.001) in the proximal (jejunum) and terminal (caecum) 
part of the intestine occurred reaching numbers as much as by 4 log higher in the jejunum at 
14 d of age compared to colostral piglets. Similar findings were obtained by (Franklin et al. 
2002; Jensen et al., 1998; Pluske et al., 1997) which observed, in addition to higher populations 
of anaerobic and coliform bacteria, a significant decline in lactobacilli populations in piglets 
fed replacement milk. The mechanism of the selection has not yet been determined, although 
feeding may be a primary factor. According to different authors it is almost impossible to 
prevent neonatal E. coli diarrhoea in piglets which do not receive maternal colostrum (Pluske 
et al., 1997; Xu et al., 1996). Colostrum and also maternal milk contain highly digestible 
nutrients and components such as immunoglobulins and lysozymes and have both 
bacteriostatic and antiadhesive properties towards the pathogen E. coli (Xu et al., 1996). This 
protective effect, however, does not seem to be accompanied by an elimination of E. coli from 
the digestive tract. In addition, in both the jejunal and ileal part (p < 0.001) of the small 
intestine of replacer-fed piglets, high numbers of enterococci were recorded, being by 1-3.5 
log higher compared to the colostrum-fed piglets throughout the period of observation. It is 
likely, however, that this result was influenced by the milk replacement having been enriched 
by Enterococcus faecium counting 104 cfu/g of feed. The human intestinal microbiota is 
a complex ecosystem, consisting of several hundred (more than 800) different bacterial 
species. This microbiota plays an important role in human health and nutrition by producing 
nutrients, preventing colonization of the gut by potential pathogenic microorganisms 
(Guarner & Malagelada, 2003), and preserving the health of the host through interactions 
with the developing immune system. The microbiota in early life has been linked to allergy 
risk (Penders et al., 2007). Major changes in the intestinal microbial composition occur in 
early life. Sterile in utero, the gastrointestinal tract of the newborn infant is rapidly colonized 
at birth by a myriad of maternal vaginal and faecal bacteria and other sources from its 
environment. The first few weeks after birth correspond to critical stages of gut colonization. 
Bacterial colonization of the gastrointestinal tract is influenced by numerous factors including 
diet, environment, antibiotic treatment, mucosal maturation, and age. Naturally delivered 
babies experienced a period of 2-3 days in which, as a consequence of the low selective 
potential of their stomach and small bowel, bacteria invading and reproducing within the gut 
belong to aerobic species as Enterobacteriaceae, streptococci, and staphylococci. These bacteria, 
arriving from the external environment, belong to species with a pathogenic potential, and 
therefore, it might seem that they would not be the best choice for the health of neonates. 
However, the metabolisms of these bacteria are believed to be positive factors in preparing 
the path to a beneficial enteric flora. In the study of Fallani et al. (2010) they confirmed 
previously published work (Hopkins et al., 2005; Penders et al., 2007) that bifidobacteria are 
the predominant group detected in the faeces of pre-weaned infants, followed by Bacteroides 
and enterobacteria.  

4.2 Production of SCFAs and pH 

Organic acids are the main metabolites of intestinal fermentation. The degree of their 
concentration in the digesta reflects the level of intestinal fermentation (Piva et al., 2002). It is 
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well known that organic acids exhibit antibacterial activity (Piva et al., 2002), increase 
intestinal absorption of minerals and improve ileal digestion of proteins and amino acids. 
Their relative levels vary depending on location (stomach, small intestine, large intestine) 
and diet composition (dietary lactose level, fibre level, etc). Lactic acid is in the greatest 
concentration in the stomach and small intestine while other organic acids, acetic along with 
propionic and butyric, are predominant in the large intestine. In our study, in suckled 
piglets we recorded higher level of acetic acid in the ileal contents in comparison with the 
replacer-fed piglets throughout the observation, ranging from about 7 to 21.5 mmol/l. 
Higher concentrations of this acid were observed in the same segment also in gnotobiotic 
piglets compared to replacer-fed piglets, ranging from 2.05 to 13.69 mmol/l. A similar 
tendency was recorded in lactic acid, in the ileal content, with higher concentrations in 
suckled piglets compared to the replacer-fed piglets in which the values later ranged from 
about 8.2 to 21.4 mmol/l. Higher production of lactic acid in gnotobiotic piglets in 
comparison with replacer-fed piglets was recorded throughout the observation and ranged 
from 0.6 to 10.14 mmol/l. Increasing concentrations of lactate in ileal digesta should 
therefore reflect an increased population and activity of lactic acid bacteria (Pluske et al., 
2002). These findings are of importance relative to the management of growing pigs, 
because lactate has been shown to have antibacterial effects on E. coli and Salmonella species, 
and lactobacilli have been shown to inhibit adhesion of enterotoxigenic E. coli to the ileal 
epithelium (Pluske et al., 2002). The ability to generate organic acids, particularly lactic and 
acetic acid, present one of the mechanisms by which lactobacilli perform their inhibitory 
effect upon pathogens. With decreasing pH values, the inhibitory activity of the above acids 
increases, their molecular form being toxic for bacteria. The increased toxicity of acetic acid 
is attributed to its higher pKa in comparison to lactic acid. Increased lactic acid levels 
intensify the toxicity of acetic acid. Comparison of lactic acid levels in the jejunal and ileal 
contents of one week old gnotobiotic piglets (Bomba et al., 1998) and conventional suckling 
piglets (Zitnan et al., 2001) revealed that the highest levels were found in conventional 
animals (29.30 and 27.90 mmol/l, resp.) and in Lactobacillus plantarum inoculated gnotobiotic 
piglets (26.60 and 14.20 mmol/l, resp.). High levels of lactic acid were recorded in our study 
in jejunal and ileal contents of conventional suckling piglets (27.52 and 26.91 mmol/l, resp.) 
and piglets inoculated with Enterococus faecium at the age of 1 week (23.59 and 24.56 mmol/l, 
resp.). Lower concentrations of this acid were found in replacer-fed piglets (24.92 and 14.42) 
and the lowest levels of lactic acid in the jejunal and ileal contents (Bomba et al., 1998) were 
seen in germ-free piglets (4.40 and 6.45 mmol/l, resp.). At the age of 3 weeks, the level of 
lactic acid in the jejunum of piglets inoculated with Enterococcus faecium was lower in 
comparison with that in the jejunum of piglets inoculated with Lactobacillus plantarum (21.94 
and 33.15 mmol/l, resp.) but in the ileum of Enterococcus faecium inoculated piglets we found 
the highest level of this acid (24.40 mmol/l) in comparison with all other groups of piglets. 
The mentioned authors presented different results also with regard to acetic acid, as the 
highest concentrations of acetic acid in the jejunum and ileum (30.05 and 23.61 mmol/l, 
resp.) were observed in conventional piglets by Zitnan et al. (2001) and in conventional 
suckling piglets investigated in our study (33.05 and 21.81 mmol/l, resp.). Lower levels were 
observed in replacer-fed piglets (21.43 and 10.47 mmol/l, resp.) and in gnotobiotic piglets 
(Bomba et al. 1998) inoculated with lactobacilli (11.80 and 11.85 mmol/l, resp.) and in those 
inoculated with Enterococcus faecium (8.18 and 24.16 mmol/l, resp.). Similarly low levels 
were detected also in germ-free piglets (13.15 and 3.9 mmol/l, resp.). On the contrary, at the 
age of 3 weeks, we recorded higher levels of acetic acid in the jejunal and ileal content of 
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gnotobiotic piglets inoculated with Enterococcus faecium (12.86 and 32.08 mmol/l, resp.) in 
comparison with all other groups of piglets (10.7 and 25.9 mmol/l, resp.) of conventional 
suckling piglets (Zitnan, 2001), (5.36 and 25.00 mmol/l, resp.) of conventional suckling 
piglets in our study, (6.87 and 19.86 mmol/l, resp.) of replacer-fed piglets and gnotobiotic 
piglets inoculated with Lactobacillus plantarum (11.85 and 14.2 mmol/l, resp.). Under the 
influence of more diverse populations of microorganisms the conditions in the colonic 
content changed with gradual occurrences of propionic, butyric, and valeric acids. Organic 
acids and ammonia concentrating in the colon were according to Kiare et al. (2007) 5-10-fold 
bigger than those in the ileum and their increased concentrations resulted in additional 
fermentation activity of short-chain organic acids. This indicates higher microbial activity 
and considerable N-metabolism in the caudal segment of the intestine. The most significant 
increase in production of organic acids in the colonic segment observed in our study 
involved acetoacetic, acetic, propionic and butyric acids in the group of suckled piglets 
compared to replacer-fed piglets, at important concentrations of acetoacetic acid from 14 to 
28 days of age (p < 0.01). Significant increase was observed also in production of lactic acid 
in gnotobiotic piglets compared to the replacer-fed animals throughout the observation 
period with the highest concentrations reached on days 2 (p < 0.05), 14, 21 and 28 of age (p < 
0.01). Decreased pH of the gut content and increased production of lactic and acetic acids 
affects positively optimisation of digestive processes. Bomba et al. (1998) investigated 
intestinal metabolism of gnotobiotic piglets and recorded significantly lower pH (p<0.05) in 
the jejunal content in piglets inoculated with Lactobacillus plantarum in the 1st week of life in 
comparison with germ-free piglets. Zitnan et al. (2001) observed pH in the jejunal and ileal 
content of conventional piglets of the same age. When comparing the actual acidity in 
individual segments of the small intestine, pH of the jejunum content of germ-free piglets 
was higher in the first week of life (7.49) in comparison with pH of conventional piglets 
(6.23) of the same age. Contrary to that, pH of the jejunal content of gnotobiotic piglets 
inoculated with Lactobacillus plantarum was considerably lower (5.63). Similar low pH was 
recorded in our study in gnotobiotic piglets of the same age inoculated with Enterococcus 
faecium (6.02). Bomba et al. (1998) conducted two experiments to investigate the influence of 
short-term and continuous preventive administration of Lactobacillus casei subs.casei against 
E.coli on actual acidity, production of organic acids and colonisation of jejunum with E.coli 
O8:K88 in gnotobiotic piglets. After the short-term administration of L.casei they recorded 
lower pH in the jejunal content of experimental piglets (L-E) while pH of the ileal content of 
these piglets increased significantly (7.63) in comparison with the control (7.03). After 
continuous administration, the authors recorded lower pH in the experimental group L-E 
(6.1) in comparison with the control group (6.28). In our experiment we observed a positive 
influence of Enterococcus faecium on intestinal metabolism in replacer-fed piglets in terms of 
increased production of organic acids (formic acid, acetoacetic, propionic and butyric acid). 
However, production of lactic acid responsible for decrease in pH was lower in our 
observations and their concentrations ranged between 6.27 and 20.30 mmol/l in the ileal 
segment of replacer-fed piglets in comparison with suckled piglets (15.52 to 60.11mmol/l) 
and failed to induce the corresponding pH reduction. pH in the ileum of non-colostral 
piglets ranged from 6.9 to 7.6. Although acetic acid reached higher levels in the colon 
segment, it could become toxic only at low pH of the environment dependent on sufficient 
concentration of lactic acid in the gut. According to Mufandaedza et al. (2006), decreased 
active acidity, pH < 5.0, limits even stops growth and multiplication of E. coli. Similar 
conclusions were drawn from our study. Production of organic acids by replacer-fed piglets 
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was low and resulted in their low concentrations which did not decrease pH so effectively 
as it was observed in gnotobiotic piglets inoculated with Enterococcus faecium. Deficit of 
colostral nutrition in these piglets resulted in worsened health in 8 out of total 26 piglets. 
The disease was peracute and proceeded with physiological temperature. Even though 
antibiotics were administered, the piglets died within 8 hrs of appearing of the first 
symptoms. In the piglets, lymphocytic leukocytosis as well as hypochromic anemia were 
diagnosed, and E. coli K88 was isolated from rectal swabs.  

4.3 Intestinal morphology and disaccharidase activity 

Due to numerous similarities of the physiology and anatomy of the gastrointestinal tract of 
man and pigs, the pig model is a very attractive model for human nutritional studies (Miller 
& Ullrey, 1987). Investigations performed in humans and pigs showed that the portions of 
total life required to reach chemical maturity for both these species are nearly identical, 4.4% 
and 4.6, respectively. Even though there are species-specific differences of the placenta and 
immunological system of pigs and human, the piglets are optimum experimental model for 
investigations concerning physiology and pathology of the gastrointestinal tract of human 
newborn (Miller & Ullrey, 1987). The postnatal development of the gastrointestinal (GI) 
system is a very dynamic process. In the neonatal pig with the mean birth body weight of 
1.45kg, the small intestine and pancreas weight contribute to 3.1% and 0.14% of the total 
body weight, respectively (Zabielski et al., 2008). Within the first four postnatal weeks 
weight of the piglet is increased >5-fold, with the GI organs growing faster than many other 
organs of the body (Zabielski et al., 2008). Can we suspect the same changes in human 
neonates? Presumably yes, but the intensity of the remodelling is not as dramatic. The 
development in humans is slower, and the growth rate is slower in comparison to pigs. In 
humans the birth weight is doubled within ca. 170 days. Nevertheless, a number of 
similarities pig and human in the process of the development can be seen. In the study of 
Len et al. (2009), similar to our investigations of conventional piglets, the absolute weight of 
visceral organs and GI tract increased with piglet age. However, when expressed as g/kg 
empty body weight, the weight of visceral organs decreased with age (Len et al., 2009), 
which is in agreement with Pluske et al. (2002), who found that the relative weight of the 
visceral organs of piglets had a tendency to decrease between 14 and 28 days of age. In our 
study we observed a gradual decrease in the weight of small and large intestine between 
days 2 and 21 of age in suckled piglets while in gnotobiotic piglets the relative weight of 
intestines increased gradually throughout the period of observation. In germ-free and 
monoassociated pigs (Shirkey et al., 2006), the relative small intestine length was reduced 
compared with conventional pigs. The mechanisms affecting intestinal length are unknown, 
however, it can be hypothesized that increased small intestine length in conventionalized 
pigs is a compensatory response to the decreased absorptive capacity associated with 
decreased surface area (decreased villi length) and/or to direct competition with the 
microbiota for dietary nutrients. Shirkey et al. (2006) observed that in the proximal region of 
the small intestine, the relative weights for segments from conventional pigs tended to be 
higher than those from germ-free and monoassociated pigs. This is consistent with our 
study, as well as with the previous reports indicating that compared with germ-free 
animals, conventionally reared animals experience intestinal “thickening” associated 
primarily with increased lamina propria cellularity (Miniats & Valli, 1973) as well as 
thickening of the submucosa and muscular layers (Furuse & Okumura, 1994). On the  
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gnotobiotic piglets inoculated with Enterococcus faecium (12.86 and 32.08 mmol/l, resp.) in 
comparison with all other groups of piglets (10.7 and 25.9 mmol/l, resp.) of conventional 
suckling piglets (Zitnan, 2001), (5.36 and 25.00 mmol/l, resp.) of conventional suckling 
piglets in our study, (6.87 and 19.86 mmol/l, resp.) of replacer-fed piglets and gnotobiotic 
piglets inoculated with Lactobacillus plantarum (11.85 and 14.2 mmol/l, resp.). Under the 
influence of more diverse populations of microorganisms the conditions in the colonic 
content changed with gradual occurrences of propionic, butyric, and valeric acids. Organic 
acids and ammonia concentrating in the colon were according to Kiare et al. (2007) 5-10-fold 
bigger than those in the ileum and their increased concentrations resulted in additional 
fermentation activity of short-chain organic acids. This indicates higher microbial activity 
and considerable N-metabolism in the caudal segment of the intestine. The most significant 
increase in production of organic acids in the colonic segment observed in our study 
involved acetoacetic, acetic, propionic and butyric acids in the group of suckled piglets 
compared to replacer-fed piglets, at important concentrations of acetoacetic acid from 14 to 
28 days of age (p < 0.01). Significant increase was observed also in production of lactic acid 
in gnotobiotic piglets compared to the replacer-fed animals throughout the observation 
period with the highest concentrations reached on days 2 (p < 0.05), 14, 21 and 28 of age (p < 
0.01). Decreased pH of the gut content and increased production of lactic and acetic acids 
affects positively optimisation of digestive processes. Bomba et al. (1998) investigated 
intestinal metabolism of gnotobiotic piglets and recorded significantly lower pH (p<0.05) in 
the jejunal content in piglets inoculated with Lactobacillus plantarum in the 1st week of life in 
comparison with germ-free piglets. Zitnan et al. (2001) observed pH in the jejunal and ileal 
content of conventional piglets of the same age. When comparing the actual acidity in 
individual segments of the small intestine, pH of the jejunum content of germ-free piglets 
was higher in the first week of life (7.49) in comparison with pH of conventional piglets 
(6.23) of the same age. Contrary to that, pH of the jejunal content of gnotobiotic piglets 
inoculated with Lactobacillus plantarum was considerably lower (5.63). Similar low pH was 
recorded in our study in gnotobiotic piglets of the same age inoculated with Enterococcus 
faecium (6.02). Bomba et al. (1998) conducted two experiments to investigate the influence of 
short-term and continuous preventive administration of Lactobacillus casei subs.casei against 
E.coli on actual acidity, production of organic acids and colonisation of jejunum with E.coli 
O8:K88 in gnotobiotic piglets. After the short-term administration of L.casei they recorded 
lower pH in the jejunal content of experimental piglets (L-E) while pH of the ileal content of 
these piglets increased significantly (7.63) in comparison with the control (7.03). After 
continuous administration, the authors recorded lower pH in the experimental group L-E 
(6.1) in comparison with the control group (6.28). In our experiment we observed a positive 
influence of Enterococcus faecium on intestinal metabolism in replacer-fed piglets in terms of 
increased production of organic acids (formic acid, acetoacetic, propionic and butyric acid). 
However, production of lactic acid responsible for decrease in pH was lower in our 
observations and their concentrations ranged between 6.27 and 20.30 mmol/l in the ileal 
segment of replacer-fed piglets in comparison with suckled piglets (15.52 to 60.11mmol/l) 
and failed to induce the corresponding pH reduction. pH in the ileum of non-colostral 
piglets ranged from 6.9 to 7.6. Although acetic acid reached higher levels in the colon 
segment, it could become toxic only at low pH of the environment dependent on sufficient 
concentration of lactic acid in the gut. According to Mufandaedza et al. (2006), decreased 
active acidity, pH < 5.0, limits even stops growth and multiplication of E. coli. Similar 
conclusions were drawn from our study. Production of organic acids by replacer-fed piglets 
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was low and resulted in their low concentrations which did not decrease pH so effectively 
as it was observed in gnotobiotic piglets inoculated with Enterococcus faecium. Deficit of 
colostral nutrition in these piglets resulted in worsened health in 8 out of total 26 piglets. 
The disease was peracute and proceeded with physiological temperature. Even though 
antibiotics were administered, the piglets died within 8 hrs of appearing of the first 
symptoms. In the piglets, lymphocytic leukocytosis as well as hypochromic anemia were 
diagnosed, and E. coli K88 was isolated from rectal swabs.  

4.3 Intestinal morphology and disaccharidase activity 

Due to numerous similarities of the physiology and anatomy of the gastrointestinal tract of 
man and pigs, the pig model is a very attractive model for human nutritional studies (Miller 
& Ullrey, 1987). Investigations performed in humans and pigs showed that the portions of 
total life required to reach chemical maturity for both these species are nearly identical, 4.4% 
and 4.6, respectively. Even though there are species-specific differences of the placenta and 
immunological system of pigs and human, the piglets are optimum experimental model for 
investigations concerning physiology and pathology of the gastrointestinal tract of human 
newborn (Miller & Ullrey, 1987). The postnatal development of the gastrointestinal (GI) 
system is a very dynamic process. In the neonatal pig with the mean birth body weight of 
1.45kg, the small intestine and pancreas weight contribute to 3.1% and 0.14% of the total 
body weight, respectively (Zabielski et al., 2008). Within the first four postnatal weeks 
weight of the piglet is increased >5-fold, with the GI organs growing faster than many other 
organs of the body (Zabielski et al., 2008). Can we suspect the same changes in human 
neonates? Presumably yes, but the intensity of the remodelling is not as dramatic. The 
development in humans is slower, and the growth rate is slower in comparison to pigs. In 
humans the birth weight is doubled within ca. 170 days. Nevertheless, a number of 
similarities pig and human in the process of the development can be seen. In the study of 
Len et al. (2009), similar to our investigations of conventional piglets, the absolute weight of 
visceral organs and GI tract increased with piglet age. However, when expressed as g/kg 
empty body weight, the weight of visceral organs decreased with age (Len et al., 2009), 
which is in agreement with Pluske et al. (2002), who found that the relative weight of the 
visceral organs of piglets had a tendency to decrease between 14 and 28 days of age. In our 
study we observed a gradual decrease in the weight of small and large intestine between 
days 2 and 21 of age in suckled piglets while in gnotobiotic piglets the relative weight of 
intestines increased gradually throughout the period of observation. In germ-free and 
monoassociated pigs (Shirkey et al., 2006), the relative small intestine length was reduced 
compared with conventional pigs. The mechanisms affecting intestinal length are unknown, 
however, it can be hypothesized that increased small intestine length in conventionalized 
pigs is a compensatory response to the decreased absorptive capacity associated with 
decreased surface area (decreased villi length) and/or to direct competition with the 
microbiota for dietary nutrients. Shirkey et al. (2006) observed that in the proximal region of 
the small intestine, the relative weights for segments from conventional pigs tended to be 
higher than those from germ-free and monoassociated pigs. This is consistent with our 
study, as well as with the previous reports indicating that compared with germ-free 
animals, conventionally reared animals experience intestinal “thickening” associated 
primarily with increased lamina propria cellularity (Miniats & Valli, 1973) as well as 
thickening of the submucosa and muscular layers (Furuse & Okumura, 1994). On the  
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contrary, higher relative weight of the distal part of the intestine was reported in germ-free 
piglets (Shirkey et al., 2006). Similar results were obtained in our study which showed 
higher relative weight of the large intestine in gnotobiotic piglets inoculated with 
Enterococcus faecium in comparison with conventional piglets starting from the second week 
of age up to the weaning (day 28 of age). In addition to an intensive growth of the GI 
system, during the first month of life an intense rebuilding of the tissues takes place. The 
most intensive processes are observed in the epithelium of the small intestine (Zabielski et 
al., 2008). The weight of small intestinal mucosa doubles during the first postnatal day due 
to a complex of processes involving, accumulation of colostrum proteins in the enterocytes 
as a result of an open „gut barrier“, increase of local blood flow concurrently with 
a reduction in basal vascular resistance (Nankervis et al., 2001), and finally changes in 
epithelial cell turnover, namely, increased mitosis accompanied by the inhibition of 
apoptosis which result in a 2-fold increase in the mitosis/apoptosis ratio within the first 2 
postnatal days (Zabielski et al., 2008). The regulation of small intestine development 
(especially the tissue growth) is in a positive feed-back to colostrum and milk intake 
(Marion et al., 2003). Currently none artificial feeding system (milk, artificial milk formula, 
nor feeding with any other compositions like lactose, glucose solutions) could reproduce 
the developmental characteristics obtained with maternal colostrum feeding (Zabielski et 
al., 2008). Furthermore, high specificity of colostrum, especially concerning the 
composition of hormones and bioactive compounds prevents utilization of colostrum of 
other species as the replacement. In the study of Meslin et al. (1973), the overall mass of the 
small intestine in germ-free species was decreased, and its surface area was smaller, 
whereas the villi of the small intestine were unusually uniform in shape and appear 
slender, with crypts, which were shorter and less populated than in the respective 
conventional control animals. Our study showed that the jejunal part of the intestinal tract 
in gnotobiotic pigs was characterized up to 14 days of life by relatively short crypts, 
extremely long villi and narrow lamina propria containing few cells. Reduced crypt depth 
and increased villus length agree with the previous observations in germ-free pigs (Shirkey 
et al., 2006; Shurson et al., 1990). In the present study in gnotobiotic piglets villi were the 
longest in the jejunum and shortest in the duodenum and ileum, whereas crypt depth was 
shortest in the jejunum and deepest in the duodenum throughout the observation period. 
These morphological characteristics suggested that the rates of enterocyte proliferation and 
exfoliation were the highest in the proximal small intestine, as indicated by deep crypts 
and shorter villi, respectively, with rates decreasing distally along the small intestine 
(Hampson & Kidder, 1986). In agreement with our morphological findings, Miniats & Valli 
(1973) reported longer jejunal villi in germ-free pigs but did not measure villi in other 
regions. Shurson et al. (1990) reported that germ-free pigs had longer ileal and duodenal 
villi but shorter jejunal villi compared to their conventional counterparts. Similar results 
were obtained also in our study as the villi in the duodenum and ileum of gnotobiotic 
piglets were higher in comparison with conventional piglets throughout the experiment. 
The difference was significant at 3 hours after birth, on days 2 and 7 of age (p < 0.01) and 
day 14 of age (p < 0.05) in the duodenum and on days 14 and 21 in the ileum (p < 0.05). 
Shirkey et al. (2006) suggested that regional variation in morphology, especially in the 
proximal small intestine, is not entirely dependent on microbial colonization but is also 
influenced by such non-microbial factors as bile salts, pancreatic secretions, and 
compounds of dietary origin which would be expected to be in higher concentration and 
have more contact with mucosal surface in the duodenum.  
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The gastrointestinal tract goes through substantial structural and functional changes in the 
early postnatal period (Walthall et al., 2005). As the piglets grow, functional changes occur 
in the expression and kinetics (Fan et al., 2002) of brush border digestive enzymes. Each 
brush border enzyme shows a specific developmental pattern as the animal ages, which 
have been associated with the maturation of enterocytes (Walthall et al., 2005). Specifically, 
changing disaccharidasae activities have been used as an indicator of intestinal maturation. 
Measurable lactase levels were detected in bush border homogenates and membrane 
vesicles of the small intestine in the 7th week of pregnancy (Buddington & Malo, 1996). For 
comparison, activity of lactase in human foetuses was confirmed only later and only in the 
34th week of gravidity (Menard & Basque, 2001). Aumaitre & Corring (1978) measured 
lactase in small intestine homogenates from pig foetuses at 105th day of gravidity and 
observed that the total activity of lactase in the intestine amounted to only 10% of the 
activity determined at birth. It was stated that specific activities of lactase in homogenates or 
membrane vesicles of the small intestine brush border were high at birth and stayed at this 
level during the first 7-10 days of postnatal life (Torp et al., 1993). In suckling pigs, lactase 
activity was observed to undergo an initial marked decrease sometime during the second to 
fifth week of age which was followed by a period when it remained relatively constant or 
continued to decrease gradually up to 8 weeks of age (Kelly et al., 1991). In terms of enzyme 
distribution throughout the intestine, neonatal and 1-day old piglets show the highest 
specific lactase activity in the proximal part of the small intestine and the lowest in the distal 
part, but at the age of 6-10 days its distribution throughout the intestine was more regular 
(Buddington & Malo, 1996). The intestinal microbiota has been shown to affect brush border 
enzyme expression, as the intestine of a germ-free mouse has a different pattern of brush 
border enzymes than a conventional mouse (Kozakova et al., 2001). The mechanism by 
which bacteria induce changes in brush border enzyme activities or which bacteria are 
responsible has not been elucidated. According to (Willing & Kessel, 2009), 
conventionalization in pigs reduced enterocyte brush border enzyme activity compared 
with germ-free without a concomitant reduction in gene expression in the case of lactase 
phlorizin hydrolase. Because of the reduced villus height and increased enterocyte 
replacement rate observed in conventional as compared with germ-free animals (Furuse & 
Okumura, 1994), it has been postulated that the higher disaccharidase activity in the small 
intestine of germ-free as compared with conventional rats is because of an increased number 
of mature enterocytes (Willing & Kessel, 2009). These reports were confirmed by Reddy & 
Wostmann (1966) who observed that disaccharidase activity was higer in the small intestine 
of the germ-free as compared with conventional rats. However, in our study, contrary to 
previous studies, specific activities of lactase along the entire intestinal tract were higher in 
conventional piglets throughout the experiment. Kozakova et al. (2001) concluded that 
individual bacteria can stimulate a similar response, as monoassociation of gnotobiotic mice 
with Bifidobacteria bifidum induces a shift in enzyme activity to a pattern similar to that of a 
conventional mouse. Aumaitre & Corring (1978) reported that the intestinal tract of foetal 
(105th day of gravidity) and newborn piglets contained maltase but saccharase was present 
in one week old piglets. Similar observations for saccharase were presented by Buddington 
& Malo (1996). However, the studies by James et al. (1987) and Sangild et al. (1991) revealed 
low activities of saccharase and maltase in the small intestine of newborn piglets. Starting 
from 1 week of age specific activities of maltase and saccharase abruptly increased reaching 
maximum at the age of 10 - 16 days and sustained values at the age of approximately 3 
weeks (James et al., 1987; Sangild et al., 1991). Similar tendencies of specific activity of  
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contrary, higher relative weight of the distal part of the intestine was reported in germ-free 
piglets (Shirkey et al., 2006). Similar results were obtained in our study which showed 
higher relative weight of the large intestine in gnotobiotic piglets inoculated with 
Enterococcus faecium in comparison with conventional piglets starting from the second week 
of age up to the weaning (day 28 of age). In addition to an intensive growth of the GI 
system, during the first month of life an intense rebuilding of the tissues takes place. The 
most intensive processes are observed in the epithelium of the small intestine (Zabielski et 
al., 2008). The weight of small intestinal mucosa doubles during the first postnatal day due 
to a complex of processes involving, accumulation of colostrum proteins in the enterocytes 
as a result of an open „gut barrier“, increase of local blood flow concurrently with 
a reduction in basal vascular resistance (Nankervis et al., 2001), and finally changes in 
epithelial cell turnover, namely, increased mitosis accompanied by the inhibition of 
apoptosis which result in a 2-fold increase in the mitosis/apoptosis ratio within the first 2 
postnatal days (Zabielski et al., 2008). The regulation of small intestine development 
(especially the tissue growth) is in a positive feed-back to colostrum and milk intake 
(Marion et al., 2003). Currently none artificial feeding system (milk, artificial milk formula, 
nor feeding with any other compositions like lactose, glucose solutions) could reproduce 
the developmental characteristics obtained with maternal colostrum feeding (Zabielski et 
al., 2008). Furthermore, high specificity of colostrum, especially concerning the 
composition of hormones and bioactive compounds prevents utilization of colostrum of 
other species as the replacement. In the study of Meslin et al. (1973), the overall mass of the 
small intestine in germ-free species was decreased, and its surface area was smaller, 
whereas the villi of the small intestine were unusually uniform in shape and appear 
slender, with crypts, which were shorter and less populated than in the respective 
conventional control animals. Our study showed that the jejunal part of the intestinal tract 
in gnotobiotic pigs was characterized up to 14 days of life by relatively short crypts, 
extremely long villi and narrow lamina propria containing few cells. Reduced crypt depth 
and increased villus length agree with the previous observations in germ-free pigs (Shirkey 
et al., 2006; Shurson et al., 1990). In the present study in gnotobiotic piglets villi were the 
longest in the jejunum and shortest in the duodenum and ileum, whereas crypt depth was 
shortest in the jejunum and deepest in the duodenum throughout the observation period. 
These morphological characteristics suggested that the rates of enterocyte proliferation and 
exfoliation were the highest in the proximal small intestine, as indicated by deep crypts 
and shorter villi, respectively, with rates decreasing distally along the small intestine 
(Hampson & Kidder, 1986). In agreement with our morphological findings, Miniats & Valli 
(1973) reported longer jejunal villi in germ-free pigs but did not measure villi in other 
regions. Shurson et al. (1990) reported that germ-free pigs had longer ileal and duodenal 
villi but shorter jejunal villi compared to their conventional counterparts. Similar results 
were obtained also in our study as the villi in the duodenum and ileum of gnotobiotic 
piglets were higher in comparison with conventional piglets throughout the experiment. 
The difference was significant at 3 hours after birth, on days 2 and 7 of age (p < 0.01) and 
day 14 of age (p < 0.05) in the duodenum and on days 14 and 21 in the ileum (p < 0.05). 
Shirkey et al. (2006) suggested that regional variation in morphology, especially in the 
proximal small intestine, is not entirely dependent on microbial colonization but is also 
influenced by such non-microbial factors as bile salts, pancreatic secretions, and 
compounds of dietary origin which would be expected to be in higher concentration and 
have more contact with mucosal surface in the duodenum.  
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in the expression and kinetics (Fan et al., 2002) of brush border digestive enzymes. Each 
brush border enzyme shows a specific developmental pattern as the animal ages, which 
have been associated with the maturation of enterocytes (Walthall et al., 2005). Specifically, 
changing disaccharidasae activities have been used as an indicator of intestinal maturation. 
Measurable lactase levels were detected in bush border homogenates and membrane 
vesicles of the small intestine in the 7th week of pregnancy (Buddington & Malo, 1996). For 
comparison, activity of lactase in human foetuses was confirmed only later and only in the 
34th week of gravidity (Menard & Basque, 2001). Aumaitre & Corring (1978) measured 
lactase in small intestine homogenates from pig foetuses at 105th day of gravidity and 
observed that the total activity of lactase in the intestine amounted to only 10% of the 
activity determined at birth. It was stated that specific activities of lactase in homogenates or 
membrane vesicles of the small intestine brush border were high at birth and stayed at this 
level during the first 7-10 days of postnatal life (Torp et al., 1993). In suckling pigs, lactase 
activity was observed to undergo an initial marked decrease sometime during the second to 
fifth week of age which was followed by a period when it remained relatively constant or 
continued to decrease gradually up to 8 weeks of age (Kelly et al., 1991). In terms of enzyme 
distribution throughout the intestine, neonatal and 1-day old piglets show the highest 
specific lactase activity in the proximal part of the small intestine and the lowest in the distal 
part, but at the age of 6-10 days its distribution throughout the intestine was more regular 
(Buddington & Malo, 1996). The intestinal microbiota has been shown to affect brush border 
enzyme expression, as the intestine of a germ-free mouse has a different pattern of brush 
border enzymes than a conventional mouse (Kozakova et al., 2001). The mechanism by 
which bacteria induce changes in brush border enzyme activities or which bacteria are 
responsible has not been elucidated. According to (Willing & Kessel, 2009), 
conventionalization in pigs reduced enterocyte brush border enzyme activity compared 
with germ-free without a concomitant reduction in gene expression in the case of lactase 
phlorizin hydrolase. Because of the reduced villus height and increased enterocyte 
replacement rate observed in conventional as compared with germ-free animals (Furuse & 
Okumura, 1994), it has been postulated that the higher disaccharidase activity in the small 
intestine of germ-free as compared with conventional rats is because of an increased number 
of mature enterocytes (Willing & Kessel, 2009). These reports were confirmed by Reddy & 
Wostmann (1966) who observed that disaccharidase activity was higer in the small intestine 
of the germ-free as compared with conventional rats. However, in our study, contrary to 
previous studies, specific activities of lactase along the entire intestinal tract were higher in 
conventional piglets throughout the experiment. Kozakova et al. (2001) concluded that 
individual bacteria can stimulate a similar response, as monoassociation of gnotobiotic mice 
with Bifidobacteria bifidum induces a shift in enzyme activity to a pattern similar to that of a 
conventional mouse. Aumaitre & Corring (1978) reported that the intestinal tract of foetal 
(105th day of gravidity) and newborn piglets contained maltase but saccharase was present 
in one week old piglets. Similar observations for saccharase were presented by Buddington 
& Malo (1996). However, the studies by James et al. (1987) and Sangild et al. (1991) revealed 
low activities of saccharase and maltase in the small intestine of newborn piglets. Starting 
from 1 week of age specific activities of maltase and saccharase abruptly increased reaching 
maximum at the age of 10 - 16 days and sustained values at the age of approximately 3 
weeks (James et al., 1987; Sangild et al., 1991). Similar tendencies of specific activity of  
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maltase and saccharase were observed also in our study. When comparing the postnatal 
development of specific activities of enzymes maltase and saccharase in gnotobiotic and 
conventional piglets we observed a similar trend but higher activities of both enzymes in all 
segments of digestive tract of conventional piglets throughout the observation period. In 6 - 
7 days old piglets, the distribution of activities of saccharase and maltase was similar along 
the small intestine but the activities of both enzymes were higher in the proximal to medial 
parts of the jejunum compared to distal part of the small intestine (Aumaitre & Corring, 
1978; Buddington & Malo, 1996). In our study, saccharase activity distribution throughout 
the small intestine of gnotobiotic and conventional piglets was higher in the jejunum during 
the entire period of observation. Distribution of maltase along the small intestine changed 
depending on age, from predominant concentration of the activity in the proximal half of 
the small intestine at the age of 1-2 weeks (Aumaitre & Corring, 1978) through uniform 
distribution along the small intestine at the age of 2-3 weeks (Kelly et al., 1991) up to higher 
activity in the range of 10-15% along 80-90% of the intestine length at the age of 5 - 8 weeks 
(Hampson & Kidder, 1986). Similar distribution of maltase along the small intestine was 
observed also in our study in both gnotobiotic and conventional piglets. Transition from 
milk nutrition to definitive nutrition in children is accompanied with induction of maltase 
and decreasing activity of lactase as an adaptation of GIT to changes in nutrition with age 
(Menard & Basque, 2001). Other factors besides age which affect development of 
disaccharidases activities in the small intestine include: feed offered to piglets in the period 
of suckling (Hampson & Kidder, 1986), weaning to dry or liquid feed, growth factors, for 
example epidermal growth factor (James et al., 1987) and hormones, for example insulin 
(Shulman, 1990), corticosteroids (Kreikemeier et al., 1990), ACTH - adrenocorticotropin 
(Sangild et al.,1991). Willing & Kessel (2009) concluded that enterocyte upregulation of 
brush border enzyme expression occurs as either a direct response to microbial colonization 
or as a feedback mechanisms in response to reduced enzyme activity through microbial 
degradation. This mechanism may play a role in ensuring effective competition of the host 
with the intestinal microbiota for available nutrients. 

4.4 Effect of weaning on development of the small intestine of conventionally and 
gnotobiotic bred piglets 

Another critical phase in the gastrointestinal tract development of young animals is the 
weaning period. The weaning of piglets usually takes place between 3 and 4 week of life, 
when the majority of nutrients are ingested with milk. Weaning for farm animals occurs in 
an early age, when the gastrointestinal system motility, digestive and absorptive functions 
are not yet matured and prepared for food other than milk. In a wild boar, domestic pig 
ancestor, the offspring is weaned in much older age and change of the diet is gradual, 
therefore weaning disorders are nearly nonexistent. In intensive livestock production 
shorter suckling period benefits in increased number of piglets born per year, but at the 
negative side is an increased number of weaning disorders (Zabielski et al., 2008). Weaning 
is associated with mixing of piglets from different litters and sometimes also with the 
transport of animals from the place of birth to specialized nursery units. This results in 
profound social and environmental stress which is a caused also by the changes in the diet. 
The gastrointestinal tract has to adapt to the new type of feed, which leads to changes in 
myenteron motility, enzymes secretion and activity, and the composition of bacterial flora 
(Barszcz & Skomial, 2011). According to Lalles et al. (2007) weaning is a critical phase for  
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piglets, it is associated with a variable period of anorexia during the first days after weaning, 
the deterioration of the digestive function and accumulation of undigested feed as a result of 
inefficient digestion. During this period, piglets are more susceptible to suffer from post-
weaning diarrhoea with the proliferation and attachment to the intestinal mucosa of -
haemolytic strains of E. coli (Fairbrother et al., 2005). Nabuurs (1998) and Pluske et al. (1997) 
stated that predisposition to infections with eneterotoxigenic bacteria depends on a number of 
factors. Miller et al. (1986) concluded that the problems induced by weaning were caused 
rather by the changes in the structure of the intestines and specific loss of digestive enzymes 
than by any great changes in absorption function despite the fact that the data of Nabuurs et 
al. (1998) were contradictory. Nabuurs (1998) concluded that piglets suffering from post-
weaning diarrhoea excreted enterotoxigenic E. coli strains and rotavirus, and that these piglets 
developed a hyperregenerative villus atrophy, and subsequently a severe loss of net 
absorption of fluid and electrolytes in the small intestine. A simulated halving of the 
absorption in the large intestine of weaned piglets aggravates the adverse effects of an 
enterotoxigenic E. coli in the small intestine (Nabuurs, 1998). Franklin et al. (2002) recorded no 
post-weaning increase in E.coli in pigs weaned at 17 days of age, in agreement with the studies 
of Etheridge et al. (1984) and Mathew et al. (1998), but in contrast with others (Mathew et al., 
1996) who reported increase in E.coli populations after weaning. We have observed changes 
during the first week post-weaning in the jejunal part of the digestive tract of colostral piglets 
that pointed to a decrease in all observed groups of bacteria with the highest decrease by 1-1.8 
log for enterococci, E. coli and Enterobacteriaceae. Mathew et al. (1998) postulated the absence of 
an E.coli increase may be due to weaning pigs into a highly sanitized, environmentally 
controlled room with limited contact among pigs. Franklin et al. (2002) also observed E.coli 
populations to be lower in pigs remaining on the sow, as have other investigators (Etheridge et 
al., 1984; Mathew et al., 1996). Jensen (1998) reported that lactobacilli are inversely 
proportionate to coliform bacteria during 1 week post-weaning. This is also confirmed by the 
results of Risley et al. (1992), but however, has not been confirmed in our experiments. In the 
study by Franklin et al. (2002) faecal populations of lactobacilli and E.coli followed patterns 
typical of those observed in the more anterior portions of the gastrointestinal tract. However, 
faecal bifidobacteria populations increased post-weaning, possibly due to the decrease in 
lactobacilli and E.coli in the posterior gastrointestinal tract. The loss of direct competition may 
benefit other bacterial populations, including bifidobacteria. The infant´s microbiota initially 
shows low diversity and instability, but evolves into a more stable adult-type microbiota over 
the first 24 months of life (Zoetendal et al., 1998). Bifidobacterium populations are dominant in 
the first months of life, especially in breast-fed infants due to the bifinogenic effect of breast 
milk, while a more diverse microbiota is found in formula-fed infants, weaning children and 
adults (Gueimonde et al., 2006). In adults and weaned children the major constituents of the 
colonic microbiota are Bacteroides, followed by several genera belonging to the division 
Firmicutes, such as Eubacterium, Ruminococcus and Clostridium, and the genus Bifidobacterium. 
By contrast, in infants the genus Bifidobacterium is predominant and also a few genera from the 
family Enterobacteriaceae, as a Escherichia, Raoultella, and Klebsiella (Kurokawa et al., 2007). It is 
well know that weaning has a dramatic negative impact on the intestinal mucosal morphology 
of piglets. Significant post-weaning reduction in villus height has been observed by study 
(Berkeveld et al., 2007). In study of Hedemann et al. (2003) villus height decreased to 
a minimum during the first 3 days post-weaning and this is in accordance with the other 
studies showing that villous height is minimal 2-5 days post-weaning (Hampson & Kidder, 
1986; Kelly et al., 1991). In the jejunum and ileum of conventional piglets, investigated in our  



 
New Advances in the Basic and Clinical Gastroenterology 406 

maltase and saccharase were observed also in our study. When comparing the postnatal 
development of specific activities of enzymes maltase and saccharase in gnotobiotic and 
conventional piglets we observed a similar trend but higher activities of both enzymes in all 
segments of digestive tract of conventional piglets throughout the observation period. In 6 - 
7 days old piglets, the distribution of activities of saccharase and maltase was similar along 
the small intestine but the activities of both enzymes were higher in the proximal to medial 
parts of the jejunum compared to distal part of the small intestine (Aumaitre & Corring, 
1978; Buddington & Malo, 1996). In our study, saccharase activity distribution throughout 
the small intestine of gnotobiotic and conventional piglets was higher in the jejunum during 
the entire period of observation. Distribution of maltase along the small intestine changed 
depending on age, from predominant concentration of the activity in the proximal half of 
the small intestine at the age of 1-2 weeks (Aumaitre & Corring, 1978) through uniform 
distribution along the small intestine at the age of 2-3 weeks (Kelly et al., 1991) up to higher 
activity in the range of 10-15% along 80-90% of the intestine length at the age of 5 - 8 weeks 
(Hampson & Kidder, 1986). Similar distribution of maltase along the small intestine was 
observed also in our study in both gnotobiotic and conventional piglets. Transition from 
milk nutrition to definitive nutrition in children is accompanied with induction of maltase 
and decreasing activity of lactase as an adaptation of GIT to changes in nutrition with age 
(Menard & Basque, 2001). Other factors besides age which affect development of 
disaccharidases activities in the small intestine include: feed offered to piglets in the period 
of suckling (Hampson & Kidder, 1986), weaning to dry or liquid feed, growth factors, for 
example epidermal growth factor (James et al., 1987) and hormones, for example insulin 
(Shulman, 1990), corticosteroids (Kreikemeier et al., 1990), ACTH - adrenocorticotropin 
(Sangild et al.,1991). Willing & Kessel (2009) concluded that enterocyte upregulation of 
brush border enzyme expression occurs as either a direct response to microbial colonization 
or as a feedback mechanisms in response to reduced enzyme activity through microbial 
degradation. This mechanism may play a role in ensuring effective competition of the host 
with the intestinal microbiota for available nutrients. 

4.4 Effect of weaning on development of the small intestine of conventionally and 
gnotobiotic bred piglets 

Another critical phase in the gastrointestinal tract development of young animals is the 
weaning period. The weaning of piglets usually takes place between 3 and 4 week of life, 
when the majority of nutrients are ingested with milk. Weaning for farm animals occurs in 
an early age, when the gastrointestinal system motility, digestive and absorptive functions 
are not yet matured and prepared for food other than milk. In a wild boar, domestic pig 
ancestor, the offspring is weaned in much older age and change of the diet is gradual, 
therefore weaning disorders are nearly nonexistent. In intensive livestock production 
shorter suckling period benefits in increased number of piglets born per year, but at the 
negative side is an increased number of weaning disorders (Zabielski et al., 2008). Weaning 
is associated with mixing of piglets from different litters and sometimes also with the 
transport of animals from the place of birth to specialized nursery units. This results in 
profound social and environmental stress which is a caused also by the changes in the diet. 
The gastrointestinal tract has to adapt to the new type of feed, which leads to changes in 
myenteron motility, enzymes secretion and activity, and the composition of bacterial flora 
(Barszcz & Skomial, 2011). According to Lalles et al. (2007) weaning is a critical phase for  
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piglets, it is associated with a variable period of anorexia during the first days after weaning, 
the deterioration of the digestive function and accumulation of undigested feed as a result of 
inefficient digestion. During this period, piglets are more susceptible to suffer from post-
weaning diarrhoea with the proliferation and attachment to the intestinal mucosa of -
haemolytic strains of E. coli (Fairbrother et al., 2005). Nabuurs (1998) and Pluske et al. (1997) 
stated that predisposition to infections with eneterotoxigenic bacteria depends on a number of 
factors. Miller et al. (1986) concluded that the problems induced by weaning were caused 
rather by the changes in the structure of the intestines and specific loss of digestive enzymes 
than by any great changes in absorption function despite the fact that the data of Nabuurs et 
al. (1998) were contradictory. Nabuurs (1998) concluded that piglets suffering from post-
weaning diarrhoea excreted enterotoxigenic E. coli strains and rotavirus, and that these piglets 
developed a hyperregenerative villus atrophy, and subsequently a severe loss of net 
absorption of fluid and electrolytes in the small intestine. A simulated halving of the 
absorption in the large intestine of weaned piglets aggravates the adverse effects of an 
enterotoxigenic E. coli in the small intestine (Nabuurs, 1998). Franklin et al. (2002) recorded no 
post-weaning increase in E.coli in pigs weaned at 17 days of age, in agreement with the studies 
of Etheridge et al. (1984) and Mathew et al. (1998), but in contrast with others (Mathew et al., 
1996) who reported increase in E.coli populations after weaning. We have observed changes 
during the first week post-weaning in the jejunal part of the digestive tract of colostral piglets 
that pointed to a decrease in all observed groups of bacteria with the highest decrease by 1-1.8 
log for enterococci, E. coli and Enterobacteriaceae. Mathew et al. (1998) postulated the absence of 
an E.coli increase may be due to weaning pigs into a highly sanitized, environmentally 
controlled room with limited contact among pigs. Franklin et al. (2002) also observed E.coli 
populations to be lower in pigs remaining on the sow, as have other investigators (Etheridge et 
al., 1984; Mathew et al., 1996). Jensen (1998) reported that lactobacilli are inversely 
proportionate to coliform bacteria during 1 week post-weaning. This is also confirmed by the 
results of Risley et al. (1992), but however, has not been confirmed in our experiments. In the 
study by Franklin et al. (2002) faecal populations of lactobacilli and E.coli followed patterns 
typical of those observed in the more anterior portions of the gastrointestinal tract. However, 
faecal bifidobacteria populations increased post-weaning, possibly due to the decrease in 
lactobacilli and E.coli in the posterior gastrointestinal tract. The loss of direct competition may 
benefit other bacterial populations, including bifidobacteria. The infant´s microbiota initially 
shows low diversity and instability, but evolves into a more stable adult-type microbiota over 
the first 24 months of life (Zoetendal et al., 1998). Bifidobacterium populations are dominant in 
the first months of life, especially in breast-fed infants due to the bifinogenic effect of breast 
milk, while a more diverse microbiota is found in formula-fed infants, weaning children and 
adults (Gueimonde et al., 2006). In adults and weaned children the major constituents of the 
colonic microbiota are Bacteroides, followed by several genera belonging to the division 
Firmicutes, such as Eubacterium, Ruminococcus and Clostridium, and the genus Bifidobacterium. 
By contrast, in infants the genus Bifidobacterium is predominant and also a few genera from the 
family Enterobacteriaceae, as a Escherichia, Raoultella, and Klebsiella (Kurokawa et al., 2007). It is 
well know that weaning has a dramatic negative impact on the intestinal mucosal morphology 
of piglets. Significant post-weaning reduction in villus height has been observed by study 
(Berkeveld et al., 2007). In study of Hedemann et al. (2003) villus height decreased to 
a minimum during the first 3 days post-weaning and this is in accordance with the other 
studies showing that villous height is minimal 2-5 days post-weaning (Hampson & Kidder, 
1986; Kelly et al., 1991). In the jejunum and ileum of conventional piglets, investigated in our  
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study, we observed a post-weaning decrease in the height of villi significant on day 35 of age 
in the jejunum (p < 0.01). Elongation of the crypts post-weaning has been observed in several 
studies (Hampson & Kidder, 1986; Hedemann et al., 2003) and was confirmed in the present 
experiment. In our study, in the first week after weaning, conventional piglets showed 
significant deepening of crypts in duodenal (p < 0.001), jejunal (p < 0.01) and ileal (p < 0.05) 
segments. Villous atrophy may result both from increased rate of cell loss leading to higher 
rate of mitosis in crypts and their hyperplasia and from slower rate of cell renewal resulting 
from the reduction of cell division, i.e. in case of underfeeding. During the time of weaning 
villous shape also undergoes modifications. The marked and abrupt morphological response 
to weaning in the small intestine, characterized by transformation from a dense finger-like villi 
population to a smooth, compact, tongue-shaped luminal villi was observed in previous study 
(Skrzypek et al., 2005) and in the present study. The morphological changes observed in the 
small intestine around weaning are closely related to changes in the mucosal enzyme activity 
observed at the same time. When shortening of the villi is associated with cell loss, loss of 
mature enterocytes where digestive enzymes are located also occurs. The disaccharidases have 
been the most commonly investigated mucosal enzymes in relation to weaning of piglets 
(Kelly et al., 1991). Morphological changes in the small intestine of piglets after weaning are 
accompanied by smaller activity of brush border enzymes, lactase and sucrase (Pacha, 2000). 
In our study we registered that of lactase activity of gnotobiotic piglets decreased in the weeks 
4 (p < 0.001) and 5 (p < 0.001) to levels similar to those noticed at birth. Similarly, we recorded 
a post-weaning decrease in lactase specific activity also in conventional piglets. The results of 
these studies have been used to interpret the digestive and absorptive capacity of the small 
intestine as well as the maturity of the enterocytes. 

5. Conclusion 
Gnotobiotic animals are a very useful model in studying the physiology of the digestive 
tract. The gnotobiotic model allowed us to carry out systematic examination of the effect of a 
defined microbial population on postnatal intestinal development. We characterized 
regional variations in morphological and functional responses of the small intestine. We also 
identified that morphological and functional responses were affected differently by 
respective bacterial species, supporting the assumption that postnatal bacterial colonization 
patterns play an important role in neonatal intestinal development. Very good application 
of gnotobiotic animals is anticipated in the field of study of mutual interaction of natural 
microflora and pathogens in the digestive tract, mechanisms of probiotic effects of micro-
organisms. We can conclude that the development of the intestinal mucosa membrane is in 
direct junction to breeding conditions. In connection with postnatal differentiation and the 
development of the small intestine in piglets, currently there is increasingly high interest in 
the explanation of the important role that can be played by colostrum and by milk 
containing growth factors, hormones and other bio-active compounds. It is likely that 
removal of milk will have a profound influence upon the processes regulating the growth of 
cells in the small intestine, their differentiation and function. 
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study, we observed a post-weaning decrease in the height of villi significant on day 35 of age 
in the jejunum (p < 0.01). Elongation of the crypts post-weaning has been observed in several 
studies (Hampson & Kidder, 1986; Hedemann et al., 2003) and was confirmed in the present 
experiment. In our study, in the first week after weaning, conventional piglets showed 
significant deepening of crypts in duodenal (p < 0.001), jejunal (p < 0.01) and ileal (p < 0.05) 
segments. Villous atrophy may result both from increased rate of cell loss leading to higher 
rate of mitosis in crypts and their hyperplasia and from slower rate of cell renewal resulting 
from the reduction of cell division, i.e. in case of underfeeding. During the time of weaning 
villous shape also undergoes modifications. The marked and abrupt morphological response 
to weaning in the small intestine, characterized by transformation from a dense finger-like villi 
population to a smooth, compact, tongue-shaped luminal villi was observed in previous study 
(Skrzypek et al., 2005) and in the present study. The morphological changes observed in the 
small intestine around weaning are closely related to changes in the mucosal enzyme activity 
observed at the same time. When shortening of the villi is associated with cell loss, loss of 
mature enterocytes where digestive enzymes are located also occurs. The disaccharidases have 
been the most commonly investigated mucosal enzymes in relation to weaning of piglets 
(Kelly et al., 1991). Morphological changes in the small intestine of piglets after weaning are 
accompanied by smaller activity of brush border enzymes, lactase and sucrase (Pacha, 2000). 
In our study we registered that of lactase activity of gnotobiotic piglets decreased in the weeks 
4 (p < 0.001) and 5 (p < 0.001) to levels similar to those noticed at birth. Similarly, we recorded 
a post-weaning decrease in lactase specific activity also in conventional piglets. The results of 
these studies have been used to interpret the digestive and absorptive capacity of the small 
intestine as well as the maturity of the enterocytes. 

5. Conclusion 
Gnotobiotic animals are a very useful model in studying the physiology of the digestive 
tract. The gnotobiotic model allowed us to carry out systematic examination of the effect of a 
defined microbial population on postnatal intestinal development. We characterized 
regional variations in morphological and functional responses of the small intestine. We also 
identified that morphological and functional responses were affected differently by 
respective bacterial species, supporting the assumption that postnatal bacterial colonization 
patterns play an important role in neonatal intestinal development. Very good application 
of gnotobiotic animals is anticipated in the field of study of mutual interaction of natural 
microflora and pathogens in the digestive tract, mechanisms of probiotic effects of micro-
organisms. We can conclude that the development of the intestinal mucosa membrane is in 
direct junction to breeding conditions. In connection with postnatal differentiation and the 
development of the small intestine in piglets, currently there is increasingly high interest in 
the explanation of the important role that can be played by colostrum and by milk 
containing growth factors, hormones and other bio-active compounds. It is likely that 
removal of milk will have a profound influence upon the processes regulating the growth of 
cells in the small intestine, their differentiation and function. 
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1. Introduction 
Superior mesenteric artery syndrome (SMAS) mostly occurs in adolescent or young adults 
and is a rare disorder. The syndrome was first described by the Von Rokitansky in 1842 and 
since then about 400 cases has been reported in literature but SMAS is not well recognised 
and often diagnosed late till the patients are far advanced with their symptoms (Geer 1990, 
Raissi et al1996). In general population the incidence with the help of upper gastrointestinal 
barium studies were reported to be around 0.013-0.3 %(Ylinen et al 1989). However after the 
scoliosis surgery the prevalence was reported to be in range of 0.5-4.7 %( Tsirikos, Jeans 
2005). Geer (1990) reported that 75% of the cases occurred in patients aged between 10-30 
years. In a large series of 75 patients it was reported that two third of the cases were women 
and one third men and the average age was around 40 years (Wilkie 1927). The morbidity 
caused by this syndrome and the difficulty in diagnosing it prompted this review, and at the 
same time it will also act as a fresh reminder for the clinicians.  

2. Anatomy and pathology 
The superior mesenteric artery (SMA) originates behind the neck of the pancreas at the level of 
the first lumbar vertebra and leaves the aorta at an acute angle. It forms an angle of 
approximately 45° with the abdominal aorta. The third part duodenum crosses caudal to the 
origin of superior mesenteric artery (SMA), coursing between SMA and aorta just inferior to the 
left renal vein from right to left (Fig 1). Any factor that sharply narrows the aortomesenteric 
angle from approximately 45º (range between 38-56°) to 6-25° will thus reduce the 
aortomesenteric distance to about 2-8mm (Hines et al 1984, Neri et al 2005). The mean 
radiographic aortomesenteric distance is 10–28 mm (Neri et al 2005).This can cause entrapment 
and compression of the third part of duodenum. Thus conditions such as loss of mesenteric and 
retroperitoneal fat and subsequent decrease of the aortomesenteric distance can cause SMAS. 

3. Causes 
- In elderly patients heavily calcified or tortuous aorta can cause SMAS. 
- Other causes reducing the aortomesenteric angle are: 
- Severe cachexia or catabolic states such as weight loss due to neoplasia, anorexia nervosa  
- Severe head injuries or prolonged bed rest or severe burns 
- Bariatric surgery or Nissan fundoplication, spinal scoliosis surgery 
- Spinal deformities or trauma 
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Fig. 1. Left, the normal angle between the superior mesenteric artery (SMA) and the aorta is 
25 to 60 degrees. Right, in SMA syndrome, the SMA-aortic angle is more acute, and the 
duodenum is compressed between the aorta and the SMA (Reproduced with permission 
from Pasumarthy et al (2010) Cleveland Clinic Journal of Medicine. 77:45-50) 

- Anatomic or congenital anomalies as high insertion of the ligament of Treitz, Intestinal 
malrotation, peritoneal adhesions and low origin of the superior mesenteric artery 

4. Symptoms and signs 
The most common symptom in these patients is intermittent abdominal pain and copious 
vomiting. The abdominal pain can be postprandial and the nausea, vomiting can lead to 
anorexia and weight loss. Early satiety, eructations, and at times sub-acute small bowel 
obstruction can develop. The symptoms are relieved when patient lies in left lateral 
decubitus, prone or knee-to-chest position (Geer 1990, Wilkie 1927, Raissi et al 1996). They 
are often aggravated by in an asthenic patient in supine position. Examination of the 
abdomen may reveal a succussion splash. Peptic ulcer disease is found in 25-45% of the 
patients and hyperchlohydria in 50 %( Geer 1990, Ylinen et al 1989). Dilated duodenum and 
stomach could predispose a patient to aspiration pneumonia and acute gastric rupture. 

5. Diagnosis 
To diagnose a patient with SMAS traditionally barium meal studies with hypotonic 
duodenography is being used. A positive diagnosis will include duodenal dilatation, 
retention of barium with in duodenum, the classical vertical linear impression caused by 
extrinsic pressure in the third part of duodenum and frequent relief of obstruction in left 
lateral or decubitus position (Tsirikos , Jeans 2005, Raissi et al 1996). In the past angiographic 
measurement of the aortomesenteric angle was thought to be a gold standard. An 
aortomesenteric angle of < 22–25° and a distance of <8 mm correlated well with symptoms 
of SMAS (Hines et al 1984). Because of its invasive nature, Computed tomography (CT) scan 
or CT angiogram/MR angiogram have taken over as a gold standard (Tsirikos , Jeans 2005, 
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Lee, Mangla 1978). CT or CT angiogram is also superior to ultrasound because it can 
measure the reduced aortomesenteric angle and show the gastric and duodenal dilatation at 
the same time. CT scan will also be helpful in finding the cause of SMAS e.g high insertion 
of ligament of Trietz or a neoplasia in that region. Upper gastrointestinal endoscopy is 
essential to rule out mechanical outlet obstruction of stomach or an ulcer (Ylinen et al 1989, 
Raissi et al 1996). 

6. Treatment 
If there is a neoplasm causing SMAS, anatomic or congenital abnormality then the treatment is 
surgical, otherwise this condition is treated conservatively. Patients are fed frequent small 
meals orally or if it is not possible then through enteral jejunal tube. After feeding the patient, 
he/she should be placed in either prone or lateral decubitus position. If patient cannot tolerate 
tube feeding because of excessive vomiting then he/she needs to be fed parentally. Both ways 
of feeding have shown to be effective (Barnes, Lee 1996).This conservative treatment should 
aim to correct the fluid and electrolyte balance and increase the body weight in an attempt to 
increase the retroperitoneal fat so that the aortomesenteric angle is corrected.  

Surgical treatment is indicated if conservative treatment fails or if there is severe progressive 
weight loss, pronounced duodenal dilatation with stasis and complicating peptic ulcer 
disease. Several surgical procedures have been tried and tested in the management of 
SMAS. Gastrojejunostomy, dudenojejunostomy, Strong’s operation (duodenal mobilisation 
for lowering the duodenojejunal flexure) have been performed to treat this condition. 
Gastrojejunostomy and lysis of the ligament of Treitz provided adequate decompression of 
the stomach but was not helpful in overcoming the duodenal obstruction and at times 
leading to blind loop syndrome with reflux of bile necessitating duodenojejunostomy (Lee, 
Mangla 1978). A review of 146 cases showed that duodenojejunostomy was the treatment of 
the choice (Lee, Mangla 1978) and success rate was 90 %(Raissi et al 1996). Recently 
laparoscopic dudenojejunostomy has become treatment of choice. Massoud (1995) reported 
his experience of laparoscopic division of the ligament of Treitz in 4 cases. It was successful 
in 3 cases. Gerson and Heniford (1998) reported first laparoscopic duodenojejunostomy and 
then further cases were reported in the literature (Richardson, Surowiec 2001). Minimally 
invasive surgery with less operative time, quick post operative recovery and relief of the 
symptoms were the advantages over traditional duodenojejunostomy.  

7. Conclusion 
SMAS is a rare disorder and is under-diagnosed in our practice of medicine. It should be 
ruled out in the patients with postprandial abdominal pain, vomiting and weight loss. It is 
caused by compression of the third part of duodenum by the narrowed aortomesenteric 
angle. There are different predisposing factors but severe weight loss and cachexia, spinal 
deformities and congenital anomalies are some of them. SMAS is treated initially 
conservatively but laparoscopic duodenojejunostomy has high success rate as well. 

8. References 
Barnes JB, Lee M (1996) Superior mesenteric artery syndrome in an intravenous drug abuser 

after rapid weight loss. South Med J. 89: 331–334.  
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1. Introduction 
Lymphoma of mucosa-associated lymphoid tissue (MALT lymphoma) was first described 
by Isaacson et al. in 1983 (Isaacson & Wright, 1984). According to the WHO lymphoma 
classification, the indolent B cell lymphoma of MALT type is classified as a marginal zone 
lymphoma, thus called because it originates from the B lymphocytes normally present in a 
distinct anatomical location (marginal zone) of the secondary lymphoid follicles (Harris et 
al., 2001). MALT lymphomas comprise up to 40% of adult non-Hodgkin lymphomas (NHL); 
the median age at occurrence is 60 years, with a female predominance (Anonymous, 1997). 
In paediatric age MALT lymphomas are very rare. We report on a case of MALT lymphoma 
involving the appendix in a 6-year-old immunocompetent girl and its evolution toward an 
inflammatory bowel disease (IBD) at a middle-term follow-up.  

2. Case report 
P.A., a 6-year-old girl,  was referred to our institution in May 2005 with a diagnosis of 
appendicitis. The girl had been complaining of right lower abdominal pain for 6 months. 
More recently, the pain was exacerbated by walking and coughing. Abdominal ultrasound 
showed a slight effusion of the pelvic fossa. Her postnatal history showed some period of 
constipation spaced by regular daily evacuations. Blood examinations showed neutrophil 
leucocytosis. The patient underwent laparoscopic appendectomy using the three-trocar 
technique, three endo-loops and the Liga-Sure for the hemostasis. During the laparoscopic 
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1. Introduction 
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the median age at occurrence is 60 years, with a female predominance (Anonymous, 1997). 
In paediatric age MALT lymphomas are very rare. We report on a case of MALT lymphoma 
involving the appendix in a 6-year-old immunocompetent girl and its evolution toward an 
inflammatory bowel disease (IBD) at a middle-term follow-up.  

2. Case report 
P.A., a 6-year-old girl,  was referred to our institution in May 2005 with a diagnosis of 
appendicitis. The girl had been complaining of right lower abdominal pain for 6 months. 
More recently, the pain was exacerbated by walking and coughing. Abdominal ultrasound 
showed a slight effusion of the pelvic fossa. Her postnatal history showed some period of 
constipation spaced by regular daily evacuations. Blood examinations showed neutrophil 
leucocytosis. The patient underwent laparoscopic appendectomy using the three-trocar 
technique, three endo-loops and the Liga-Sure for the hemostasis. During the laparoscopic 
exploration no hyperplastic mesenteric lymphnode was found. The appendix appeared 
moderately hyperemic with a slight enlargement of two-thirds of its distal portion (Fig. 1).  

The postoperative course was uneventful and the girl was discharged on day 1, without any 
complications. The appendix underwent a routine histological examination. The 
morphological appearance showed thickened lamina propria and submucosa, which were 
occupied by pseudonodules of immunocompetent cells (Fig. 2), characterized by 
lymphocytes with small nuclei with a narrow cytoplasmic rim and plasma cell (Fig. 3). 
Immunohistochemical studies revealed positivity for CD20 (CD20, pan B cell), and  
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Fig. 1.  

 
Fig. 2. Hematoxylin–eosin staining. The wall of appendix is thickened, and occupied by a 
compact nodular formation. The serous and muscular tunic appear thin.  
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Fig. 3. Hematoxylin–eosin staining. Hyperdense lymphocytic population with small nuclei 
and narrow cytoplasmic rim and some plasmacytoid and monocytoid elements with great 
and hyperchromatic nuclei. 

negativity for CD5 (CD5, Pan T cell, and B cell subsets) and CD10 using monoclonal 
antibodies, and positivity for anti-k (immunoglobulin light chain) using polyclonal 
antibodies, in addition to a low positivity to Ki-67 (proliferation-associated marker). 
Extensive further examination revealed that the lymphoma was restricted to the distal 
portion of the appendix (stage IA) and was not associated with any specific infection. 

Abdominal MRI, OGDS,  and capsule endoscopy of the ileum were all negative; the search 
for H. pylori was also negative. No chemotherapy was performed. After a 15-months follow-
up, the patient was doing well (Marte et al., 2008). Calprotectin and clinical evaluation were 
repeated yearly showing no problem and the patient was asymptomatic. 3 year after, the 
yearly follow-up showed a slight increase of fecal calprotectin values (40µg/g) with 
recurrent abdominal pain and occasional episodes of diarrhea. The girl underwent a new 
clinical evaluation, small bowel radiological contrast study, videocapsule, OGDS, and 
colonoscopic examination. No fever or weight loss was present; erythrocyte sedimentation 
rate, C-reactive protein level were slightly higher. Perinuclear antineutrophil cytoplasmatic 
antibodies (pANCA) and Anti-Saccharomyces cerevisiae (ASCA) antibodies are not 
increased too. 

The small bowel x-ray contrast, OGDS and videocapsule study demonstrated no 
abnormalities. Colon biopsies revealed a mild nonspecific IBD extending  till 90 cm from the 
anal verge. (Fig.4,5,6,7)  
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Fig. 4. Colonoscopy. Rectum and sigmoid colon: mucosal redness, nonspecific inflammatory 
pattern. 

 
Fig. 5. Colonoscopy. Rectum and sigmoid colon: mucosal redness, nonspecific inflammatory 
pattern. 
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Fig. 6. Absent mucosal surface epithelium with focal reduction of the glands. The lamina 
propria is edematous, site of microbleeds and is infiltrated by elements of 
immunocompetent and heaps of eosinophils. (20 X). 90 cm from the anal verge. 
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Fig. 7. Rectum (20X): 2 small erosions of the mucosa, glandular patrimony preserved, but 
low in mucus cells. The lamina propria is diffusely infiltrated by immunocompetent cells 
(lymphocytes and plasma cells).  
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Fig. 8. Recto-sigmoid junction (10X). Mucosal home-based micro-inflammatory polyps. The 
glandular portion is moderately reduced. The lamina propria is edematous and infiltrated 
by immunocompetent elements.  
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Fig. 9. Mucosal lymphocytes  nodule. Glands, well structured, present a reduction of mucus 
cells. The lamina propria is infiltrated by immunocompetent elements. (20x). 15 cm from the 
anal verge. 

A 6 weeks cycle of Mesalazine (5ASA), 2gr/day was administered to the patient obtaining 
the induction of remission and then repeated every 2 months for the prevention of 
recurrences. At present the patient is doing well and a strict clinical serologic follow-up with 
calprotectin, P-Anca and ASCA is scheduled every 6 months and, yearly, colonoscopy. 

3. Discussion 
Current knowledge of MALT lymphoma is largely based upon studies in adults. MALT 
lymphoma is rare in children; the available evidence consists mostly of isolated case reports, 
except for one series of ten cases (Corr et al., 1997), and another including a total of 48 cases 
(children and young adults) (Taddesse-Heath et al., 1997) and a pediatric NHL trial 
recruiting children and adolescents from Germany, Austria and Switzerland (Kaatsch et al., 
2004). MALT often develops within the context of a pre-existing inflammatory response due 
to infection or to autoimmune disorder. Many studies show the relationship between H. 
pylori infection and gastric MALT lymphoma (Isaacson & Whright, 1984; Kurugoglu et al., 
2002); some authors have reported a regression of MALT lymphoma in parotid gland 
(Alkan et al., 1996), lip gland (Berrebi et al., 1998), small intestine (Fischbach et al., 1997) and 
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rectum (Matsudo et al., 1997) following H. pylori eradication. Other risk factors for MALT 
lymphoma include autoimmune diseases like Hashimoto thyroiditis or Sjogren syndrome, 
and Borrelia burgdorferi for skin lymphoma. A further prerequisite for the development of 
MALT lymphoma in children may be the presence of HIV infection (Teruya-Feldestein et al., 
1995; Mo et al., 2004). In some patients no risk factors can be identified. The most common 
sites are the stomach and salivary glands. Others sites are: ocular adnexa, the lungs, thyroid 
and the skin (Zucca et al., 2000). Some retrospective analyses of histopathological results of 
appendectomy specimens performed for acute appendicitis in a large sample of patients, 
including children, report a prevalence of appendiceal malignant tumors ranging from 0.4 
(Tchana et al., 2006) to 1.5% (Ravi et al., 2006). Among the malignant tumors, carcinoids 
have the highest incidence (Tchana et al., 2006; Ravi et al., 2006) and 70–90% of these tumors 
are discovered incidentally because they are usually restricted to the distal appendix 
(Akerstrom, 1989; Aranha & Greenle, 1980). From a review of the literature we found only 
one case of appendix lymphoma in paediatric age presenting with intussusception 
symptoms (Karabulut et al., 2005). Our report probably represents the first case of MALT 
lymphoma of the appendix found accidentally in a child during an appendectomy. MALT 
lymphomas manifest with aspecific symptoms. In our case, the clinical presentation was 
characterized by recurrent abdominal pain, and the only element of suspicion was the 
enlargement of the distal portion of the appendix. The subsequent evolution to a mild form 
of IBD could be considered as an evolution of the appendiceal malt-limphoma for which the 
phenomenon should be considered a prodromal presentation of a more extensive bowel  
disease which require a close follow-up and specific therapy (Aomatsu et al., 2011). 
Otherwise we can’t exclude that the subsequent IBD could be an autonomous, subsequent 
disease considered that, also in this case, there are no data in the Literature. Furthermore, 
given the previous appendiceal malt-lymphoma, the efficacy of mesalazine alone, without 
the use of immunosuppressive drugs, can be considered a very favorable factor in our case. 
In conclusion, even if the occurrence of malignant appendiceal pathology in children is rare 
(Setty & Termuhlen, 2010), the probability that it is asymptomatic is very high. According to 
our experience, our case suggests that histological examination should always be performed 
following appendectomy in children and that if a MALT lymphoma were discovered, a 
close follow-up is strongly recommended, not only for the MALT lymphoma recurrence but 
also for its possible evolution towards an inflammatory bowel disease.  
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1. Introduction 
Chronic pancreatitis (CP) has been defined as a continuing inflammatory disease of the 
pancreas characterized by irreversible morphological changes, often associated with pain 
and with the loss of exocrine and endocrine function which may be clinically relevant (Clain 
JE Surg Clin North Am 1999). Pain is the principal cause of intractability and together with 
pancreatic insufficiency may have a significantly deleterious effect on a patient’s quality of 
life as well as their ability to work and contribute to society, often leading to loss of their’ 
social support network (Lankisch PG Digestion 1993). Progressive disease may culminate in 
severe and disabling symptoms requiring narcotic analgesia and frequent hospital 
admission with a consequent impact on health resources (Bornman PC W J Surg 2003; 
Braganza JM The Lancet 2011). The incidence and prevalence of disease has not been well 
documented however it is considered uncommon in Europe and the USA. This is in contrast 
to data available from South India where a prevalence of 114-200/100 000 people has been 
documented. Alcohol is the leading cause in western developed countries and some 
developing countries such as Brazil, Mexico and South Africa while idiopathic disease 
predominates in Asia and the subcontinent (Braganza JM The Lancet 2011; Garg PK J 
Gastroenterol Hepatol 2004).  

Despite extensive study, the pathogenesis of chronic pancreatitis and the mechanisms 
which result in the development of pain remain poorly understood. As a result, treatment 
strategies have been largely empirical and based on symptoms, management of clinically 
evident exocrine and endocrine dysfunction and gross morphological abnormalities. 
Modalities employed have included medical support (with analgesics, anti-diabetic 
medication, pancreatic enzyme replacement, nutrient support and steroids in 
autoimmune disease), interventional endoscopy and surgery. The role of surgery has been 
primarily to relieve pain refractory to medical therapy, to address complications and to 
resect suspected or confirmed neoplastic disease (Bornman PC S Afr Med J 2010). The 
causes of pain in CP are likely multifactorial and proposed factors include excessive 
oxygen-derived free radicals, tissue hypoxia and acidosis, inflammatory infiltration 
accompanied by an influx of pain transmitted substances into damaged nerve ends and 
the development of pancreatic ductal and tissue fluid hypertension (Bornman PC W J 
Surg 2003). Surgical intervention for the relief of pain focuses primarily on the latter two 
proposed mechanisms. Two distinct principles have been applied in the development of 
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1. Introduction 
Chronic pancreatitis (CP) has been defined as a continuing inflammatory disease of the 
pancreas characterized by irreversible morphological changes, often associated with pain 
and with the loss of exocrine and endocrine function which may be clinically relevant (Clain 
JE Surg Clin North Am 1999). Pain is the principal cause of intractability and together with 
pancreatic insufficiency may have a significantly deleterious effect on a patient’s quality of 
life as well as their ability to work and contribute to society, often leading to loss of their’ 
social support network (Lankisch PG Digestion 1993). Progressive disease may culminate in 
severe and disabling symptoms requiring narcotic analgesia and frequent hospital 
admission with a consequent impact on health resources (Bornman PC W J Surg 2003; 
Braganza JM The Lancet 2011). The incidence and prevalence of disease has not been well 
documented however it is considered uncommon in Europe and the USA. This is in contrast 
to data available from South India where a prevalence of 114-200/100 000 people has been 
documented. Alcohol is the leading cause in western developed countries and some 
developing countries such as Brazil, Mexico and South Africa while idiopathic disease 
predominates in Asia and the subcontinent (Braganza JM The Lancet 2011; Garg PK J 
Gastroenterol Hepatol 2004).  

Despite extensive study, the pathogenesis of chronic pancreatitis and the mechanisms 
which result in the development of pain remain poorly understood. As a result, treatment 
strategies have been largely empirical and based on symptoms, management of clinically 
evident exocrine and endocrine dysfunction and gross morphological abnormalities. 
Modalities employed have included medical support (with analgesics, anti-diabetic 
medication, pancreatic enzyme replacement, nutrient support and steroids in 
autoimmune disease), interventional endoscopy and surgery. The role of surgery has been 
primarily to relieve pain refractory to medical therapy, to address complications and to 
resect suspected or confirmed neoplastic disease (Bornman PC S Afr Med J 2010). The 
causes of pain in CP are likely multifactorial and proposed factors include excessive 
oxygen-derived free radicals, tissue hypoxia and acidosis, inflammatory infiltration 
accompanied by an influx of pain transmitted substances into damaged nerve ends and 
the development of pancreatic ductal and tissue fluid hypertension (Bornman PC W J 
Surg 2003). Surgical intervention for the relief of pain focuses primarily on the latter two 
proposed mechanisms. Two distinct principles have been applied in the development of 
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procedures to address these mechanisms. Resection of diseased pancreatic tissue, in 
particular inflamed tissue within the head of the pancreas containing altered neural tissue 
and diseased ducts, considered the “pacemaker of disease” (Beger HG World J Surg 1990) 
and drainage of the pancreatic ductal system, in order to relieve ductal and parenchymal 
tissue hypertension. Removal of sufficient pancreatic tissue as to result in effective and 
durable relief of symptoms must however be balanced against the desire to avoid 
surgically related morbidity and mortality as well as to prevent post-operative pancreatic 
functional insufficiency. This has led to the development of less extensive resections and 
hybrid procedures which attempt to combine the advantages while avoiding the 
disadvantages of each approach. 

This chapter will describe the theories around the pathophysiology of pain in chronic 
pancreatitis, discuss the rationale and indications for surgical intervention and detail the 
procedures currently available. It will also review the literature guiding the choice of these 
procedures for the relief of pain.  

2. Pathophysiology of pain in chronic pancreatitis 
The pathophysiology of CP is complex and remains poorly understood, with a number of 
theories having been put forward. Together with this, understanding of the mechanisms 
leading to the development of pain has also remained largely theoretical, confounded to a 
large extent by small and to some degree poorly designed studies, which have at times been 
contradictory. Furthermore, it is likely that the cause of pain is multi-factorial and may vary 
during the course of the disease (Bornman PC W J Surg 2003). To date, the most 
predominant theories regarding genesis of pain in CP have included: 

2.1 Morphological pancreatic ductal changes resulting in obstruction and pancreatic 
ductal and tissue hypertension 

In large duct chronic pancreatitis, changes in the composition of pancreatic fluid occur 
including an increase in free oxygen radicals and secretion of enzymes and calcium but a 
concomitant decrease in serine protease inhibitor Kazal type 1 (SPINK1), bicarbonate and 
citrate. (Sarles H Dig Dis Sci 1986). These changes are followed by precipitation of proteins 
such as lactoferrin and altered levels of pancreas related secretory stress proteins (including 
pancreatitis associated protein and pancreatic stone protein) (Singh SM W J Surg 1990; Graf 
R J Surg Res 2006). Glycoprotein plugs are formed which later become calcified leading to 
calcific disease with associated parenchymal fibrosis. Calcified protein plugs or calculi 
damage the ductal epithelium further and contribute to stasis thereby facilitating further 
stone formation. These changes are believed to begin in the side ducts but progress to 
involve the main pancreatic duct (PD) with the development of pancreatic duct strictures 
and obstruction (PDSO) as a consequence of fibrosis or calculi. Ductal hypertension follows 
with associated dilatation (Nagata A Gatroenteology 1981). Together with ductal 
hypertension, pancreatic tissue pressure may become elevated, particularly in areas of 
calcification (Okazaki K Gastroenterology 1986; Manes G Int J Pancreatol 1994; Jalleh RPBr J 
Surg 1991). The exact mechanism of elevated PTP in CP has not been proven, however it has 
been speculated that it may be a reflection of obstructed pancreatic side ducts rather than 
main PD obstruction. This situation may be aggravated by the development of perilobular 
fibrosis and a fibrotic peripancreatic capsule, resulting in a compartment syndrome like 
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scenario with consequent tissue ischaemia and acidosis. (Karanjia ND Br J Surg 1994). While 
PDSO with ductal and tissue hypertension have not been consistently demonstrated in CP, 
nor a definite correlation shown with the development of pain (Novis BH Dig Dis Sc 1985; 
Manes G Int J Pancreatol 1994; Ugljesic M Int J Pancreatol. 1996; Bornman PC W J Surg 
2003), surgical drainage procedures have been documented to reduce pancreatic tissue 
pressures (PTP), while a significant association between recurrence of pain and subsequent 
elevation of PTP has been shown. (Ebbehøj N Scand J Gastroenterol. 1990). On the other 
hand, ductal dilatation has been observed in the absence of ductal obstruction giving rise to 
the suggestion that dilatation may also be related to parenchymal destruction; this is 
supported by the association between duct dilatation and pancreatic insufficiency (Jensen 
AR Scand J Gastroent 1984). Thus, while PDSO is likely an important factor in generating 
pain, there are likely factors other than main pancreatic duct abnormalities that can also be 
implicated (Bornman PC W J Surg 2003). Furthermore, the role of side duct obstruction in 
the genesis of pain has not yet been clearly defined; it may be that side branch disease 
contributes to the development of an inflammatory mass in the pancreatic head which is 
recognised as important in driving the disease process (the so called “pacemaker” of 
disease) (Beger HG World J Surg 1990). 

2.2 Interaction between the processes of inflammation and damaged neural 
structures 

Histological studies have shown that there is invasion of neural tissue by inflammatory cells 
associated with chronic pancreatitis. This is accompanied by disruptions in the perineural 
sheaths which expose the internal neural compartments to the inflammatory response 
(Bockman DE Gastroenterol 1988). In addition, there are increased amounts of pain 
transmitted substances, pain modulators and nerve growth factors and receptors in enlarged 
/ damaged pancreatic nerve structures, which appear to correlate with the intensity and 
frequency of pain (Büchler M Pancreas 1992, Zhu ZW Dig Dis Sci 2001,McMahon SP Nat 
Med 1995,Friess H Ann Surg 1999). Surgical resection of a pancreatic inflammatory mass 
effectively removes the pain stimulus together with the altered / damaged neural 
structures.  

2.3 Toxin metabolism and generation of excessive oxygen derived free radicals 
resulting in electrophilic stress and inflammation 

Acinar cells and proliferated islets of Langerhans are known to express cytochrome P450 
(CYP) mono-oxygenases which metabolise xenobiotics (substances foreign to a living 
organism), often utilizing glutathione & catalysed by glutathione transferases. (Foster JR J 
Pathol 1993). There may however be adverse consequences to these metabolic reactions with 
the generation of reactive oxygen species (ROS) and toxic xenobiotic metabolites. Prevention 
of cellular injury relies on defences against ROS and xenobiotic metabolites; these defences 
include: selenium dependant glutathione peroxidase, glutathione transferases, glutathione 
and ascorbic acid. These varied properties make the pancreas a versatile yet vulnerable 
xenobiotic metabolizing organ (Braganza JM JOP 2010; Foster JR. Toxicology of the exocrine 
pancreas. In: General and applied toxicology 2009). Inhaled xenobiotics (such as cigarette 
smoke, occupational volatile hydrocarbons and petrochemicals) that pass through the 
pulmonary circulation represent the biggest threat by striking the pancreas through its rich 
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procedures to address these mechanisms. Resection of diseased pancreatic tissue, in 
particular inflamed tissue within the head of the pancreas containing altered neural tissue 
and diseased ducts, considered the “pacemaker of disease” (Beger HG World J Surg 1990) 
and drainage of the pancreatic ductal system, in order to relieve ductal and parenchymal 
tissue hypertension. Removal of sufficient pancreatic tissue as to result in effective and 
durable relief of symptoms must however be balanced against the desire to avoid 
surgically related morbidity and mortality as well as to prevent post-operative pancreatic 
functional insufficiency. This has led to the development of less extensive resections and 
hybrid procedures which attempt to combine the advantages while avoiding the 
disadvantages of each approach. 

This chapter will describe the theories around the pathophysiology of pain in chronic 
pancreatitis, discuss the rationale and indications for surgical intervention and detail the 
procedures currently available. It will also review the literature guiding the choice of these 
procedures for the relief of pain.  

2. Pathophysiology of pain in chronic pancreatitis 
The pathophysiology of CP is complex and remains poorly understood, with a number of 
theories having been put forward. Together with this, understanding of the mechanisms 
leading to the development of pain has also remained largely theoretical, confounded to a 
large extent by small and to some degree poorly designed studies, which have at times been 
contradictory. Furthermore, it is likely that the cause of pain is multi-factorial and may vary 
during the course of the disease (Bornman PC W J Surg 2003). To date, the most 
predominant theories regarding genesis of pain in CP have included: 

2.1 Morphological pancreatic ductal changes resulting in obstruction and pancreatic 
ductal and tissue hypertension 

In large duct chronic pancreatitis, changes in the composition of pancreatic fluid occur 
including an increase in free oxygen radicals and secretion of enzymes and calcium but a 
concomitant decrease in serine protease inhibitor Kazal type 1 (SPINK1), bicarbonate and 
citrate. (Sarles H Dig Dis Sci 1986). These changes are followed by precipitation of proteins 
such as lactoferrin and altered levels of pancreas related secretory stress proteins (including 
pancreatitis associated protein and pancreatic stone protein) (Singh SM W J Surg 1990; Graf 
R J Surg Res 2006). Glycoprotein plugs are formed which later become calcified leading to 
calcific disease with associated parenchymal fibrosis. Calcified protein plugs or calculi 
damage the ductal epithelium further and contribute to stasis thereby facilitating further 
stone formation. These changes are believed to begin in the side ducts but progress to 
involve the main pancreatic duct (PD) with the development of pancreatic duct strictures 
and obstruction (PDSO) as a consequence of fibrosis or calculi. Ductal hypertension follows 
with associated dilatation (Nagata A Gatroenteology 1981). Together with ductal 
hypertension, pancreatic tissue pressure may become elevated, particularly in areas of 
calcification (Okazaki K Gastroenterology 1986; Manes G Int J Pancreatol 1994; Jalleh RPBr J 
Surg 1991). The exact mechanism of elevated PTP in CP has not been proven, however it has 
been speculated that it may be a reflection of obstructed pancreatic side ducts rather than 
main PD obstruction. This situation may be aggravated by the development of perilobular 
fibrosis and a fibrotic peripancreatic capsule, resulting in a compartment syndrome like 
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scenario with consequent tissue ischaemia and acidosis. (Karanjia ND Br J Surg 1994). While 
PDSO with ductal and tissue hypertension have not been consistently demonstrated in CP, 
nor a definite correlation shown with the development of pain (Novis BH Dig Dis Sc 1985; 
Manes G Int J Pancreatol 1994; Ugljesic M Int J Pancreatol. 1996; Bornman PC W J Surg 
2003), surgical drainage procedures have been documented to reduce pancreatic tissue 
pressures (PTP), while a significant association between recurrence of pain and subsequent 
elevation of PTP has been shown. (Ebbehøj N Scand J Gastroenterol. 1990). On the other 
hand, ductal dilatation has been observed in the absence of ductal obstruction giving rise to 
the suggestion that dilatation may also be related to parenchymal destruction; this is 
supported by the association between duct dilatation and pancreatic insufficiency (Jensen 
AR Scand J Gastroent 1984). Thus, while PDSO is likely an important factor in generating 
pain, there are likely factors other than main pancreatic duct abnormalities that can also be 
implicated (Bornman PC W J Surg 2003). Furthermore, the role of side duct obstruction in 
the genesis of pain has not yet been clearly defined; it may be that side branch disease 
contributes to the development of an inflammatory mass in the pancreatic head which is 
recognised as important in driving the disease process (the so called “pacemaker” of 
disease) (Beger HG World J Surg 1990). 

2.2 Interaction between the processes of inflammation and damaged neural 
structures 

Histological studies have shown that there is invasion of neural tissue by inflammatory cells 
associated with chronic pancreatitis. This is accompanied by disruptions in the perineural 
sheaths which expose the internal neural compartments to the inflammatory response 
(Bockman DE Gastroenterol 1988). In addition, there are increased amounts of pain 
transmitted substances, pain modulators and nerve growth factors and receptors in enlarged 
/ damaged pancreatic nerve structures, which appear to correlate with the intensity and 
frequency of pain (Büchler M Pancreas 1992, Zhu ZW Dig Dis Sci 2001,McMahon SP Nat 
Med 1995,Friess H Ann Surg 1999). Surgical resection of a pancreatic inflammatory mass 
effectively removes the pain stimulus together with the altered / damaged neural 
structures.  

2.3 Toxin metabolism and generation of excessive oxygen derived free radicals 
resulting in electrophilic stress and inflammation 

Acinar cells and proliferated islets of Langerhans are known to express cytochrome P450 
(CYP) mono-oxygenases which metabolise xenobiotics (substances foreign to a living 
organism), often utilizing glutathione & catalysed by glutathione transferases. (Foster JR J 
Pathol 1993). There may however be adverse consequences to these metabolic reactions with 
the generation of reactive oxygen species (ROS) and toxic xenobiotic metabolites. Prevention 
of cellular injury relies on defences against ROS and xenobiotic metabolites; these defences 
include: selenium dependant glutathione peroxidase, glutathione transferases, glutathione 
and ascorbic acid. These varied properties make the pancreas a versatile yet vulnerable 
xenobiotic metabolizing organ (Braganza JM JOP 2010; Foster JR. Toxicology of the exocrine 
pancreas. In: General and applied toxicology 2009). Inhaled xenobiotics (such as cigarette 
smoke, occupational volatile hydrocarbons and petrochemicals) that pass through the 
pulmonary circulation represent the biggest threat by striking the pancreas through its rich 
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arterial supply (Braganza JM Lancet 2011). When the acinar cell’s defence mechanisms are 
insufficient to meet the increased oxidant load from ROS and xenobiotic metabolites, 
eletrophilic stress results (Braganza JM Digestion 1998; Braganza JM JOP 2010; Foster JR. 
Toxicology of the exocrine pancreas. In: General and applied toxicology 2009). Dietary 
insufficiency of micronutrients and ascorbic acid may predispose to this (Braganza JM 
Digestion 1998). Electrophilic stress in turn results in pancreastasis, the failure of apical 
exocytosis in the acinar cell (Sanfey H Ann Surg 1984; Leung P Antioxid Redox Signal 2009). 
Enzymes (both newly synthesised & those stored in zymogen granules) not able to be 
released apically, are released via the basolateral memebrane into the interstitium, 
lymphatics and bloodstream (Cook LJ Scand J Gastroenterol 1996). Entrance of enzymes and 
free radical oxidation products into the interstitium causes mast cell degranulation, resulting 
in local inflammation, activation of nociceptive axon reflexes and fibrosis. (Cook LJ Scand J 
Gastroenterol 1996; Braganza JM Digestion 1998). This inflammatory response is potentiated 
by cytokines produced by the damaged acinar cell as a result of activated signaling cascades 
caused by the release of ROS. (Leung P Antioxid Redox Signal 2009).  

2.4 Fibrosis as a result of pancreatic stellate cell activation in the necrosis-
inflammation-fibrosis sequence and sentinel acute pancreatitis events 

Pancreatic stellate cells play a central role in the fibrotic process associated with chronic 
pancreatitis (Stevens T Am J Gastroenterol 2004). This is particularly relevant in the necrosis-
inflammation-fibrosis sequence, the most widely accepted hypothesis in the pathogenesis of 
chronic pancreatitis (Bornman PC in Chronic pancreatitis. Hepatobiliary and pancreatic 
surgery – a companion to specialist surgical practice. 2009). Initially this hypothesis held that 
fibrosis developed as a stepwise progressive process from recurrent bouts of acute 
pancreatitis (Comfort MW Gastroenterology 1946; Kloppel G Hepatogastroenterol 1991). An 
alternative theory suggested that alcohol might be directly toxic to the acinar cell through a 
change in cellular metabolism (toxic-metabolic theory). Alcohol was purported to produce 
cytoplasmic lipid accumulation within the acinar cell, leading to fatty degeneration, cellular 
necrosis and eventual fibrosis (Bordalo O Am J Gastroenterol 1977). More recently the theory 
of a sentinel acute pancreatitis event (SAPE) has been proposed. This theory hypothesizes 
that stimulation of the pancreatic acinar cell by alcohol or oxidative stress activates trypsin 
which results in a sentinel acute pancreatitis event. This is followed by a dual phase chronic 
inflammatory response, with the early phase characterised by a pro-inflammatory cell 
infiltrate including macrophages and lymphocytes. Cytokines released during the early 
phase also attract a later anti-inflammatory cellular infiltrate comprising pro-fibrotic cells, 
including stellate cells. These cells, once attracted, are activated by lipid peroxidation 
products (caused by excess ROS) and mast cell degranulation products, and are considered 
“primed”; continued stimulation by cytokines (in particular TGF-β1) produced by acinar 
cells, inflammatory cells or the stellate cells themselves as a result of oxidative stress, alcohol 
or recurrent acute pancreatitis, cause these activated stellate cells to deposit collagen, 
resulting in fibrosis and the features of chronic pancreatitis (Whitcomb DC Best Pract Res 
Clin Gastroenterol 2002). The transient formation of fatty acid ethanol esters and the role of 
macrophages and lymphocytes in pancreatic tissue destruction are also thought to be integral 
to this process (Pandol SJ Pancreatology 2007). It is suggested that the contractive potential 
and perivascular location of the stellate cells results in fibrosis that leads to microvascular 
ischaemia and pain (Wells RG Gastroenterol 1998). 
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2.5 Primary duct hypothesis 

This theory suggests a primary immunological attack on ductal epithelium leading to 
inflammation and scarring of ductal architecture. This may have specific relevance in 
autoimmune pancreatitis. (Cavallini G. Ital J Gastroenterol 1993). 

Once inflammation becomes established in CP, patients may enter a phase of stable 
disease with the histological features of acinar loss, mononuclear cell infiltrate and 
fibrosis (Shrikhande SV Br J Surg 2003). Subsequent progression to end stage disease is 
characterised by loss of all secretory tissue, disappearance of inflammatory cells and 
intense fibrosis. This may be accompanied by loss of pancreatic function together with 
diminished pain, the so-called “pancreatic burn-out syndrome”; this phenomenon is 
however not a universal outcome in patients with CP, thereby confounding potential 
treatment strategies (Girdwood AH J Clin Gastroenterol 1981; Amman RW Gastroenterol 
1984; Lankisch PG Digestion 1993). 

Complications of CP related to inflammation and fibrosis may develop which can alter the 
course of disease as well as clinical presentation. These include 

1. Biliary obstruction  

This is common in advanced disease, particularly when there calcification and an 
inflammatory mass in the head. Obstruction may be transient when related to oedema 
during acute flaring of disease or more permanent when occurring as a result of a fibrotic 
stricture or mass effect from an adjacent pseudocyst. .  

2. Duodenal obstruction 

This may be the result of peri-duodenal fibrosis or from the mass effect provided by a 
pseudocyst. 

3. Development of a pseudocyst / pancreatic ascites 

Pancreas related fluid collections or pseudocysts occur in 30-40% of patients with CP and 
are thought to be the consequence of either ductal obstruction or pancreatic necrosis with 
ductal disruption (D’Egidio A BJS 1991). Typically cysts communicate with the pancreatic 
ductal system which shows gross morphological abnormalities. Postnecrotic peripancreatic 
collections occur only rarely, usually as a consequence of an acute on chronic attack of 
pancreatitis. Pseudocysts in CP are usually located either near the head when they are 
mostly intra-pancreatic or in the lesser sac. Pseudocysts in CP are less likely to 
spontaneously resolve than those associated with acute disease as they have usually 
matured by the time of presentation and typically communicate with the pancreatic ductal 
system. Pancreatic ascites occurs when there is rupture of a pseudocyst or duct into the 
peritoneal cavity (Bornman PC in Hepatobiliary and pancreatic surgery – a companion to 
specialist surgical practice. 2009). 

4. Gastro-intestinal bleeding, related to 
a. Portal hypertension 

Portal hypertension may develop in up to 10% of patients as a result of venous compression 
or thrombosis. Splenic vein thrombosis may result in segmental portal hypertension giving 
rise to gastric and oesophageal varices, although frank variceal bleeding in this setting is 
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arterial supply (Braganza JM Lancet 2011). When the acinar cell’s defence mechanisms are 
insufficient to meet the increased oxidant load from ROS and xenobiotic metabolites, 
eletrophilic stress results (Braganza JM Digestion 1998; Braganza JM JOP 2010; Foster JR. 
Toxicology of the exocrine pancreas. In: General and applied toxicology 2009). Dietary 
insufficiency of micronutrients and ascorbic acid may predispose to this (Braganza JM 
Digestion 1998). Electrophilic stress in turn results in pancreastasis, the failure of apical 
exocytosis in the acinar cell (Sanfey H Ann Surg 1984; Leung P Antioxid Redox Signal 2009). 
Enzymes (both newly synthesised & those stored in zymogen granules) not able to be 
released apically, are released via the basolateral memebrane into the interstitium, 
lymphatics and bloodstream (Cook LJ Scand J Gastroenterol 1996). Entrance of enzymes and 
free radical oxidation products into the interstitium causes mast cell degranulation, resulting 
in local inflammation, activation of nociceptive axon reflexes and fibrosis. (Cook LJ Scand J 
Gastroenterol 1996; Braganza JM Digestion 1998). This inflammatory response is potentiated 
by cytokines produced by the damaged acinar cell as a result of activated signaling cascades 
caused by the release of ROS. (Leung P Antioxid Redox Signal 2009).  

2.4 Fibrosis as a result of pancreatic stellate cell activation in the necrosis-
inflammation-fibrosis sequence and sentinel acute pancreatitis events 

Pancreatic stellate cells play a central role in the fibrotic process associated with chronic 
pancreatitis (Stevens T Am J Gastroenterol 2004). This is particularly relevant in the necrosis-
inflammation-fibrosis sequence, the most widely accepted hypothesis in the pathogenesis of 
chronic pancreatitis (Bornman PC in Chronic pancreatitis. Hepatobiliary and pancreatic 
surgery – a companion to specialist surgical practice. 2009). Initially this hypothesis held that 
fibrosis developed as a stepwise progressive process from recurrent bouts of acute 
pancreatitis (Comfort MW Gastroenterology 1946; Kloppel G Hepatogastroenterol 1991). An 
alternative theory suggested that alcohol might be directly toxic to the acinar cell through a 
change in cellular metabolism (toxic-metabolic theory). Alcohol was purported to produce 
cytoplasmic lipid accumulation within the acinar cell, leading to fatty degeneration, cellular 
necrosis and eventual fibrosis (Bordalo O Am J Gastroenterol 1977). More recently the theory 
of a sentinel acute pancreatitis event (SAPE) has been proposed. This theory hypothesizes 
that stimulation of the pancreatic acinar cell by alcohol or oxidative stress activates trypsin 
which results in a sentinel acute pancreatitis event. This is followed by a dual phase chronic 
inflammatory response, with the early phase characterised by a pro-inflammatory cell 
infiltrate including macrophages and lymphocytes. Cytokines released during the early 
phase also attract a later anti-inflammatory cellular infiltrate comprising pro-fibrotic cells, 
including stellate cells. These cells, once attracted, are activated by lipid peroxidation 
products (caused by excess ROS) and mast cell degranulation products, and are considered 
“primed”; continued stimulation by cytokines (in particular TGF-β1) produced by acinar 
cells, inflammatory cells or the stellate cells themselves as a result of oxidative stress, alcohol 
or recurrent acute pancreatitis, cause these activated stellate cells to deposit collagen, 
resulting in fibrosis and the features of chronic pancreatitis (Whitcomb DC Best Pract Res 
Clin Gastroenterol 2002). The transient formation of fatty acid ethanol esters and the role of 
macrophages and lymphocytes in pancreatic tissue destruction are also thought to be integral 
to this process (Pandol SJ Pancreatology 2007). It is suggested that the contractive potential 
and perivascular location of the stellate cells results in fibrosis that leads to microvascular 
ischaemia and pain (Wells RG Gastroenterol 1998). 
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2.5 Primary duct hypothesis 

This theory suggests a primary immunological attack on ductal epithelium leading to 
inflammation and scarring of ductal architecture. This may have specific relevance in 
autoimmune pancreatitis. (Cavallini G. Ital J Gastroenterol 1993). 

Once inflammation becomes established in CP, patients may enter a phase of stable 
disease with the histological features of acinar loss, mononuclear cell infiltrate and 
fibrosis (Shrikhande SV Br J Surg 2003). Subsequent progression to end stage disease is 
characterised by loss of all secretory tissue, disappearance of inflammatory cells and 
intense fibrosis. This may be accompanied by loss of pancreatic function together with 
diminished pain, the so-called “pancreatic burn-out syndrome”; this phenomenon is 
however not a universal outcome in patients with CP, thereby confounding potential 
treatment strategies (Girdwood AH J Clin Gastroenterol 1981; Amman RW Gastroenterol 
1984; Lankisch PG Digestion 1993). 

Complications of CP related to inflammation and fibrosis may develop which can alter the 
course of disease as well as clinical presentation. These include 

1. Biliary obstruction  

This is common in advanced disease, particularly when there calcification and an 
inflammatory mass in the head. Obstruction may be transient when related to oedema 
during acute flaring of disease or more permanent when occurring as a result of a fibrotic 
stricture or mass effect from an adjacent pseudocyst. .  

2. Duodenal obstruction 

This may be the result of peri-duodenal fibrosis or from the mass effect provided by a 
pseudocyst. 

3. Development of a pseudocyst / pancreatic ascites 

Pancreas related fluid collections or pseudocysts occur in 30-40% of patients with CP and 
are thought to be the consequence of either ductal obstruction or pancreatic necrosis with 
ductal disruption (D’Egidio A BJS 1991). Typically cysts communicate with the pancreatic 
ductal system which shows gross morphological abnormalities. Postnecrotic peripancreatic 
collections occur only rarely, usually as a consequence of an acute on chronic attack of 
pancreatitis. Pseudocysts in CP are usually located either near the head when they are 
mostly intra-pancreatic or in the lesser sac. Pseudocysts in CP are less likely to 
spontaneously resolve than those associated with acute disease as they have usually 
matured by the time of presentation and typically communicate with the pancreatic ductal 
system. Pancreatic ascites occurs when there is rupture of a pseudocyst or duct into the 
peritoneal cavity (Bornman PC in Hepatobiliary and pancreatic surgery – a companion to 
specialist surgical practice. 2009). 

4. Gastro-intestinal bleeding, related to 
a. Portal hypertension 

Portal hypertension may develop in up to 10% of patients as a result of venous compression 
or thrombosis. Splenic vein thrombosis may result in segmental portal hypertension giving 
rise to gastric and oesophageal varices, although frank variceal bleeding in this setting is 
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uncommon (Bornman PC in Hepatobiliary and pancreatic surgery – a companion to 
specialist surgical practice. 2009). 

b. Pseudoaneurysms 

Enzyme rich fluid collections may erode into vascular structures resulting in false 
aneurysms with bleeding into the cyst and pancreatic duct, peritoneum or retroperitoneum. 

3. Rationale and indications for surgical intervention 
Surgery is indicated in chronic pancreatitis for the relief of pain, to manage complications 
and to resect confirmed or suspected neoplastic disease (Bornman PC S Afr Med J 2010). 
Two theoretical principles underlie the rationale for surgery to alleviate pain in CP. The first 
utilises the ductal / parenchymal tissue hypertension and inflammatory-neural theories on 
the pathogenesis of pain in CP. It postulates that surgical decompression of the main 
pancreatic duct will alleviate interstitial hypertension thereby improving parenchymal 
perfusion and acidosis (Patel AG Gastroent 1995) with consequent reduction of 
inflammatory stimulation and influx of mediators into damaged nerves (Salim AS HPB Surg 
1997). The second principle focuses on removal of pathologically inflamed parenchyma 
together with altered neural tissue in particular that within the head, which is considered 
the “pacemaker” of disease. Emphasis has also been placed on the importance of addressing 
diseased side ducts, thereby limiting the possibility of recurrence (Beger HG World J Surg 
1990). 

The objectives of surgery for pain in CP are effective and durable relief of symptoms while 
preserving endocrine and exocrine function, thereby restoring the patient’s quality of life. 
The potential for morbidity and mortality as well as recurrence should be low. Based on 
these objectives and the principles outlined above, a number of procedures have been 
developed. Essentially, these procedures fall into a spectrum covering three broad 
categories. At one end of the spectrum are drainage procedures which focus on 
decompressing the main pancreatic duct by establishing a new pancreatic-enteric 
communication which bypasses any native obstruction to pancreatic outflow. At the other 
end of the spectrum are resectional procedures which aim to remove diseased ductal and 
neural tissue within chronically inflamed parenchyma. Over time, a number of modified 
and hybrid procedures have evolved which attempt to retain the advantages while limiting 
the disadvantages of both the former 2 categories. 

Little data exists to guide decision making regarding the optimal timing of surgery to 
alleviate pain in CP. There are two schools of thought. The first suggests that conservative 
non-surgical management should be pursued for as long as possible in order to avoid 
morbidity and side effects that may be associated with surgical intervention, in particular 
pancreatic insufficiency. They argue that the long term outcome of surgery is no different 
from medical management, and that the “pancreatic burn-out syndrome” is likely 
responsible for pain relief observed after surgery (Amman RW gastroenterol 1984). In 
contrast to this, others have argued that pain relief is better when surgical drainage is 
carried out earlier rather than later (Nealon WH Ann Surg 1993). It also remains 
controversial whether surgery can delay the natural course of the disease in terms of 
deterioration in pancreatic function (Warshaw AL Gastroenterol 1980; Nealon WH Ann 
Surg 1993; Jalleh RP Ann Surg 1992). Both arguments appear to have merit. While it seems 
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foolhardy to offer surgical intervention with it’s attached risk of morbidity and even 
mortality in patients whose symptoms might be controlled by medical means, it seems 
equally unreasonable to persist with a conservative approach in anticipation of pain relief, 
delaying surgery until narcotic addiction has developed and the outcomes from surgery 
may be worse (Warshaw AL gastroenterol 1984). In the absence of good evidence to guide 
decision making, it seems most appropriate that the decision regarding timing of surgery be 
individualized on a patient to patient basis. Surgical intervention should be performed only 
once an adequate trial of medical therapy has failed to control symptoms and the patient has 
been counseled regarding the risks and benefits of both modalities.  

Patients referred for surgery for relief of intractable symptoms of CP should be evaluated by 
experienced clinicians working in a high volume, multi-disciplinary environment. All other 
treatment options should have been exhausted or considered not appropriate. Cross 
sectional imaging should be conducted to clearly delineate pancreatic morphology and 
detect local complications or features suggestive of neoplastic disease. The presence of 
portal hypertension, particularly as a result of portal or superior mesenteric vein thrombosis 
should be noted, as this may preclude surgical intervention (Bornman PC S Afr Med J 2010). 
With careful patient selection and modern surgical strategies, surgery may offer effective 
pain relief in over 90% of patients at 5 year follow up (Beger HG Ann Surg 1989).  

In considering intervention for complications of CP, the clinical picture is paramount in 
decision making. Biliary obstruction may be asymptomatic, detected only biochemically or 
during imaging for other indications. In addition, there may be transient jaundice as a result 
of oedema during acute flares of the disease. The above are not indications for intervention. 
It must be remembered that once the biliary system has been entered, either percutaneously, 
endoscopically or surgically, this once sterile system should be considered contaminated 
with the risk of sepsis developing should obstruction recur in the future. On the other hand, 
persistent biliary obstruction of sufficient duration may result in secondary biliary cirrhosis, 
atrophy and deterioration in hepatic function. (Abdallah A HPB 2007). Obstruction longer 
than 4 weeks should arouse concern and warrants intervention. Decompression by means of 
endoscopic stenting should only be considered as a temporary bridge to surgery, in acute 
cholangitis or where patient factors preclude surgery (Bornman PC S Afr Med J 2010). 
Duodenal obstruction on the other hand typically represents either advanced fibrosis or a 
clinically significant pseudocyst, neither of which are likely to resolve before progression or 
further complications develop. Intervention is therefore indicated. Pseudocysts in CP are 
less likely to resolve than their acute counterparts and thus more often require drainage. The 
indications for drainage are the presence of symptoms or complications. Although size 
alone is not a criterion for intervention, cysts larger than 6cm are more likely to be 
symptomatic and require treatment (Bornman PC S Afr Med J 2010). Percutaneous 
procedures are generally not favoured for these lesions due to an increased risk of failure, 
introducing sepsis or creating an external fistula. Endoscopic drainage is associated with a 
success rate of 65-95% and a low complication rate and is preferred to surgery due to its less 
invasive nature. (Beckingham IJ Br J Surg 1997). Strict morphological criteria are required 
however, relating to cyst maturity, intra-luminal bulging, wall thickness (less than 10mm) 
and vascularity, particularly in the presence of portal hypertension. To this end, careful 
cross sectional imaging and endoscopic ultrasound are important adjuncts in assessing 
patients for this modality of treatment. Transmural drainage may be transduodenal or 
transgastric depending on the best route into the cyst while transpapillary drainage is an 
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uncommon (Bornman PC in Hepatobiliary and pancreatic surgery – a companion to 
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alternative option when communication with the pancreatic duct can be demonstrated. 
Surgery is indicated when endoscopic intervention fails or is not appropriate due to cyst 
morphology or patient factors. Surgical drainage of a pseudocyst may also be employed as 
part of an intervention planned for treatment of pain or additional complications. Pancreatic 
ascites is an uncommon but serious complication of CP which is managed in the first 
instance with paracentesis, nutritional support and endoscopic stenting of the pancreatic 
duct (Kozarek RA Gastrointest Endosc Clin North Am 1998; Bornman PC in Hepatobiliary 
and pancreatic surgery – a companion to specialist surgical practice 2009). Use of a 
somatostatin analogue remains controversial. Surgery is reserved for failures of conservative 
treatment. Bleeding from gastric varices related to segmental portal vein thrombosis is 
uncommon, thus the authors recommend intervention only once there is proven bleeding 
from gastric varices. Haemorrhage related to a pseudoaneurysm is best dealt with via 
selective angiography and embolisation due to the hazards of surgery in this setting. 
Surgery is reserved for failure of angiographic treatment. 

4. Surgery for chronic pancreatitis – Drainage procedures 
For many years longitudinal pancreaticojejunostomy (LPJ) as described by Partington and 
Rochelle in 1960 was the favoured surgical option in the treatment of chronic pancreatitis. 
This involves entering and laying open of the pancreatic duct followed by a splenic 
preserving pancreaticojejunostomy without resection of the pancreatic tail (Partington PF, 
Rochelle REL. Ann Surg 1960). This procedure is relatively simple in comparison to many of 
the other available operations and has a low mortality and morbidity with maximal 
pancreatic tissue preserved. Pain relief in the short term approximates 75% but there is 
frequently recurrence in the long term (Bachmann K Best Pract and res Clin Gastro 2010). 
This is thought to be due to incomplete decompression of the main pancreatic duct, 
particularly in the head. There remains a residual inflammatory mass containing altered 
nerve fibres (Pessaux P Pancreas 2006) as well as obstructed second and third order ducts 
causing ongoing intraductal hypertension (Markowitz JS Arch Surg 1994). Current 
indications for this procedure are isolated dilatation of the pancreatic duct greater than 7mm 
or where the duct has a “chain of lakes” appearance without an inflammatory mass in the 
head (Yekebas EF Ann Surg 2006). Where the duct is undilated (less than 3mm) a 
longitudinal V-shaped excision of the ventral pancreas combined with a longitudinal 
pancreatico-jejunostomy has been described (Izbicki JR Ann Surg 1998, 227). This may be 
particularly useful when a sclerosing form of chronic pancreatitis results in so called small 
duct disease (Bachmann K Best Pract and res Clin Gastro 2010). Good results with pain relief 
in 89% of patients and comparable morbidity of 19.6% have been reported (Yekebas EF Ann 
Surg 2006).  

5. Surgery for chronic pancreatitis – Resectional procedures 
With recognition that inflamed, fibrotic tissue containing damaged neural structures within 
the pancreatic head is critical in the generation of symptoms, pancreaticoduodenectomy 
became the gold standard in surgical treatment against which other procedures were 
measured. It has been assumed that outcomes concerning pain and quality of life are better 
than simple drainage procedures performed in isolation, however clear evidence of this is in 
randomized trials is lacking.  
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In the modern era, pylorus preservation as in a Pylorus Preserving Pancreaticoduodenectomy 
(PPPD) has been shown to result in less pain and nausea and improved quality of life when 
compared with the traditional Whipples pancreaticoduodenectomy (Mobius C Langenbecks 
Arch Surg 2007). This procedure can be performed with a mortality of 5-10% and morbidity of 
20-40% and improves pain and quality of life in both the short and long term in up to 90% of 
patients (Bachmann K Best Pract and res Clin Gastro 2010). There are however a number of 
disadvantages relating to the sacrifice of functional pancreatic parenchyma and the non-
diseased duodenum and common bile duct. The loss of natural bowel continuity and reduced 
endocrine and exocrine function result in side effects and reduced quality of life (Izbicki JR 
Ann Surg 1998 (228); Koninger J Surgery 2008). In order to allow organ preservation and 
reduce adverse effects, duodenum preserving resections of the pancreatic head (DPPHR) were 
developed. The Beger procedure was introduced in 1980 and was the first to include these 
principles (Beger HG Chirurg 1980). It consists of a subtotal resection of the head following 
transection of the pancreas above the portal vein. The Pancreas is then drained by an end-to-
side or end-to-end pancreaticojejunostomy using a Roux-en-Y loop. Physiological 
gastroduodenal passage and CBD continuity are therefore preserved. This procedure could be 
performed with low mortality (0-3%) and morbidity (15-32%) and long term pain relief in 75-
95% of patients (Izbicki JR Ann Surg 1995, Buechler MW J Gastrointest Surg 1997Frey CF Ann 
Surg 1994). The Frey procedure (Frey CF Pancreas 1987) subsequently combined an LPJ (as 
described by Partington and Rochelle) with a limited duodenum preserving excision of the 
head. Following exploration of the main pancreatic duct well into both the head and the tail, 
the head is cored out leaving a small cuff of parenchyma along the duodenal wall. This results 
in a lesser resection of the head than that described by Beger. In further contrast to the Beger 
operation, the pancreas is not divided over the SMV/portal vein complex making it an easier 
operation to perform. Care is taken not to enter the CBD. Drainage of the resection cavity 
within the head and from the opened main pancreatic duct within the body and tail is 
obtained with an LPJ using a Roux-en-Y loop (Frey CF Pancreas 1987). Good results have been 
obtained with substantial pain relief in more than 85% of patients while mortality is less than 
1% and morbidity 9-39% (Izbicki JR Ann Surg 1995, Izbicki JR Ann Surg 1998, Beger HG Ann 
Surg 1989). Endocrine & exocrine function are well preserved and the operation may control 
complications such as CBD stenosis, duodenal stenosis and internal pancreatic fistulas. The 
Frey operation is currently the most widely performed operation for patients with an 
inflammatory mass in the head together with pancreatic duct dilatation while the Beger 
procedure is reserved for patients where the main pancreatic duct is not dilated (Bornman PC 
S Afr Med J 2010). 

Two further modifications of the above procedures have been described. The Hamburg 
operation employs subtotal excision of the pancreatic head including the uncinate process( a 
more extensive resection than the Frey operation but comparable to Beger’s procedure) 
together with a V-shaped excision of the ventral aspect of pancreas into the pancreatic duct. 
Pancreatic-enteric continuity is re-established with an LPJ using a Roux-en-Y loop 
(comparable to the Partington-Rochelle and Frey reconstructions).This operation combines 
aspects of the Frey and Beger procedures, without transection of gland over SMV/portal 
vein. The extent of resection is customized to pancreatic morphology while the V-shaped 
excicion creates a trough-like new ductal system allowing better drainage of ductal side 
branches (Izbicki JR Ann Surg 1998, 227, Bachmann K Med Sci Monit 2008). In the Berne 
operation, an extensive duodenum-preserving resection of the head is performed (as in the 
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alternative option when communication with the pancreatic duct can be demonstrated. 
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This involves entering and laying open of the pancreatic duct followed by a splenic 
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or where the duct has a “chain of lakes” appearance without an inflammatory mass in the 
head (Yekebas EF Ann Surg 2006). Where the duct is undilated (less than 3mm) a 
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pancreatico-jejunostomy has been described (Izbicki JR Ann Surg 1998, 227). This may be 
particularly useful when a sclerosing form of chronic pancreatitis results in so called small 
duct disease (Bachmann K Best Pract and res Clin Gastro 2010). Good results with pain relief 
in 89% of patients and comparable morbidity of 19.6% have been reported (Yekebas EF Ann 
Surg 2006).  

5. Surgery for chronic pancreatitis – Resectional procedures 
With recognition that inflamed, fibrotic tissue containing damaged neural structures within 
the pancreatic head is critical in the generation of symptoms, pancreaticoduodenectomy 
became the gold standard in surgical treatment against which other procedures were 
measured. It has been assumed that outcomes concerning pain and quality of life are better 
than simple drainage procedures performed in isolation, however clear evidence of this is in 
randomized trials is lacking.  
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the head is cored out leaving a small cuff of parenchyma along the duodenal wall. This results 
in a lesser resection of the head than that described by Beger. In further contrast to the Beger 
operation, the pancreas is not divided over the SMV/portal vein complex making it an easier 
operation to perform. Care is taken not to enter the CBD. Drainage of the resection cavity 
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Frey operation is currently the most widely performed operation for patients with an 
inflammatory mass in the head together with pancreatic duct dilatation while the Beger 
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Beger procedure), but without division of pancreas anterior to superior mesenteric / portal 
vein complex and without laying open the pancreatic duct in the body and tail. In biliary 
obstruction a longitudinal opening may be made in the CBD within the cavity created in the 
pancreatic head. Drainage of the cavity is achieved with a pancreatic-enteric anastamosis to 
small bowel in a Roux-en-Y reconstruction similar to the reconstructions described above. 
Results of the Berne procedure are comparable to the other duodenum preserving resections 
(Gloor B Dig Surg 2001). 

Little comparative data is available to guide choice between the various available 
procedures in CP. Four randomized controlled trials have been conducted comparing PPPD 
with DPPHR, with 2 providing long term follow up (table 1). In the short to medium term,  
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QOL= quality of life; pre-op= pre-operative; post-op= post-operative; FU= follow up; PPPD= pylorus 
preserving pancreatico-duodenectomy; NS= not significant; IDDM= insulin dependant diabetes mellitus; 
DM= diabetes mellitus: Prof rehab= professional rehabilitation; EORTC= European Organisation for 
Research and Treatment of Cancer; QLQ= Quality of Life Questionnaire; s.d= standard deviation 
Buchler MW Am J Surg 1995  
Klempa I Chirurg 1995 
Izbicki JR Ann Surg 1998; 228 
Farkas G Langenbecks Arch Surg 2006 
Muller MW Br J Surg 2008 
Strate T Gastroenterology 2008 

Table 1. Outcomes of Pylorus preserving pancreaticoduodenectomy (PPPD) vs duodenum 
preserving pancreatic head resection (DPPHR) 
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QOL= quality of life; pre-op= pre-operative; post-op= post-operative; GTT= glucose tolerance test; FU= 
follow up; NS= not significant; DM= diabetes mellitus: Prof rehab= professional rehabilitation; EORTC= 
European Organisation for Research and Treatment of Cancer; QLQ= Quality of Life Questionnaire  
Izbicki JR Ann Surg 1995 
Strate T Ann Surg 2005 
Koninger J Surgery 2008 

Table 2. Comparisons of duodenum preserving resections of the pancreatic head. 
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there was evidence for significant benefit of DPPHR over PPPD in terms of morbidity (2 
trials), pain relief (2 trials), quality of life (1 trial), endocrine function (1 trial ), exocrine 
function (1 trial) and weight gain (2 trials). In addition, 2 trials showed a benefit for DPPHR 
in terms of operating time while hospital stay and requirement for blood transfusion were 
improved in 1 trial each. A Cochrane review on short term outcomes concluded that there 
was benefit for DPPHR in respect of quality of life and professional rehabilitation, exocrine 
insufficiency, weight gain, hospital stay and intra-operative blood replacement. There was 
also a trend towards reduced post-operative diabetes (Diener MK Ann Surg 2008). 
However, in the 2 studies examining long term outcomes, it was seen that many of the short 
term clinical benefits described above were not maintained. Proposed reasons for this were 
study error related to the small population sizes studied and that pancreatic gland burn-out 
might be delayed by DPPHR (Muller MW Br J Surg 2008). Nevertheless, at 14 year follow up 
there remained a trend towards better endocrine function, while there was significant 
benefit in terms of appetite, subjective feeling of well being and mean period of employment 
after surgery for patients undergoing DPPHR(Muller MW Br J Surg 2008). Thus, while short 
term results favour DPPHR over PPPD in CP, long term results appear equivalent and 
probably reflect the natural course of the disease. 

Only 2 randomized trials have compared different DPPHR procedures, with 1 trial 
undergoing long term follow up (table 2). The first trial compared the Beger and Frey 
procedures with no significant differences being found in the short term apart from a benefit 
for the Frey operation in terms of morbidity. After a median of 8.5 years, all variables had 
comparable outcomes while almost all patients were noted to be exocrine insufficient 
(Izbicki JR Ann Surg 1995; Strate T Ann Surg 2005). The second study compared the Beger 
and Berne procedures, suggesting a benefit for the Berne operation in terms of operation 
time and hospital stay. Results were analysed on intention to treat basis however, including 
8 out of 32 (Beger procedure) and 6 out of 33 (Berne procedure) patients who had their 
operations altered for technical reasons. When patients were analysed per protocol ie only 
those who underwent their assigned procedure, only the difference in operating times 
remained significant. 

More extensive pancreatic resections such as total or near total distal pancreatectomy offer 
only short term relief and are associated with significant mortality and morbidity, often as a 
result of markedly reduced pancreatic function. They have largely been abandoned with 
their main role being as salvage procedures for complications relating to previous surgical 
interventions (including anastamotic leakage, pancreatic fistula and intractable pain 
following previous adequate resection or drainage surgery). 

6. Surgery for the complications of chronic pancreatitis 
Surgery for the complications of CP should be individualized to cater to a patient’s specific 
morphology and clinical presentation. 

6.1 Biliary obstruction 

Choledocho-duodenostomy or hepatico-jejunostomy using a Roux-en-Y loop are the 
preferred procedures to resolve isolated biliary obstruction although the former may result 
in enteric refux and a sump-like syndrome. Cholecysto-enterostomy has been associated 
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with poor results and has fallen into disfavour. A Hepatico-jejunostomy may be included in 
the Roux loop used to drain the pancreatic duct in dedicated drainage, resection or hybrid 
procedures performed to relieve pain. Alternatively, the CBD may opened within the 
surgically created cavity in the pancreatic head during the Berne procedure. 

6.2 Duodenal obstruction 

Surgical relief of obstruction related to a fibrotic stricture involves duodenal mobilization by 
Kocher’s maneouvre with division of all fibrotic tissue. Should this be insufficient to restore 
patency, duodeno-duodenostomy or a gastro-jejunostomy may be considered, although the 
latter may be associated with biliary reflux. Where biliary obstruction co-exists in the 
presence of duodenal obstruction together with an inflammatory mass in the head, two 
options exist: PPPD or gastric bypass with a gastro-jejunostomy as part of the Roux drainage 
limb in a DPPHR. 

6.3 Development of a pseudocyst 

The choice of surgical procedure is dictated by the location of the pseudocyst and its 
proximity to a section of bowel suitable for drainage. Cyst-gastrostomy, cyst-duodenostomy 
and cyst-jejunostomy may all be employed depending on individual patient characteristics. 
Distal pancreatectomy may be employed for segmental disease within the body/tail 
together with an associated pseudocyst (Bornman PC S Afr Med J 2010). Surgery for 
pancreatic fistulae / ascites entails either a roux-en-Y jejunostomy to the fistula tract or an 
appropriate resection. 

6.4 Gastro-intestinal bleeding, related to 

a. Portal hypertension 

Patients who have bled from gastric varices related to segmental portal hypertension as a 
consequence of splenic vein thrombosis can usually be managed with distal 
pancreatectomy.  

b. Pseudoaneurysms 

Where angiographic embolisation has failed to control a bleeding pseudoaneurysm vascular 
control may be achieved using a Frey-type procedure in preference to a more extensive 
resection which may be hazardous under these circumstances, while bleeding from the tail 
can usually be dealt with safely by means of a distal pancreatectomy (Bornman PC S Afr 
Med J 2010). 

Surgery for suspected malignancy should utilize either a pancreatico-duodenectomy or 
distal pancreatectomy depending on tumour location and should be performed in keeping 
with the oncological principle of clear resection margins. 

7. Conclusion 
The pathophysiology of chronic pancreatitis is complex and as yet incompletely understood, 
confounding attempts at effective management strategies. The clinical picture is dominated 
by progressive pain which may become intractable and pancreatic endocrine and exocrine 
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confounding attempts at effective management strategies. The clinical picture is dominated 
by progressive pain which may become intractable and pancreatic endocrine and exocrine 
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dysfunction which may severely impact on a patient’s quality of life. Surgery aims to relieve 
ductal and tissue hypertension related to obstruction in the main and side branch ducts 
while also removing inflamed and fibrotic parenchymal tissue containing diseased nerve 
fibres. Duodenal preserving pancreatic head resections, usually combined with drainage of 
the main pancreatic duct, achieve both objectives with short and long term relief of pain in 
approximately 90% of patients at 5 year follow up. By preserving some parenchymal tissue 
these procedures attempt to limit pancreatic functional insufficiency. With acceptable 
morbidity and mortality figures, they have evolved as the surgical procedure of choice for 
the majority of patients with pain refractory to medical treatment. Surgery for complications 
of CP should be individualized while resection for neoplastic disease should be performed 
according to oncological principles, ensuring a clear margin of resection. More extensive 
resections should generally only be performed as salvage procedures for complications of 
previous surgery. Patients requiring surgery for chronic pancreatitis should be evaluated 
and treated by experienced surgeons in high volume centres utilizing a multi-disciplinary 
approach. Prior to undergoing surgery for pain, patients should have completed an 
adequate trial of medical therapy and been thoroughly counseled regarding the risks of 
surgery and its likely outcomes. 
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while also removing inflamed and fibrotic parenchymal tissue containing diseased nerve 
fibres. Duodenal preserving pancreatic head resections, usually combined with drainage of 
the main pancreatic duct, achieve both objectives with short and long term relief of pain in 
approximately 90% of patients at 5 year follow up. By preserving some parenchymal tissue 
these procedures attempt to limit pancreatic functional insufficiency. With acceptable 
morbidity and mortality figures, they have evolved as the surgical procedure of choice for 
the majority of patients with pain refractory to medical treatment. Surgery for complications 
of CP should be individualized while resection for neoplastic disease should be performed 
according to oncological principles, ensuring a clear margin of resection. More extensive 
resections should generally only be performed as salvage procedures for complications of 
previous surgery. Patients requiring surgery for chronic pancreatitis should be evaluated 
and treated by experienced surgeons in high volume centres utilizing a multi-disciplinary 
approach. Prior to undergoing surgery for pain, patients should have completed an 
adequate trial of medical therapy and been thoroughly counseled regarding the risks of 
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1. Introduction 
It has been documented that the intestinal tract is inhabited by more than 1012 bacterial cells 
per gram of dry matter (Hayashi et al., 2002a; Langendijk et al., 1995; Suau et al., 1999), which 
is comprised of an estimated 400 to 500 bacterial species (Moor & Holdeman, 1974). The 
composition and activities of the indigenous intestinal microbiota are of paramount 
importance in human immunity, nutrition, and pathological processes, and therefore, the 
health of the individual (Van der Waaij et al., 1971). It is well established that the intestine is an 
important site of local immunity, and recent reports have suggested that it is a major site of 
extrathymic T cell differentiation (Cerf-Bensussan et al., 1985; Guy-Grand et al., 1991; Iiai eta 
al., 2002; Uchiyama-Tanaka, 2009). Numerous activated and quiescent lymphocytes are 
produced within gut-associated lymphatic tissues (GALT), such as Peyer’s patches (Takahashi 
et al., 2005). Thus, it has been speculated that people who suffer from constipation and who 
harbor fecal residues in the intestine may have decreased local immune system function.  

Colonic irrigations referred to as a colonics are a type of colonic hydrotherapy performed 
using an instrument in combination with abdominal massage, but without drugs or 
mechanical pressure. I previously reported that colonic irrigation may induce lymphocyte 
transmigration from GALT into the circulation, which may improve the functions of both 
the colon and immune system (Uchiyama-Tanaka, 2009). Colonic irrigation was developed 
about 40 years ago and no serious complications associated with its use have been reported. 
However, the impact of this method, which use a large amount of water, on the intestinal 
microbiota and serum electrolytes remains unknown. In this study, colonic irrigations were 
performed 3 times for each of the 10 subjects with no history of malignant or inflammatory 
disease.  

2. Materials and methods 
2.1 Study design and subjects 

The procedures used in this study were in accordance with the guidelines of the Declaration 
of Helsinki for Human Experimentation, 2000 and all subjects provided informed consent. 
Ten outpatients from the Yoko Clinic (4 men and 6 women; mean age=38 ± 6 years; age 
range: 27–47 years) admitted to the hospital between April and May 2009 were enrolled in 
this study. None of the subjects had cancer or any active inflammatory disease.  
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2.2 Analysis of fecal microbiotauction 

Fecal samples were collected before the first colonic irrigation and at 1 week after the third 
irrigation. These samples were analyzed using a kit from TechnoSuruga Laboratory Co., 
Ltd. (Shizuoka Japan). Fecal microbiota analysis targeted bacterial 16S rRNA genes with a 
terminal restriction fragment length polymorphism (T-RFLP) analysis program 
(Nagashima’s method) (Ando et al., 2007; Nagashima et al. 2002, 2006). T-RFLP was 
performed as previously described by Nagashima et al. (2002, 2006). The 16S rRNA genes 
were amplified using a forward primaer, 516f [5’-TGCCAGCAGCCGCGGTA-3’] and a 
reverse primer, 1510r [5’-GGTTACCTTGTTACGACTT-3’]. The 5’ ends of the forward 
primer, 516f were labeled with 6’-carboxyfluorescein, which was synthesized by Applied 
Biosystems Japan (Tokyo, Japan). The purified PCR products (2 μL) were digested with 10 U 
of either BslI (New England BioLabs, Inc., Ipswich, MA, USA) at 55°C for 3 h. The lengths of 
terminal restriction fragments were determined with the ABI PRISM 3130xl Genetic 
Analyzer (Applied Biosystems, Tokyo, japan). 

2.3 Laboratory determinations 

Blood samples were collected from the subjects in a sitting position before the start and at 10 
min after the third irrigation. Serum samples were analyzed using a commercial kit.  

2.4 Colonic irrigations 

Each patient underwent 3 colonic irrigations over a period 2 weeks. Same trained physician 
performed colonic irrigations for all subjects. Irrigations using an intestinal irrigation devide 
(Colon Hydromat Comfort: Herrmann Apparatebau GmbH, Kleinwallstadt, Germany) that 
circulated approximately 30–50 L of purified warm water (38°C) through a filter (Uchiyama-
Tanaka, 2009). During an irrigation process, which lasts for approximately 1 hour, a subject 
is laid supine on a bed and given abdominal massage. Because colonic irrigations utilize a 
large amount of water introduced using a tube and abdominal massage, there are some 
contraindications, such as renal failure, heart failure, liver cirrhosis, severe hemorrhoids, 
after post-intestinal polypectomy, post-abdominal surgery and pregnacy. The principle of 
the Colon Hydromat Comfort’s function is shown in Figure1. 

Filtered hot water and ordinary water are mixed and passed into a patient's colon through 
the speculum. The sewage water flows out due to the pressure in the water-filled colon. 
Some pictures of fecal residues and intestinal epithelium during colon irrigations are shown 
below. 
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Fig. 1. Principle of the Colon Hydromat Comfort 
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2.5 Statistics 

Results are given as means ± standard deviations (SD). Student’s paired t-test was used to 
compare results before and after irrigations. P < 0.05 was considered statistically significant. 

3. Results 
Patient clinical characteristics are summarized in Table 1.  
 

Patient Age Gender Underlying disease Symptom change 
No. 1 44 Male Pollen allergy Symptom-free (after 7 times) 
No. 2 47 Female Constipation  Better 

No. 3 45 Female Ovarian cysts Size Smaller (8 cm to 6 cm, after 
3 times) 

No. 4 47 Male Atopic dermatitis Decreased itching  

No. 5 28 Male Psoriasis  Better (still undergoing 
irrigation) 

No. 6 38 Female Constipation Better 
No. 7 38 Female Constipation Better 
No. 8 32 Female Face eruption Better  
No. 9 39 Female Constipation Better 

No. 10 29 Male Allergic Rhinitis Decreased blowing of nose 

Table 1. Subject’s clinical characteristics and symptom changes after irrigations 

Each patient underwent 3 colonic irrigations over a period of 2 weeks. Fecal samples were 
collected before the first colon irrigation and at 1 week after the third irrigation. The relative 
proportions of bacteria found in the fecal samples of each patient before and after colonic 
irrigation are shown in Table 2.  
 

1 2 3 4 
Presumed bacterium b a b a b a b a 
Bifidobacterium 18.6 16.5 22.9 17.1 8.7 14.9 1.8 14.5 
Lactobacillales 2.2 4.5 4.1 0 6.1 4 0 0 
Bacteroides 23 17 21.3 20.9 31.7 31.6 44.4 38.3 
Prevotella 9.1 2.8 7.8 8.9 0 0 0 0 
Clostridium cluster IV 11.6 15.4 14.5 19.1 25.5 23 22.7 13.9 
Clostridium subcluster XIVa 13 16.3 17.7 24.7 21.3 19.4 14.6 22.4 
Clostridium cluster XI 2.6 4.2 0 0 0 0 2.4 2.3 
Clostridium cluster XVIII 7 4.4 2 1.4 0 0 5.1 0 
others 13 18.8 9.6 8 6.7 7.1 9.1 8.6 

Table 2. Continued 
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5 6 7 8 9 10 
b a b a b a b a b a b a 

1.9 2 17.9 2.6 22.6 28.2 9.9 1 0 28.5 5.6 26.7 
0 0 1.5 0 2.7 2.5 0 0 3.3 3.2 1.6 1.5 

28.3 14.7 13.5 14.4 15.6 25.4 29.8 12.3 59.8 30.3 32.9 33 
38.3 31.6 23.9 30.3 0 0 0 40.3 0 0 0 0 
2.8 8.1 3.8 1.5 12.6 11.7 0 19.7 0 19.1 0 4.8 
3.9 15.8 19 11.2 22.8 17.4 26.5 11.6 7.7 13 24.4 15.1 
1.7 0 1 3.4 11.1 3 13.8 2.5 3.3 3.3 0 0 
1.1 0 1.1 0.6 0 1.5 0 1.2 1.7 0 0 0 
22 27.8 18.3 35.9 12.6 10.3 20 11.3 24.3 2.4 35.5 18.9 

No 1-10: Patients in Table 1. b: Before colonic irrigations. a: After 3 times colonic irrigations 

Table 2. The changes in the fecal microbiota between prior to and after 3 clonic irrigations 

There were no significant differences in the overall quantities of fecal bacteria in samples 
collected before and after irrigations. There was also no tendency for changes int the 
proportions of Lactobacillales and Bifidobacterium and Clostridium subclusters. The 
proportions of these bacterial orders are shown in Table 3.  

 
Presumed microbiota % prior to (mean ± SD) after p 

Bifidobacterium 10.99±8.85 15.29±10.74 p>0.05 
Lactobacillales 2.15±1.99 1.57±1.84 p>0.05 

Bacteroids 30.08±13.86 23.8±9.2 p>0.05 
Prevotella 7.88±13.07 11.39±16.09 p>0.05 

Clostridium IV 9.4±9.62 13.62±7.04 p>0.05 
Clostridum XIVa 17.07±7.33 16.64±4.42 p>0.05 

Clostridum XI 3.61±4.9 1.87±1.69 p>0.05 
Clostridum XVIII 1.8±2.4 0.91±1.38 p>0.05 

Others 17.13±8.85 14.92±10.42 p>0.05 

Table 3. The mean changes in the microbiota between prior to and after 3 colonic irrigations 

According to Collins et al. (1994), Clostridium clusters and subclusters cannot revide the 
unknown pole in intestine. For example, Faecalibacterium prausnitzil is an important bacteria 
as butyrate-producing bacterium in Clostridium cluster IV. In contrast, Clostridium perfringens 
is a well known as harmful bacterium in Clostridium cluster I. Lactobacillales and 
Bifidobacterium are considered to be healthy, beneficial fecal bacteria. In this study, beneficial 
bacteria decreased in some patients. Serum electrolytes after irrigations (sodium, potassium, 
and chlorine) exhibited no significant changes from their values before irrigation (data not 
shown). Patient symptoms were improved after irrigations (Table 1), and they did not 
experience any difficulties. 
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4. Discussion 
This study showed that colonic irrigations are safe in terms of serum electrolytes for subjects 
with normal renal function and had a positive impact on these subjects’ symptoms. 
However, these irrigations showed no tendency for any effects on the intestinal microbiota. 
Colonic irrigation was developed at the National Aeronautics and Space Administration 
and has been used worldwide in the care of allergic and pollen diseases, skin disorders, and 
constipation. I previously reported that colonic irrigation may induce lymphocyte 
transmigration from GALT into the circulation, which may improve the function of both the 
colon and the immune system functions (Uchiyama-Tanaka, 2009). The increase in the 
lymphocytes was suspected to be the result of lymphocytes transmigrating as intraepithelial 
lymphocytes from Peyer’s patched and lymph nodes around the intestine as a result of 
irrigation and abdominal massage. 

Based on my personal experience, patient symptoms can improve after colonic irrigations. 
However, it has been proposed that colon irrigations with large volumes of water may 
obliterate the microbiota and induce electrolyte abnormalities, but no studies support these 
claims. The results of this study suggests that after 3s colonic irrigations, the composition of 
the microbiota changes, but there is no tendency for the changes in the bacterial 
components.  

Colonic irrigations are different from enemas for the following reasons: (a) they are not self-
administered, but are administered by a professionally trained person; and (b) they are 
administered using a device that controls water flow and infuses the entire colon with 
water, in contrast to the more limited infusion of warm filtered water into the rectum. The 
water circulates throughout the colon and removes its contents while the patient lies on a 
bed. The temperature and pressure of water are closely monitored and regulated during a 
series of fills and releases to aid colonic peristalsis. Because this method involves a closed 
system, the waste materials are removed without any unpleasant odor or discomfort, which 
are usually associated with enemas. 

The intestine is an important site of local immunity and nutrition (Iiai et al., 2002). It is a 
major site of extrathymic T cell differentiation, and numerous activated and quiescent 
lymphocytes are produced within GALT. The very important role of the intestine, as a part 
of the immune system is due to the intestinal microbiota. Thus, it has been speculated in 
peoplewho suffer from constipation and who harbor fecal residues, the intestine may have a 
diminished function in the immune system (Alveres, 2001, 1924).  

The intestinal epithelium is the first line of defense system to encounter intestinal pathogens 
and dietary antigens. It has been speculated that when the intestine is filled with feces, there 
may be a reduced function of this immune system caused by toxins leaking from the gut, in 
addition to bacterial translocation from the gut to the systemic circulation caused by a 
breakdown of the intestinal wall. This breakdown can be caused by a variety of injuries to 
the body at further locations far from the gut.  

It has been reported that increased gut permeability and bacterial translocation play a role in 
multiple organ failure (MOF: Swank & Deitch, 1996). Failure of the gut barrier is central to 
the hypothesis that toxins escaping from the gut lumen contribute to the activation of a 
host’s immune inflammatory defense mechanisms, which subsequently leads to auto-
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intoxication and tissue destruction that are seen in the septic response characteristics of 
MOF (Swank & Deitch,1996; Garcia-Tsao et al., 1995; Purohit et al., 2008). Thus, colonic 
irrigation is useful for removing fecal residues. 

Although irrigation is useful for establishing a “good” status in the intestine in terms of 
removing fecal residues, we should not expect too much from these irrigations. Factors like 
proper nutrition and food intake and a stress-free life style are also important in improving 
the microbiota, rather than colonic irrigations alone. One report showed that the microbiota 
of people on a strict vegetarian diet was very different from those on normal diets (Hayashi 
et al. 2002b). The removal of residual fecal matter in the colon may provide a break from a 
bad dietary cycle and highlight the importance of intestinal care in everyday life.  

Colonic irrigation is relatively safe and is a good method for impressing upon patients the 
importance of intestinal care. But according to the results of this study, some patients’ 
microbiota deteriorated. Although safe in terms of serum electrolytes, it should be noted 
that colonic irrigations should not be performed for patients with renal failure, heart 
disease, liver cirrhosis with ascites, recent abdominal surgery, pregnancy, and other 
conditions. In addition, excessive therapy such as everyday irrigations should be avoided. 
This may result in the loss of massive amount of digestive fluid. Except for the first 3 times 
of colonic irrigation, subsequent irrigations should be performed within a minimum 1 
month interval. 

This study was limited by its small study population. Some subjects showed reduced 
proportions in beneficial fecal bacteria, although their symptoms including allergic 
rhinorrhea, constipation, skin itching, and eczema, were improved. We should be careful 
with regard to the duration and number of irrigations administered and preferably take 
probiotics after colonic irrigation. If the patient is in a “good” status in terms of stool 
analysis, a single trial with an adequate duration would be sufficient.  

Another limitation of this study was that the actual numbers of bacteria were not 
determined using these methods. T-RFLP is only useful for estimating the proportions of 
bacteria. Hence, we need a more efficient quantitative method for bacterial analysis in 
addition to the existing one with an advantageous cost versus performance.  

In conclusion, colonic irrigation has no influence on serum electrolytes and may induce 
improvements in symptoms without any effects on the intestinal microbiota.  
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1. Introduction 
Pancreato-biliary cancers are relatively uncommon and in general, including cancers arise 
from the pancreas, bile duct and major ampullae. These tumours are uniformly carried a 
poor prognosis due to late presentation and surgical resection is only possible in less than 
20% patients (David et al., 2009; Luke et al., 2009). Despites many medical advances in the 
imaging diagnosis, chemo-radio-therapy, surgical technique and post-operative care over 
the last 2 decades, the overall survival of patients with pancreato-biliary neoplasm has not 
improved significantly (Luke et al., 2009). The aim of the current chapter is to review and 
discuss current techniques and approaches to the diagnosis and management of pancreato-
biliary neoplasm. 

2. Clinico-pathology of pancreato-biliary tumours 
2.1 Pancreatic carcinoma 

In the Western world, pancreatic cancer is the fourth leading cause of cancer related 
mortality with the approximate incidence of 11 per 100 000, and ranks second after 
colorectal cancer among all gastrointestinal malignancies (Shaib et al., 2006). Men are more 
frequently affected than women and over 80% patients are diagnosed at the age older than 
60 years. Almost 50% patients have distant metastases at the time of presentation with poor 
5-year survival of 5% (Shaib et al., 2006). Recent data suggest that although the mortality 
rate for males has decreased by 0.4% from 1990 to 2005, the mortality rate for females has 
increased by 4.4% (Shaib et al., 2006; Jemal et al., 2009). The reason for this gender difference 
in mortality is unknown. Risk factors for pancreatic cancer include smoking, alcohol, 
diabetes mellitus, chronic pancreatitis, family history of pancreatic cancer. Patients with 
hereditary pancreatitis, Puetz-Jeghers syndrome, familial atypical multiple mole melanoma, 
familial breast and ovarian cancer, Li-Fraumeni syndrome, Fanconi anaemia, ataxia-
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polyposis colon cancer syndrome are also at higher risk of having pancreatic cancer (Shaib 
et al., 2006; Klapman and Malafa, 2008).  

Ductal infiltrating adenocarcinoma is the most common type of pancreatic cancer with 78% 
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2008). Less than 15% of pancreatic cancers are intraductal mucinous papillary neoplasm 
(IPMN), solid pseudopapillary neoplasm, pancreatoblastoma, mucinous 
cystadenocarcinoma, adenosquamous carcinoma and acinar cell carcinoma (Ghaneh et al., 
2008). Given the preponderance pancreatic head location of the tumours, painless cholestatic 
symptoms are the most common presentation (Ghaneh et al., 2008). Anorexia, abdominal 
pain or mass and weight loss often indicate the presence of advanced disease. 

2.2 Cholangiocarcinoma 

This is rare malignant disease of the epithelial cells in the intra- and extrahepatic bile ducts and 
the incidence is increasing, especially the intra-hepatic subtype (Patel, 2001). In addition to 
liver flukes infestation, hepatitis B and C infections have recently been associated with rise of 
cholangiocarcinoma in the developing countries, and are thought to be responsible for the 
increasing incidence of intra-hepatic cholangiocarcinomas. In the western countries, primary 
sclerosing cholangitis and congenital anomalies such as Caroli’s syndrome and choledochal 
cysts are the main predisposing risk factors for cholangiocarcinoma (Patel, 2006).  

As with pancreatic cancer, most of the cholangiocarcinomas are unresectable at presentation 
and the prognosis for these patients is dismal. Clinical presentations of cholangiocarcinoma 
are dependent on tumour location (Patel, 2006). Extrahepatic tumours, including those 
involving the bifurcation usually show signs of biliary obstruction with jaundice and pale 
stools. In contrast, intra-hepatic cholangiocarcinomas more often present with late 
symptoms of malignancy such as weight loss, loss of appetite, and abdominal pain or mass. 

2.3 Ampullary tumours 

Compared to pancreatic carcinoma and cholangiocarcinoma, ampullary neoplasm is the 
least common and aggressive tumour. In general, ampullary tumour has better clinical 
outcomes even when the tumour is not resectable (Heinrich and Clavien 2010). Whilst 
ampullary tumours can occur sporadically, they are often seen in the context of genetic 
syndromes such as familial adenomatous polyposis and hereditary non-polyposis colorectal 
cancer, in whom the risk is 100 times more than the general population (Offerhaus et al., 
1992). As endoscopic screening and surveillance program is adopted for these at-risk 
individuals, most tumours are adenomas at detection, though the potential of malignant 
transformation to carcinomas is high (Jean and Dua, 2003; Fischer and Zhou, 2004). 
Currently, there is no consensus on the management of ampullary tumors. Factors that 
impact treatment strategy include the patient’s general health, tumor characteristics, and 
available expertise. Ampullary adenomas, especially those with high-grade dysplasia, 
warrant therapy because they are “time bombs” for malignancy and may already harbor 
malignancy missed on biopsy (Heinrich and Clavien 2010). Although endoscopic resection 
is widely embraced as first-line therapy in patients with benign ampullary tumors 
(Binmoeller et al., 1993; Beger et al., 1999; Cheng et al., 2004), the final treatment decision is 
based on the histological findings of the ampullectomized specimen. The presence of 
invasive carcinoma in the specimen indicates the need for definitive surgical resection. In 
patients who are poor candidates for surgery or who refuse surgery, endoscopic resection 
with ablative therapy can be considered despite unfavorable tumor characteristics (Nguyen 
et al. 2010). Endoscopic ampullectomy has also been reported to successfully eradicate large 
ampullary adenomas (Zadorova et al., 2001), early T1 ampullary adenocarcinoma 
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(Katsinelos et al., 2007), and even lesions with intraductal growth (Bohnacker et al., 2005). 
Given its tumour behaviour, clinical presentation and treatment modality are very different 
to that of pancreatic cancer and cholangiocarcinoma, ampullary tumours will not be 
discussed further in this chapter. 

3. Investigations of pancreato-biliary cancers 
The imaging modalities involve in the detection, staging and management of pancreatic 
cancer are computer tomography (CT), magnetic resonance imaging (MRI), endoscopic 
retrograde cholangiopancreatography (ERCP), endoscopic ultrasound (EUS) and positron 
emission tomography (PET) (Clarke et al., 2003; Chang et al., 2009; Peddu et al., 2009). The 
diagnosis can potentially be made by any, or a combination of the above modalities. The 
roles and relative importance of these imaging modalities have changed over the last few 
decades and continue to change with rapid technological advancement in medical imaging.  

Base on current best available evidence, CT should be used as first line for diagnosis, staging 
and the assessment of resectability in pancreato-biliary cancer. MRI should be reserved for 
patients with iodine contrast allergy or who cannot be exposed to radiation or to be used as 
an adjunct to CT in patients with suspicious liver lesions that need to be to better 
characterized (Clarke et al., 2003; Peddu et al., 2009). MR cholangio-pancreatography 
(MRPC) is an essential part of the evaluation for cholangiocarcinoma as it can identify the 
luminal involvement of the cancer as well as the road map of the biliary tree (Patel, 2006). 
Such information is not only important in local staging but also critical in determining 
respectability, type of surgery and/or identifying the dominant obstructive ductal system 
for biliary drainage. In selected cases, cholangioscopy is helpful by providing direct 
endoscopic visualization of the intra-ductal lesion that responsible for the biliary stricture 
(Patel, 2006). The recent development of SpyGlass cholangioscopy system has also allowed 
tissue sample under direct vision. 

EUS should be used for local staging and assessment of resectability if it remains 
inconclusive on non-invasive imaging modalities (Chang et al., 2009; Iglesias Garcia et al., 
2009). It should also be used in patients with a high clinical suspicion of a lesion that has not 
been clearly demonstrated using other modalities. EUS-FNA should also be the biopsy route 
of choice in patients where a tissue diagnosis or tissue from regional lymph nodes may alter 
the course of treatment, or if neo-adjuvant treatment is contemplated. If there is 
disagreement between CT and EUS images, then laparotomy and trial of dissection should 
be considered (Chang et al., 2009). PET/CT should be used selectively such as when 
metastatic disease is suspected but has not been demonstrated with other imaging 
modalities (Nguyen and Bartholomeusz, 2011; Serrano et al. 2010). The availability and local 
expertise of each imaging modality will also influence their use. A suggested management 
algorithm for patients with suspected pancreato-biliary cancer is shown in Figure 1. 

3.1 Tumour markers 

The role of tumour marker in the diagnosis and management of pancreato-biliary cancers 
remains controversial (Balzano and Di Carlo, 2008). Carbohydrate antigen 19-9 (CA19-9), 
which is caused by the up-regulation of glycosyl transferase genes, is the most commonly 
used marker and can provide useful diagnostic and prognostic information (Duffy et al.  
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Fig. 1. Suggested algorithm for the evaluation and management of patients with suspected 
pancreatic. 

2010). Its sensitivity (70%-90%) and specificity (43%-91%) for diagnosing pancreatic cancer 
are only modest and can be falsely increased by high serum bilirubin (Duffy et al. 2010). 
However, for those with confirmed pancreatic cancer, high serum CA19-9 is associated with 
a worse survival (Park et al., 2008). Similarly, in patients who undergo curative resection for 
pancreatic cancer, a normalizing post-operative CA19-9 level is associated with a longer 
median and disease-free survival compared to those with persistently high level (Duffy et 
al., 2008; Balzano and Di Carlo, 2008).  

3.2 Tissue sampling 

A distinct advantage of EUS is its ability to obtain tissue via fine needle aspiration (FNA). 
This approach is superior to percutaneous biopsy (via US or CT guided) in the investigation 
of pancreato-biliary malignancies with higher diagnostic yield (84% vs. 62%) and 
significantly lower risk of tumour seeding from the needle tract (<2% vs. 16%) (Paquin et al., 
2005). Apart from biopsy of the primary tumour, it also has the ability to biopsy lymph 
nodes, liver lesions and ascitic fluid, which is critical in accurate staging and avoiding 
unnecessary resection (Figure 2). For pancreatic head lesions, the possibility of seeding is 
eliminated, as the needle track is included in the resection specimen (Yamao et al., 2005). In  
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Fig. 2. Examples of EUS-guide FNA of a pancreatic mass in the body (panel A), a liver lesion 
(panel B) and pathological celiac node (panel C). 

contrast, for lesions in the pancreatic body and tail, where the needle track is not resected, 
the risks and benefits of pre-operative biopsy should be carefully assessed on an individual 
basis. Due to its anatomical position, tissue acquisition from biliary lesion via EUS guided 
FNA is more difficult and in general, the diagnostic yield is lower than that for pancreatic 
cancer and is dependent on the location of the lesion. As it is easier to visualize and access 
the distal biliary lesions, the diagnostic yield is significantly higher in distal compared with 
proximal lesions (81% vs 59%) (Mohamadnejad et al. 2011).  

3.3 Cholangioscopy 

In cases where the diagnosis of the biliary stricture remains unclear after conventional 
MDCT, MRI and EUS evaluation, directly visualization of the appearance of the ductal 
strictures and biopsy can be helpful in differentiating benign from malignant disorders 
(Figure 3). Although video “mother-baby” cholangioscope provides high quality images, it 
is fragile and often lack of accessory channel for tissue sampling (Nguyen, 2009; Nguyen et 
al., 2009). The diagnostic yield of malignancy based on cholangioscopic appearance of the 
intra-ductal lesion varied from 70% to 88% (Nguyen, 2009; Nguyen et al., 2009). Currently, 
tissue sampling is only possible with the single-operator disposable SpyGlass system, which 
has a 1.2mm accessory channel. Although SpyGlass guided tissue sample is successful in up 
to 96% of cases, its overall accuracy in confirming a malignant stricture is only modest (49% 
of cases) (Nguyen, 2009; Nguyen et al., 2009). This is mainly due to the poor sensitivity of 
SpyGlass guided biopsy in the diagnosis of malignancy from extrinsic cancers (8%) as 
compared to that of intrinsic cancers (66%) (Nguyen, 2009; Nguyen et al., 2009).  

4. Therapeutic approaches for pancreato-biliary cancers 
Patients with suspected or confirmed diagnosis of pancreato-biliary malignancy should  
be assessed by a multidisciplinary team and stratified as resectable, borderline resectable,  
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Fig. 3. Cholangioscopic images from SpyScope for investigation of suspected biliary 
strictures. A case of a hepatoma causing a polypoid protrusion into the right hepatic duct at 
the hilum, mimicking a cholangiocarcinoma on cholangiography (panel A). A case of 
cholangiocarcinoma in the upper common bile duct (CBD) stricture, confirmed on SpyGlass 
guided biopsy (panel B). A case of mid-CBD stricture in a patient with primary sclerosing 
cholangitis, which appeared benign on SpyScope and was confirmed on biopsy (panel C).  

locally advanced unresectable or metastatic disease. Treatment should be planned according 
to local expertise and established guidelines, as resectable and borderline patients should be 
referred to surgeons, unresectable and metastatic patients should be referred to medical and 
radiation oncologists and palliative care teams. Endoscopic interventions to alleviate biliary 
or duodenal obstruction are also important in improving the performance status and quality 
of life in these patients. A multidisciplinary approach to pancreato-biliary malignancy is 
necessary to improve the overall outcome of these patients, especially for borderline 
resectable or unresectable disease as neo-adjuvant chemo-radiation therapy may play a role 
in down-staging and the conversion to potentially resectable, and in some case “curable”, 
disease (Verslype et al., 2007; Chang et al., 2008). The therapeutic approach for pancreatic 
cancers is summarized in Figure 1. 
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4.1 Surgery 

Surgical resection remains the only possibility of cure for pancreato-biliary cancers as 
chemotherapy and radiotherapy offering only a modest survival benefit. Patients who 
undergo complete surgical resection for localized, non-metastatic adenocarcinoma of the 
pancreas have a 5-year survival rate of approximately 20 to 25%, and a median survival of 
22 months (Cameron et al., 2006). Unfortunately less than 20% of patients with pancreatic 
cancer have disease amendable to surgical resection at the time of presentation (Yeo et al., 
1997) because patients often present at an advanced stage with widespread metastatic or 
locally advanced disease. The type of resection depends on the location of the tumours with 
Whipple’s procedures are most commonly performed as most cancers locate in the head of 
pancreas. 

Similarly, the type and extend of resection for cholangiocarcinoma depends on the location 
of the tumour. The indication and type of resection of intra-hepatic cholangiocarcinoma is 
similar to those of liver cancers. In contrast, curative surgery for extra-hepatic 
cholangiocarcinoma is rare and is only possible for distal ductal tumours (Witzigmann et al., 
2008; Lang et al., 2009). Hilar tumours involving the bifurcation are usually contraindicated 
for surgery and have very poor prognosis. Even in patients whose resection is considered 
successful, the overall five-year survival rate in the range of 25–30% (Lang et al., 2009).  

4.2 Chemo-radiotherapy 

Given the high loco-regional recurrence rate and a tendency towards early liver 
metastasis after pancreatic resection, adjuvant chemotherapy has been employed though 
its benefits remain controversial with mixed results until recently (Brennan, 2004; 
Zuckerman and Ryan, 2008). Of the six randomized controlled trials that examined the 
effects of adjuvant chemotherapy after pancreatic resection (Kalser and Ellenberg, 1985; 
Moertel et al., 1994; Neoptolemos et al., 2001; Neoptolemos et al., 2004; Oettle et al., 2007; 
Regine et al., 2008), only two trials were able to demonstrate a survival benefit of adjuvant 
chemotherapy (Neoptolemos et al., 2001; Neoptolemos et al., 2004). In the ESPAC-1 study, 
the survival of patients treated with adjuvant 5-Fluorouracil (5-FU) was significantly 
longer than that without adjuvant chemotherapy (20.1 months vs 15.5 months) 
(Neoptolemos et al., 2001; Neoptolemos et al., 2004). Subsequent meta-analysis supports 
the results of ESPAC-1 trial and indicated that 5-FU reduced the risk of death by 25% 
(Stocken et al., 2005). More recently, German investigators (Oettle et al., 2007) have 
demonstrated a disease-free survival advantage of patients who received gemcitabine 
adjuvant chemotherapy (13.4 months vs 6.9 months), but not the overall survival (22.1 
months vs 20.2 months). Given the encouraging data from these trials (Neoptolemos et al., 
2001; Neoptolemos et al., 2004; Oettle et al., 2007), adjuvant chemotherapy with either 5-
FU or gemcitabine or both is increasingly used in patients with resected pancreatic cancer 
(Fogelman et al., 2004; Goldstein et al., 2004). Compared with 5-FU, gemcitabine is better 
tolerated with lesser incidence of grade 3 and 4 haematological toxicity (Oettle et al., 2007; 
Palmer et al., 2007). 

Similarly, in order to convert borderline resectable to resectable tumors or to increase the 
probability of complete microscopic tumor resection, neo-adjuvant chemo-radiotherapy has 
also been evaluated (Gillen et al., 2010; Heinrich et al., 2010; van Tienhoven et al., 2011; 
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months vs 20.2 months). Given the encouraging data from these trials (Neoptolemos et al., 
2001; Neoptolemos et al., 2004; Oettle et al., 2007), adjuvant chemotherapy with either 5-
FU or gemcitabine or both is increasingly used in patients with resected pancreatic cancer 
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Similarly, in order to convert borderline resectable to resectable tumors or to increase the 
probability of complete microscopic tumor resection, neo-adjuvant chemo-radiotherapy has 
also been evaluated (Gillen et al., 2010; Heinrich et al., 2010; van Tienhoven et al., 2011; 
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Vinciguerra 2011). A recent systematic review evaluating retrospective and prospective 
studies on neo-adjuvant chemo-radiotherapy from 1966 to 2009 included a total of 111 
studies and 4,394 patients suggests that up to one third of patients with previously 
borderline resectable cancers are eligible for resection after neoadjuvant treatment (Gillen et 
al. 2010). More importantly, these patients were found to have comparable median survival 
as those who undergoing resection followed by adjuvant therapy (20.1 vs. 23.6 months, 
respectively). In contrast, neoadjuvant therapy did not seem to improve overall outcome for 
patients with resectable cancer at presentation (Gillen et al. 2010). 

In contrast to pancreatic cancer, cholangiocarcinoma has been shown to be resistant to 
common chemotherapy (Anderson and Kim, 2009). Numerous drugs have been tested 
alone and in combination, and thus far, the response rate has been unacceptably low. 
Although gemcitabine chemotherapy is often given to patients with unresectable 
cholangiocarcinoma, the survival benefit has not been proven in a randomised controlled 
trial (Gruenberger et al. 2010).  

5. Palliative endoscopic interventions 
Given that up to 80-85% of pancreato-biliary cancers are unresectable and the survival 
benefit of chemo-radiation therapy is very modest, palliative treatment plays a very 
important role in the care of these patients. Relief of symptoms secondary to gastro-
duodenal obstruction, jaundice and pain are essential to improve their quality of life and 
overall survival. In the past, surgical palliative approaches, such as gastric bypass and 
hepatico-enteric decompression, are more common used as the diagnosis of unresectable 
disease is frequently made in the operating room. With the recent improvement in pre-
operative staging, diagnostic laparotomy is rarely performed and biliary or gastro-duodenal 
obstruction is mostly managed by minimally invasive endoscopic interventions.  

5.1 Alleviation of biliary obstruction 

Currently, endoscopic biliary stenting is the treatment of choice for unresectable pancreato-
biliary cancers with obstructive jaundice (Figure 4). Endoscopic placement of plastic stent(s) 
was equally effective as surgical technique in palliating obstructive jaundice, but endoscopic 
stent was associated with fewer procedural complications and death (Taylor et al., 2000). 
More recently, the invention of larger diameter self-expandable metallic (SEM) biliary stents 
provides longer stent patency for drainage. Compared to plastic stents, SEM stents are 
significantly less likely to be occluded and thus, minimized the number of repeated ERCP. 
As with plastic stents, endoscopic placement of SEM stents has been shown to provide 
similar overall survival to surgical decompression but is more cost-effective and better 
quality of life (Knyrim et al., 1993; Prat et al., 1998). The concurrent use of chemotherapeutic 
agents in patients palliated with SEM stents does not increase the risk for ascending 
cholangitis (Nakai et al., 2005). 

Percutaneous trans-hepatic stenting (PTHS) is often reserved for patients in whom ERCP 
has failed due to a higher complication rate as well as poorer quality of life (Pinol et al., 
2002). More recently, the advent of EUS assisted ductal drainage and stenting has 
significantly improved the success rate of endoscopic approach and thus, reduced the need 
for PTHS. This approach involves puncturing a dilated intra-hepatic duct, under direct EUS  
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Fig. 4. Examples of biliary obstruction from pancreatic cancer requiring biliary drainage 
using plastic biliary stent (panel A) and SEM biliary stent (panel B). 

guidance, to pass a guide wire into the duodenum, which then allows successful canulation 
of the biliar tree via ERCP and stenting (Shami and Kahaleh, 2007). In cases of duodenal 
obstruction, direct biliary drainage from a dilated intrahepatic duct into the stomach or 
duodenum via a SEM is an effective alternative for palliation with reasonable safety profile 
(Iwamuro et al., 2010; Nguyen-Tang et al. 2010). Surgical biliary bypass is only considered 
for patients who have relatively preserved functional status with obstructive jaundice and 
have failed on endoscopic stent placement.  

5.2 Alleviation of gastro-duodenal obstruction 

Although gastric bypass is commonly performed for unresectable patients with gastro-
duodenal obstruction, the introduction of self-expanding metallic duodenal stents has 
changed the options for palliation (Figure 5). Current data suggest that placement of self-
expandable metallic duodenal stents for malignant gastric outlet obstruction is successful in 
98% of cases with a median duration of patency of 10 months (van Hooft et al., 2009). 
Serious complications from duodenal stenting, such as gastrointestinal bleeding or 
perforation, are rare with long-term stent dysfunction occurs in 14% of patients and 
migration in only 2% (van Hooft et al., 2009). Compared with palliative surgery, stent 
placement provides a shorter hospital stay, earlier resumption of oral intake, fewer 
complications and lower hospital costs (Maetani et al., 2004; Maetani et al., 2005). Currently, 
surgical palliation is often reserved for patients who are expected have a long life-
expectancy and need both biliary and gastric bypass. 
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Fig. 5. A case of duodenal obstruction caused by locally advanced pancreatic cancer (A) and 
was successfully treated with a SEM duodenal stent (B).This patient also had a SEM biliary 
stent inserted for biliary drainage prior to the duodenal stent placement (C). 

5.3 Alleviation of pain 

Approximately 70% of patients with unresectable pancreato-biliary cancer develop clinically 
important pain, which can significantly reduce the quality and quantity of life of these 
patients (Andren-Sandberg et al., 1999). Good pain relief is, therefore, an essential part of 
effective palliative care. Although opioid analgesics are most commonly used as the first line 
pain relieved medication, one third of patients experience inadequate control of pain with 
significant side effects such as constipation and drowsiness (Andren-Sandberg et al., 1999). 
In these patients, neurolytic celiac plexus block under radiological or surgical guidance with 
absolute alcohol can be performed with up to 90% success rate (Mercadante et al., 2003; 
Wong et al., 2004; Noble and Gress, 2006). Recent studies have shown that EUS-guided 
neurolysis is equally effective but has significantly fewer serious complications associated 
with surgical or percutaneous approaches (O'Toole and Schmulewitz, 2009; Puli et al., 2009)  

 
Fig. 6. Celiac ganglia can be visualized clearly on EUS imaging (panel A). Examples of EUS 
guided celiac ganglion blockage with alcohol injection (panel B). 
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(Figure 6). A recent double-blind randomized controlled study has also found that celiac 
plexus block is superior than systemic analgesic therapy in providing pain relief and 
improving quality of life (Wong et al., 2004). Thus, EUS-guided celiac neurolysis should be 
considered in all patients who have abdominal pain related to the pancreato-biliary cancer.  

6. Conclusions 
Despite the recent advances in diagnostic modalities, chemo-radiotherapy, surgical and 
post-operative care, the overall prognosis of pancreato-biliary malignancies has barely 
changed over the last few decades. The management of these patients is often complex and 
requires expertise in many fields. Thus, multidisciplinary teams are necessary to optimize 
the overall care. As the majority of these patients are diagnosed in advanced stages, good 
palliative care measures are essential to the management. Fortunately, a number of 
advances in endoscopic techniques have been made to improve the quality of life of these 
patients and avoid unnecessary surgery.  
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1. Introduction 
The aim of this chapter is to present different types of biliary reconstructions used in the 
surgical treatment of iatrogenic bile duct injuries (IBDI). 

IBDI remain an important problem in gastrointestinal surgery. The most frequently, they are 
caused by laparoscopic cholecystectomy which is one of the commonest surgical procedure 
in the world. The early and proper diagnostics of IBDI is very important for surgeons and 
gastroenterologists, because unrecognized IBDI lead to serious complications such as biliary 
cirrhosis, hepatic failure and death. Choice of the proper treatment of IBDI is very 
important, because it may avoid these serious complications and improve quality of life in 
patients. Non-invasive, percutaneous radiological and endoscopic techniques are 
recommended as initial treatment of IBDI. When endoscopic treatment is not effective, 
surgical management is considered. The goal of surgical treatment is to reconstruct the 
proper bile flow to the alimentary tract. In order to achieve this goal, many techniques are 
used. There are contradictory reports on the effectiveness of bile duct reconstruction 
methods in the literature.  

2. Historical perspectives of reconstructive biliary surgery 
The first descriptions of the anatomy of the liver and bile ducts originate 2000 years BC in 
Babylon. The presence of gallbladder stones were found in mummy priestess who lived in 
the eleventh century BC. Historical records derived from ancient Mesopotamia, Greece, 
Egypt and Rome, also demonstrate the presence of biliary tract diseases in those days. The 
first surgical procedures within the bile ducts were simple and uncomplicated. In 1618, 
Fabricus removed gallstones from the gallbladder. In 1867, Bobbs performed 
cholecystostomy. Cholecystostomy procedures were also performed by: Sims in 1878, 
Kocher in 1878 and Tait in 1879. The first planned cholecystectomy, performed on July 15, 
1882, by the Berlin surgeon Langenbuch (1846-1901), was a breakthrough in the 
development of biliary surgery. In 1890, Couvoissier the performed the first 
choledochotomy. Development of operations performed on the bile ducts caused the the 
problem of iatrogenic bile duct injuries. In 1891, Sprengel, first described the case of bile 
duct injury. With the rise of this problem, the first reports of surgical reconstruction of the 
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injuried bile ducts have appeared. In 1892, Doyen, as first, described the biliary ductal end-
to-end anastomosis. The idea of biliary-alimentary anastomoses appeared as early as the 
nineteenth century. Cholecystoenterostomy (anastomosis between the gallbladder and 
colon), made by Winiwater in 1881, was the he first recorded biliary-alimentary 
anastomosis. In 1905, Mayo made the first biliary reconstruction as the end-to-side 
anastomosis between the common bile duct anastomosis (CBD) and the duodenum called 
choledochoduodenostomy. In 1908, Monprofit described biliary-alimentary anastomosis 
with a loop of small intestine Roux-Y as a way to repair the biliary tract. In 1909, Dahl 
reported a similar case. In 1944, Manteuffel performed hepaticojejunostomy conncting 
intrahepatic biliary ducts with a small intestine. In 1948, Cole attempted to produce 
mucosal-intestinal anastomosis by moving a segment of small intestine mucosa by incision 
the proximal hepatic duct. However, in this method, the mucosal fragment had not got 
sufficient blood supply. This technique was modified in 1969 by Smith, who described it as a 
mucosal graft. In 1964, Gilbert and in 1969, Grassi used in the insertion of the small intestine 
pedunculated on biliary vessels in the biliary reconstruction. The role of the Berlin surgeon 
Kehr (1862-1916), as the creator of the most widely used today T biliary drain, should be 
also emphasized. The French surgeons, Couinaud in 1954 and in 1956, Hepp and Couinaud, 
described the hepatic hilum of the liver and long extrahepatic left hepatic duct, using it to 
perform a wide biliary-alimentary anastomosis, after the dissection of tissue within the 
hilum the liver to perform, in cases of intrahepatic bile duct injuries. In 1948, Longmire and 
Sanford also described a technique of isolating the left hepatic duct to use it for a biliary-
intestinal anastomosis, consisting of partial resection of the left lobe of the liver. In 1957, this 
technique has been modified and used by Soupault and Couinaud to isolate the hepatic 
segment of the third hepatic segment in order to perform the biliary-intestinal anastomosis 
in the case of atypical sectoral biliary system. In 1994, Blumgart described the technique of 
the hilar and intrahepatic biliary-enteric anastomosis. In 1965, Thomford and Hallenbeck 
described the modification of an animal model of biliary-enteric anastomosis using Roux-Y 
loop, consisting of the jejunostomy (intestinal loop sutured into the abdominal shell) which 
allowed postoperative endoscopic control and dilatation of the anastomosis. In 1984, Hutson 
described the application of this technique in patients with postoperative stenosis within the 
biliary anastomosis. This method of reconstruction has not been widely accepted and 
incorporated into the standard surgical treatment of iatrogenic bile duct injuries (IBDI). In 
Poland, the modified biliary-enteric anastomosis with using Roux-Y loop sutured into the 
hole in the layer of musculo-fascial, was first described in 1997 by Jędrzejczyk et al. [8]. The 
increase in the IBDI incidence has been reported in the early 90's, which was connected with 
the introduction of laparoscopic cholecystectomy. The first laparoscopic cholecystectomy 
was performed in 1986 by Muhe. 

3. Pathogenesis of bile duct injuries 
Iatrogenic bile duct injury account for about 95% of all benign biliary strictures (BBS). 
"Benign biliary strictures" is a broad concept encompassing not only strictures caused by 
injuries, but also as a result of other causal factors [1, 11 12]. Causes of BBS can be divided 
into several groups and they are summarized in table 1. 

There are two basic groups of surgical procedures, which may lead to IBDI. The first group 
are the operations performed on the bile ducts: an open cholecystectomy (OC) and  
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Congenital strictures: Biliary atresia and congenital cysts 
Bile duct injuries: 
Iatrogenic: postoperative, following endoscopic and percutaneous procedures 
Following blunt or penetrating trauma of the abdomen 
Inflammatory strictures: 
Cholelithiasis and choledocholithiasis 
Mirizzi’s syndrome 
Chronic pancretitis 
Chronic ulcer or diverticulum of duodenum 
Abscess or inflammation of liver or subhepatic region 
Parasitic, viral infection 
Toxic drugs 
Recurrent pyogenic cholangitis 
Primary sclerosing cholangitis 
Radiation-induced strictures 
Papillary stenosis 

Table 1. Main causes of benign biliary strictures. 

laparoscopic cholecystectomy (LC), choledochotomy, and previous biliary reconstruction. 
The second group includes the operations performed on other abdominal organs, such as 
gastric resection (Bilroth II partial resection), liver resection, liver transplantation, pancreatic 
resection (pancreatoduodenectomy, extended distal pancreatic resection and pancreatic cyst 
drainage), biliary-enteric and porto-caval anastomoses, and lymphadenectomy or other 
procedures within the hepatoduodenal ligament.Cholecystectomy is the most common 
cause of IBDI. Injuries caused during cholecystectomy represent 92.5% of IBDI.  

Data regarding the exact prevalence of IBDI after OC and laparoscopic LC vary depending 
on the literature source. However, according to most authors IBDI occur 2-4 times more 
likely after laparoscopic cholecystectomy than after open cholecystectomy. IBDI number has 
increased in recent years, twice in connection with the introduction of laparoscopic 
cholecystectomy. Table 2 summarizes IBDI incidence following OC and LC. 
 

Author IBDI incidence following OC IBDI incidence following LC 
Mc Mahon 1995  
Strasberg 1995  
Shea 1996 
Targarona 1998 
Lillemoe 2000 
Gazzaniga 2001  
Savar 2004  
Moore 2004  
Misra 2004 
Gentileschi 2004 
Kaman 2006  

0.2% 
0.7% 

0.19-0.29% 
0.6% 
0.3% 

0.0-0.5% 
0.18% 
0.2% 

0.1-0.3% 
0.0-0.7% 

0.3% 

0.81% 
0.5% 

0.36-0.47% 
0.95% 

0.4-0.6% 
0.07-0.95% 

0.21% 
0.4% 

0.4-0.6% 
0.1-1.1% 

0.6% 
BDI iatrogenic bile duct injuries; OC open cholecystectomy; LC laparoscopic cholecystectomy. 

Table 2. Incidence of IBDI following cholecystectomy. 
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There are many factors that increase the IBDI risk during surgery. Coexisting chronic or 
exacerbated inflammation of the operated area, obese patient, the presence of abundant 
adipose tissue around the hepatoduodenal ligament, not sufficiently broad insight into the 
operative field, and bleeding increases the difficulty of surgery and promote bile duct 
injuries. The conditions in which laparoscopic cholecystectomy is performed, also affect the 
rate of IBDI formation. Adverse factors include older age, male gender and long duration of 
symptoms prior to surgery. Biliary anomalies and variability of the arteries are also the 
factors associated with increased IBDI risk. Unusually reputed hepatic duct may be 
mistakenly regarded as the cystic duct and ligated or cut. Excessive, more than is necessary, 
dissection around the hepatoduodenal ligament during cholecystectomy may lead to 
damage to the axial arteries running along the CBD. Vascular damage is the cause of 
postoperative biliary strictures due to ischemia . According to the literature, during the 
distal bile duct injury the axial artery damage usually occurs (incidence 10-15% of cases), 
while during high biliary injuries of the proximal bile duct damage to the branches of the 
proper hepatic artery occurs (incidence 40-60% of cases). 

4. Clinical presentation of iatrogenic bile duct injuries 
The most frequently observed clinical symptoms include jaundice, fever, chills, abdominal 
pain, pruritus. Clinical symptoms can be divided into two main groups. The first group are 
patients with the bile leakage in the early postoperative period due to the bile duct injury. In 
the presence of a drain in the peritoneal cavity, the injury indicates the appearance of bile in 
the drain. In patients without a catheter in the peritoneal cavity, bile leak into the abdominal 
cavity, leading to biloma or bile peritonitis. In these patients, jaundice is not observed 
because there is no cholestasis. In the second group of patients, usually in a remote time 
after surgery, there are primarily clinical symptoms resulting from cholestasis due to biliary 
obstruction. This is most commonly jaundice, 

5. Diagnosis of iatrogenic bile duct injuries 
5.1 Laboratory diagnosis 

Laboratory tests and imaging are used in IBDI diagnostics. In the laboratory tests, 
cholestasis and liver function indicators, such as bilirubin, alkaline phosphatase (FA), 
gamma-glutamyl-transpeptidase (GGT), alanine transaminase (ALT) and aspartate 
transaminase (AST), are the most useful. In patients with biliary stenosis cholestasis 
parameters are increased: serum bilirubin, FA, GGT and 5'-nucleotidase and leucine 
aminoptidase (LAP) (less marked in the laboratory), and transaminase values usually 
remain normal (the liver is not damaged). Elevated transaminase levels indicate damage to 
liver parenchyma and the development of secondary biliary cirrhosis hypoalbuminemia and 
prolonged prothrombin time occur due to damaged liver synthetic function.  

5.2 Radiological diagnosis 

In IBDI diagnostics, imaging ultrasound (USG), abdominal computed tomography (CT) scan 
of the abdominal cavity, percutaneous cholangiography, endoscopic cholangiography and 
magnetic resonance imaging are performed. Abdominal ultrasound allows the visualization 
of intra-and extrahepatic bile ducts with the measurement of width and visibility of the 
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biloma within the peritoneal cavity in the case of bile leakage. In doubtful cases, you can 
perform abdominal CT to accurately depict the reservoir of bile. Accurate assessment of 
biliary tree can be made using cholangiography. Percutaneous cholangiography 
(percutaneous transhepatic cholangiography, PTC) is useful to evaluate the bile ducts 
proximal to the injury. Endoscopic cholangiography (endoscopic retrograde 
cholangiopancreatography, ERCP) plays a very important role in the imaging of biliary tract 
injuries. During ERCP it is possible to supply minor injuries through the establishment of 
the prosthesis into the lumen of the damaged bile ducts. The advantage of magnetic 
resonance cholangiography (cholangio-MR) imaging is the high accuracy of the biliary tree 
and it is non-invasive. This investigation is primarily used to assess the biliary tract before 
the reconstructive surgery. 

6. Classification of iatrogenic bile duct injuries 
Different IBDI classifications are described in the literature. In our opinion, the Bismuth 
classification is the most useful in a clinical practice (described in figure 1). It is based on 
location of the injury in the biliary tract. This classification is very helpful in prognosis after 
repair, but does not involve the wide spectrum of possible biliary injuries. The another 
classification is the Strasberg scale which, in difference from the Bismuth scale, allows to 
distinguish small (bile leakage from the cystic duct) and serious injuries performed during 
laparoscopic cholecystectomy, but it does not play an important role in choice of surgical 
treatment method. The Mattox classification of IBDI takes into consideration a kind of 
injuring factor (contusion, laceration, perforation, transsection, distraction or interruption of 
the bile duct or the gallbladder). There are several classifications of IBDI performed during 
laparoscopic cholecystectomy (Steward and Way, Schmidt, Hannover) in the literature. 

 
   I.      II.       III.            IV.             V. 
I. Common bile duct (CBD) and low common hepatic duct (CHD) > 2cm. from hepatic duct confluence. 
II. Proximal CHD < 2cm from confluence. III. Hilar injury with no residual CHD – confluence intact. IV. 
Destruction of confluence – right and left hepatic ducts separated. V. Involvement of aberrant right 
sectoral hepatic duct alone or with concomitant injury of CHD. 

Fig. 1. Bismuth classification of IBDI.  

7. Treatment of iatrogenic bile duct injuries 
7.1 Non-invasive treatment of iatrogenic bile duct injuries 

Non-invasive, percutaneous radiological end endoscopic techniques are recommended as 
initial treatment of IBDI. When these techniques are not effective, surgical management is 
considered. 
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classification is the Strasberg scale which, in difference from the Bismuth scale, allows to 
distinguish small (bile leakage from the cystic duct) and serious injuries performed during 
laparoscopic cholecystectomy, but it does not play an important role in choice of surgical 
treatment method. The Mattox classification of IBDI takes into consideration a kind of 
injuring factor (contusion, laceration, perforation, transsection, distraction or interruption of 
the bile duct or the gallbladder). There are several classifications of IBDI performed during 
laparoscopic cholecystectomy (Steward and Way, Schmidt, Hannover) in the literature. 

 
   I.      II.       III.            IV.             V. 
I. Common bile duct (CBD) and low common hepatic duct (CHD) > 2cm. from hepatic duct confluence. 
II. Proximal CHD < 2cm from confluence. III. Hilar injury with no residual CHD – confluence intact. IV. 
Destruction of confluence – right and left hepatic ducts separated. V. Involvement of aberrant right 
sectoral hepatic duct alone or with concomitant injury of CHD. 

Fig. 1. Bismuth classification of IBDI.  

7. Treatment of iatrogenic bile duct injuries 
7.1 Non-invasive treatment of iatrogenic bile duct injuries 

Non-invasive, percutaneous radiological end endoscopic techniques are recommended as 
initial treatment of IBDI. When these techniques are not effective, surgical management is 
considered. 
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Type Injury type 
A Injury of small bile ducts in communication with the main biliary system, with 

leakage of bile from the Luschka’s or cystic ducts.  
B Injury of the sectoral bile duct, with subsequent obstruction of the main biliary 

system. 
C Injury of the sectoral bile duct with bile leakage of bile from bile duct, without 

communication with the main biliary system. 
D Side extrahepatic bile duct injury. 
E1 CBD or CHD stricture at a distance> 2 cm from the hepatic duct confluence. 
E2 CHD stricture at a distance< 2 cm from the hepatic duct confluence. 
E3 CHD stricture within the hepatic duct confluence. 
E4 Stricture involving the right and left hepatic ducts separately. 
E5 Complete closure of all the bile ducts, including sectoral bile ducts. 

Table 3. Strasberg classification of IBDI. 
 

Type Injury type 
I Contusion of the gallbladder or hepatic triad. 
II Jagged or perforation of the gallbladder. 
III The total separation of the gallbladder from the liver. 
IV CBD or CHD partial <50% CBD or CHD laceration or CSF. 
V CBD or CHD transsection> 50% and injury of intrapancreatic or intraduodenal part of 

bile ducts. 

Table 4. Mattox classification of IBDI. 
 

Type Injury type 
I Small incisions or incomplete intersections of CBD. 
II Stricture caused by thermal injury or clips. 
III Total transsection or excision of the or CBD, CHD or the right or left hepatic ducts. 
IV Resection of the right hepatic cord erroneously recognized as the cystic duct. 

Table 5. Steward i Way classification of IBDI. 

 

Type Injury type 
A Leak from the cystic duct (A1) or an accessory hepatic duct within gallbladder fossa 

(A2). 
B Clip closure of CBD or CHD incomplete (B1) or complete (B2). 
C Side injury of CBD or CHD over a distance of up to 5 mm (C1) or more than 5 mm 

(C2). 
D Transsection of CBD or CHD without loss (D1) or loss (D2) of bile duct. 
E Stricture of CBD or CHD over a distance of up to 5 mm (E1),> 5 mm (E2) or the 

hepatic ducts confluence (E3) or only the right hepatic duct (E4). 

Table 6. Schmidt classification of IBDI. 
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Type Injury type 
A 
A1 
A2 

Peripheal bile leakage (in communication with main biliary system). 
Bile leakage from the cystic duct. 
 Bile leakage from the gallbalder fossa. 

B 
B1 
B2 

CHD or CBD stricture without damage (eg caused by a clip). 
Incomplete. 
Complete. 

C 
C1 
C2 
C3 
C4 

Lateral CHD or CBD injury. 
Small spot injury (< 5 mm). 
Large injury (> 5 mm) below the hepatic ducts confluence. 
Large injury at the level of the hepatic ducts confluence. 
Large injury above the hepatic ducts confluence. 

D 
D1 
D2 
D3 
D4 

Total transsection of CHD Or CBD.  
Without ductal loss below the hepatic ducts confluence. 
With ductal loss below the hepatic ducts confluence. 
At the level of the hepatic ducts confluence. 
Above the hepatic ducts confluence. (with or without ductal loss). 

E 
E1 
E2 
E3 
E4 
E5 

CHD or CBD stricture. 
Short, circular (< 5 mm) CHD or CBD stricture. 
Longitudinal CBD stricture (>5 mm). 
Stricture at the level of the hepatic ducts confluence  
Stricture of the right hepatic duct / sectorral hepatic duct. 
The complete closure of all the bile ducts, including sectoral bile ducts. 

Table 7. Hannover classification of IBDI. 

7.1.1 Percutaneous dilatation under radiological control 

The effectiveness of percutaneous diltatation of biliary strictures with transhepatic insertion 
of the stent under radiological control is 40-85%. The main treatment-related complications 
associated with the liver puncture include haemorrhage, bile leakage and cholangitis. The 
other less common complications include pneumothorax which is the result of damage to 
the pleura, biliary-pleural fistula and perforation of adjacent organs, including the colon. 
Percutaneous technique is less effective (52%) than surgical therapy (89%). Also frequently 
than post-surgical complications observed (35% and 25% of complications). It is also 
associated with the higher number of complications (35%) than surgery (25%). The most 
frequently, it is recommended in very difficult cases of very high, hilar biliary strictures or 
in the treatment of very small bile ducts in the diameter. 

7.1.2 Endoscopic dilatation during ERCP 

Endoscopic dilatation associated with insertion of biliary prosthesis during ERCP investigation 
is the most frequently used non-surgical method in the treatment of IBDI. The effectiveness of 
endoscopic (72%) and surgical (83%) treatment is comparable. Incidence of complications in 
both methods of treatment is also comparable (35% vs. 26%). The common complications of 
endoscopic techniques regarding placement of biliary prosthesis include cholangitis, 
pancreatitis, prosthesis occlusion, migration, dislodgement and perforation of the bile duct. 
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associated with the liver puncture include haemorrhage, bile leakage and cholangitis. The 
other less common complications include pneumothorax which is the result of damage to 
the pleura, biliary-pleural fistula and perforation of adjacent organs, including the colon. 
Percutaneous technique is less effective (52%) than surgical therapy (89%). Also frequently 
than post-surgical complications observed (35% and 25% of complications). It is also 
associated with the higher number of complications (35%) than surgery (25%). The most 
frequently, it is recommended in very difficult cases of very high, hilar biliary strictures or 
in the treatment of very small bile ducts in the diameter. 

7.1.2 Endoscopic dilatation during ERCP 

Endoscopic dilatation associated with insertion of biliary prosthesis during ERCP investigation 
is the most frequently used non-surgical method in the treatment of IBDI. The effectiveness of 
endoscopic (72%) and surgical (83%) treatment is comparable. Incidence of complications in 
both methods of treatment is also comparable (35% vs. 26%). The common complications of 
endoscopic techniques regarding placement of biliary prosthesis include cholangitis, 
pancreatitis, prosthesis occlusion, migration, dislodgement and perforation of the bile duct. 
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Endoscopic treatment is recommended as initial treatment of benign biliary strictures, biliary 
fistula in the presence and in patients not not qualified to surgical treatment. 

7.2 Surgical treatment of iatrogenic bile duct injuries 

7.2.1 Immediate repair of IBDI 

In the case of intraoperative recognition of bile duct injury, it is recommended that 
intraoperative cholangiography or conversion from laparoscopic cholecystectomy to open, 
allowing a better insight into the operative field and immediate repair. The injury should be 
repaired by an experienced hepatobiliary surgeon. If it is impossible, a patient should be 
transferred to a referral hepatobiliary surgery center, after adequate drainage of a 
subhepatic region. If the cut bile duct is less than 2-3 mm in diameter, without 
communication with the main biliary system, it should be ligated in order to avoid 
postoperative bile leak leading to development of the biloma and abscess in the subhepatic 
region. Bile ducts with a diameter of 3-4 mm or more should be surgically repaired because 
they drain the larger area of the liver. Interruption of CHD or CBD continuity can be 
repaired by immediate tension-free end-to-end ductal anastomosis with or without a T tube, 
using absorbable sutures. Security of the immediately repaired bile duct with a T tube is 
controversial. If the bile duct loss is too long and immediate end-to-end biliary anastomosis 
is not possible without tension, hepaticojejunostomy Roux-Y is recommended. 

7.2.2 Surgical reconstructions of iatrogenic bile duct injuries 

Over 2/3 bile duct injuries are recognized at least a few days after surgery, during which the 
injury occurred. The surgical treatment of elective IBDI is made using different methods of 
biliary reconstructions. The main aim of surgical treatment is the reconstruction of proper 
flow of bile to the alimentary tract. The following operations are performed in biliary 
injuries surgical treatment: Roux-Y hepaticojejunostomy, end-to-end ductal biliary 
anastomosis with T drainage or endoprothesis conducted into the duodenum according to 
Górka, choledochoduodenostomy, Lahey hepaticojejunostomy, jejunal interposition 
hepaticoduodenostomy, Blumgart (Hepp) anastomosis, Heinecke-Mikulicz biliary plastic 
reconstruction and Smith mucosal graft. 

Conditions of proper healing of each biliary anastomosis 

 The anastomosed edges should be healthy, without inflammation, ischemia and fibrosis.  
 The anastomosis should be tension-free and properly vascularized.  
 It should be performed in a single layer with absorbable sutures. 

7.2.2.1 Types of surgical reconstructions performed in IBDI  

7.2.2.1.1 End-to-end ductal anastomosis (EE)  

We recommend this method as the first, because end-to-end ductal anastomosis (EE) is the 
most physiological biliary reconstruction [1, 46, 48, 49]. In this type of reconstruction, extensive 
mobilization of the duodenum with the pancreatic head through the Kocher maneuver, 
excision of the bile duct stricture, and refreshment of the proximal and distal stumps should be 
performed. Anastomosis is performed in a single layer with interrupted absorbable PDS 4-0 or 
5-0 sutures. This reconstruction is not recommended by most authors due to the higher 
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number of anastomosis strictures in comparison with Roux-y hepaticojejunostomy (HJ). We 
recommend EE first, because in some patients, extensive mobilization of the duodenum with 
the pancreatic head by the Kocher maneuver allows to perform the tension-free anastomosis 
after the extensive length-loss of the bile duct. Excision of the bile duct stricture, dissection and 
refreshing of the proximal and distal stumps as far as the tissues are healthy and without 
inflammation, and the use of non-traumatic, monofilament-interrupted sutures 5-0 allows the 
achievement of good long-term results. Using of an internal Y tube conducting from the right 
and left hepatic ducts into the duodenum through EE and the papilla of Vater also allows the 
proper healing of this anastomosis. This reconstruction can be performed when the bile duct 
loss is from 0.5 to 4 cm. It allows the achievement of very good long-term results with 
effectiveness comparable with HJ. It is important that establishing a physiological bile 
pathway allows proper digestion and absorption, which causes a higher gain weight in 
patients following EE, which was noted in study performed in our department. Another 
essential advantage of EE is possibility of of endoscopic control after surgery.The lower 
number of early complications is observed after EE than HJ, which is associated with opening 
of the alimentary tract and the higher number of performed anastomoses (biliary-enteric and 
entero-enteric) in patients with HJ. The disadvantage is the higher incidence of recorded 
postoperative stenosis at the anastomosis due to poorer blood supply of the operated area. It 
can’t be performed in patients with bile duct loss more than 4 cm. The diameter of both 
anastomosed ends should be comparable. If there is a difference between a diameter of 
anastomosed ends, the thinner end should be incised longitudinally in the anterior surface in 
order to extend it before creation of anastomosis. This repair should not be carried out in bile 
ducts that are too thin (diameter less than 4 mm). In our opinion a patient, whom we perform 
first or exceptionally second bile ducts repair, is a candidate for EE. Because of a number of 
advantages, EE is recommended as the first method of choice for patients with IBDI. 

7.2.2.1.2 Roux-Y hepaticojejunostomy  

Roux-Y hepaticojejunostomy (HJ) is the most frequently performed surgical reconstruction 
of IBDI. In this surgical technique, a proximal common hepatic duct is identified and 
prepared and the distal common bile duct is sutured. End-to-side or end-to-end HJ is 
performed in a single layer using interrupted absorbable polydioxanone (PDS 4-0 or 5-0) 
sutures. Most authors prefer HJ due to the lower number of postoperative anastomosis 
strictures. According to Terblanche et al, HJ is effective in 90% of cases [50]. However, after 
this reconstruction, bile flow into the alimentary tract is not physiological, because the 
duodenum and upper part of the jejunum are excluded from bile passage. Physiological 
conditions within the proximal gastrointestinal tract are changed as a result of duodenal 
exclusion from bile passage. An altered bile pathway is a cause of disturbances in the release 
of gastrointestinal hormones. There is a hypothesis that in patients with HJ, the bile bypass 
induces gastric hypersecretion leading to a pH change secondary to altered bile synthesis 
and release of gastrin. A higher number of duodenal ulcers is observed in patients with HJ, 
which may be associated with a loss of the neutralizing effect of the bile, including 
bicarbonates and the secondary gastric hypersecretion. Laboratory investigations revealed 
increased gastrin and glucagon-like immunoreactivity (GLI) plasma levels and decreased 
triglycerides, gastric inhibitory polypeptide (GIP), and insulin plasma levels in patients with 
HJ. An altered pathway of bile flow is also a cause of disturbance in fat metabolism in 
patients undergoing HJ. Moreover, the total surface of absorption in these patients is also 
decreased due to exclusion of the duodenum and upper jejunum from the food passage. In 
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number of anastomosis strictures in comparison with Roux-y hepaticojejunostomy (HJ). We 
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our department a significantly lower weight gain in patients undergoing HJ in comparison 
to patients following physiological end-to-end ductal anastomosis was reported [1, 49]. The 
another disadvantage of HJ is a lack of capability of control endoscopic examination and 
endoscopic dilatation of strictured biliary anastomosis. In order to resolve this problem, a 
longer jejunal loop (jejunostomy) is prepared and sutured to the abdominal subcutaneous 
tissue in the right subcostal region. Jejunostomy can be open or closed with possibility of 
opening in a case of biliary anastomosis stricture, which should be endoscopically dilated. 
Jejunostomy is asscociated with bile loss of about 40 ml/day in patients.  

7.2.2.1.3 Choledochoduodenostomy (ChD) 

Choledochoduodenostomy (ChD) is actually rarely performed operation recommended by 
some authors only in cases of injury within the distal portion of the common bile duct. It 
guarantees physiological bile flow into duodenum and anastomosis endoscopic control, and 
it is easier technically. It is recommended in some cases of distal strictures, when use of the 
jejunal loop due to numerous adhesions is impossible. It should be performed on the large 
common bile duct (>15 mm diameter) because the postoperative strictures are more 
frequent within the narrow duct. ChD should be created between the duodenum and the 
distal CBD in order to decrease a risk of so-called sump syndrome noted in 0.14-3.3% of 
cases in the literature. In patients following ChD, recurrent ascending cholangitis due to bile 
reflux is noted in 0-4%. A higher rate of bile duct cancer in patients with ChD in comparison 
of HJ (7.6 vs. 1.9%) was reported in the literature . 

7.2.2.1.4 Jejunal interposition hepaticoduodenostomy (JIHD) 

Jejunal interposition hepaticoduodenostomy, using 25-35 cm of the jejunal loop, is performed 
in some surgical centers including our department. This reconstruction includes three (biliary-
enteric, enteric-duodenal and entero-enteric) anastomoses. Biliary-enteric anastomosis is 
performed in a single layer with interrupted absorbable sutures 5-0 and enteric-duodenal in a 
single layer with interrupted or continuous absorbable sutures 4-0. In our opinion, JIHD 
should be used only in patients in good general condition, without active inflammation within 
the peritoneal cavity, with protein level more than 6 g/dl and serum bilirubin level less than 
20 mg/dl. Good condition of the duodenal wall is important factor for proper healing of 
hepaticoduodenostomy with jejunal interposition. The advantage of this reconstruction is 
physiological bile flow into the duodenum, which prevents duodenal ulcer caused by changes 
in the neurohormonal axis within the upper alimentary tract. This method of reconstruction is 
recommended mainly in patients with concomitant duodenal ulcer The disadvantage is a 
higher number of early complications due to presence of three anastomoses. 

7.2.2.1.5 Reconstructions of hilar bile duct injuries 

The repair of hilar IBDI requires special surgical techniques. In the past, so-called “mucosal 
graft technique” described by Smith in the 1960s was performed. This reconstruction 
involves creating a mucosal dome of jejunum (by removing a seromuscular patch) near the 
end of Roux-Y loop through which a straight rubber tube is brought via hepatic ducts and 
through liver parenchyma. This technique is based on the hypothesis that jejunal mucosa 
grafts to the biliary epithelium and mucosa-to-mucosa anastomosis is created. Short-term 
results were good, but in long-term results a high number of anastomosis strictures was 
observed. Therefore, currently, not Smith but Blumgart-Hepp technique is used in 
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reconstruction of hilar IBDI. In this technique, dorsal surface of the left hepatic duct parallel 
to the quadrate hepatic lobe. Dissection and opening of the left hepatic duct longitudinally 
allows to create a wide anastomosis of 1-3 cm in diameter. 

Other methods of IBDI reconstruction, such as Lahey hepaticojejunostomy, jejunal Heinecke-
Mikulicz biliary plastic operation Kirtley operation and others are performed sporadically. 

7.2.2.2 Types of surgical biliary drainage used in IBDI reconstructions 

7.2.2.2.1 External T-drainage 

External T-drainage - using a typical Kehr tube with insertion of its short branches into the 
bile duct and conducting of its long branch through the abdominal wall outside. 

7.2.2.2.2 External Y-drainage 

External Y-drainage - insertion of short branches of the Kehr tube into both right and left 
hepatic ducts, splinting of the anastomosis and conducting of its long branch through the 
jejunal loop and abdominal wall outside.  

7.2.2.3 Internal Y-drainage 

Internal Y-drainage - insertion of short branches of the Kehr tube into both right and left 
hepatic ducts, splinting of the anastomosis and conducting of its long branch into the 
duodenum by the papilla of Vater. 

7.2.2.4 Rodney-Smith drainage 

Rodney Smith drainage - using two straight rubber tubes splinting the biliary-enteric 
anastomosis that are brought via hepatic ducts and through liver parenchyma and 
conducted through the abdominal wall outside. This drainage type is used in high intrahilar 
biliary-enteric anastomosis. In the past, it was used in Smith “mucosal graft technique”.  

7.2.2.5 No drainage 

Drainage using is still controversial. The advantage of biliary drainage is limitation of the 
inflammation and fibrosis occurring after the surgical procedure. In some authors’ opinion, 
the presence of the biliary tube prevents anastomosis stricture. The disadvantage of biliary 
drainage is a higher risk of postoperative complications. There are recommendations 
(according to Mercado et al) to use transanastomotic stents when there is a thin bile duct less 
than 4 mm in diameter, and when there is inflammation within the ductal anastomosed 
edges that makes proper healing of the anastomosis questionable. 

8. Treatment of iatrogenic bile duct injuries – Assesment of results in the 
surgical treatment of iatrogenic bile duct injuries 
8.1 Short-term results and early complications 

The early postoperative morbidity rate is 20-30% and mortality rate 0-2%. The most frequent 
early complication is wound infection (8-17.7%). Other complications are the following: bile 
collection, intra-abdominal abscess, biliary-enteric anastomosis dehiscence, biliary fistula, 
cholangitis, peritonitis, eventration, pneumonia, circulatory insufficiency, intra-abdominal 
bleeding, sepsis, infection of the urinary tract, pneumothorax, acute pancreatitis, thrombosis 
and embolic complications, diarrhea, ileus and multi-organ insufficiency. 
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our department a significantly lower weight gain in patients undergoing HJ in comparison 
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tissue in the right subcostal region. Jejunostomy can be open or closed with possibility of 
opening in a case of biliary anastomosis stricture, which should be endoscopically dilated. 
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single layer with interrupted or continuous absorbable sutures 4-0. In our opinion, JIHD 
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8.2 Long-term results and quality of life 

8.2.1 Follow-up after surgical reconstructions 

8.2.1.1 Duration of follow-up 

IBDI remain a serious clinical problem and a challenge for even the most experienced 
surgical centers of reference. According to literature, the effectiveness of surgical treatment 
of IBDI is 70-90%. The recurrent strictures after biliary reconstruction occur in 10-30% of 
cases. About 80% of postoperative recurrence of biliary strictures are observed during the 
first five years following reconstruction. Two-thirds (65%) of recurrent biliary strictures 
develop within 2-3 years after the reconstruction, 80% within 5 years, and 90% within 7 
years. Recurrent strictures 10 years after the surgical procedure are also described in the 
literature. Therefore, the objective assessment of long-term results of surgical treatment 
plays an important role in the observation period (follow-up) (FU). According to most 
authors, patients following biliary reconstruction should be observed at least 3 years; 
according to some authors even 5 to 10 years. Satisfactory length of follow-up, which is 
necessary in order to assess the long-term results of the repair procedure, is 2 to 5 years. 
Some authors recommend 10 or 20 years of observation. The criteria of success of surgery 
include: the absence of clinical symptoms such as biliary jaundice or cholangitis and absence 
of recurrent stenosis after surgery requiring endoscopic or surgical correction. 

The early proper biliary reconstruction is very important, because duration of biliary 
obstruction is the most important risk factor of biliary cirrhosis. According to literature, 
prolonged time from injury to repair and portal hypertension are important parameters 
correlating with secondary biliary cirrhosis. So, early biliary repair can prevent liver fibrosis. 
According to the literature, biliary cirrhosis occurs in two thirds of patients without effective 
biliary repair. Portal hypertension is noted in 15-25% of patients with biliary cirrhosis due to 
IBDI. Reoperations within inflammation, fibrosis and a higher risk of intra-operative 
bleeding due to portal hypertension with collateral circulation and intraperitoneal adhesions 
are very difficult and associated with increased mortality rate. Therefore, early and proper 
biliary reconstruction increases survival rate and decreases morbidity and mortality rates in 
patients with IBDI. 

8.2.1.2 Follow-up classifications 

Different classifications are used for an objective assessment of the effectiveness of biliary 
repair. The Terblanche scale taking into account clinical parameters is the most frequently 
used classification [50, 72]. Other less frequently used classifications are the following: the 
McDonald, Brummelkamp Lygidakis, Cardenas and Munoz, and Nielubowicz scales. 
 

I Excellent result. No biliary symptoms with normal liver function. 
II Good result. Transitory symptoms, currently no symptoms and normal liver 

function. 
III Fair result. Clearly related symptoms requiring medical therapy and/or deteriorating 

liver function. 
IV Poor result. Recurrent stricture requiring correction or related death. 

Table 8. Terblanche classification. 
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A No clinical symptoms from the biliary tract, proper laboratory liver funtion parameters 
tests.  

B No clinical signs, laboratory liver function parameters tests slightly elevated liver 
function parameters, or periodically occurring episodes of pain or fever.  

C Pain, cholangitis with the presence of fever with jaundice and abnormalities in 
laboratory tests.  

D Condition requiring surgical or endoscopic correction.  

Table 9. McDonald classification. 

 

I Without pain, normal liver function tests. 

II Minor clinical symptoms due to periodic cholangitis resolved after antibiotic 
therapy, occurring 2-3 times a year, not requiring hospitalization. Proper liver 
function tests, except of increased serum bilirubin and alkaline phosphatase, with 
rapid normalization after symptoms resolution.  

III Severe recurrent cholangitis, occuring in more 3 times a year,, lasting over a week 
and requiring hospitalization. Laboratory tests showing a tendency do increased 
ALT and AST and transit but rapid increased serum bilirubin and alkaline 
phosphatase.  

Table 10. Lygidakis i Brummelkamp classification.  

 

I Asymtomatic course.  

II Minor clinical symtoms. 

III Recurrent cholangitis. 

Table 11. Muňoz-Cardenas classification. 
 

Very good result Without clinical symptoms. 

Good result Cholangitis 1-2 a year without jaundice, and without debilitating 
normal life and work of the patient. 

Poor result Often repeated bouts of cholangitis with jaundice, showing 
recurrence of stenosis. 

Table 12. Nielubowicz classification. 

9. Conclusion 
The early and proper treatment of IBDI is very important, because it can prevent serious 
complications and improve quality of life in patients. Non-invasive methods are used as 
initial treatment. When it is not effective, surgical management should be considered. 
Surgical treatement includes different types of reconstructions. 
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C Pain, cholangitis with the presence of fever with jaundice and abnormalities in 
laboratory tests.  

D Condition requiring surgical or endoscopic correction.  

Table 9. McDonald classification. 

 

I Without pain, normal liver function tests. 

II Minor clinical symptoms due to periodic cholangitis resolved after antibiotic 
therapy, occurring 2-3 times a year, not requiring hospitalization. Proper liver 
function tests, except of increased serum bilirubin and alkaline phosphatase, with 
rapid normalization after symptoms resolution.  

III Severe recurrent cholangitis, occuring in more 3 times a year,, lasting over a week 
and requiring hospitalization. Laboratory tests showing a tendency do increased 
ALT and AST and transit but rapid increased serum bilirubin and alkaline 
phosphatase.  

Table 10. Lygidakis i Brummelkamp classification.  
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II Minor clinical symtoms. 

III Recurrent cholangitis. 

Table 11. Muňoz-Cardenas classification. 
 

Very good result Without clinical symptoms. 

Good result Cholangitis 1-2 a year without jaundice, and without debilitating 
normal life and work of the patient. 

Poor result Often repeated bouts of cholangitis with jaundice, showing 
recurrence of stenosis. 

Table 12. Nielubowicz classification. 

9. Conclusion 
The early and proper treatment of IBDI is very important, because it can prevent serious 
complications and improve quality of life in patients. Non-invasive methods are used as 
initial treatment. When it is not effective, surgical management should be considered. 
Surgical treatement includes different types of reconstructions. 
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1. Introduction 
The liver is the most important organ for the well-functioning of other organs because of its 
vital role in nutrition, metabolism and secretion. Any disturbance in normal homeostasis of 
liver as it happens in acute liver failure (ALF) and chronic liver disease (cirrhosis) will lead 
to extra hepatic manifestations of liver disease, among them one is encephalopathy. And 
this encephalopathy caused by liver abnormality is known as Hepatic encephalopathy 
(HE).(1) HE occurs in 50-70% of patients with chronic liver disease and this is one of the sign 
of decompensated chronic liver disease. Occurrence of HE associated with poor prognosis 
with survival of approximately 42% at 1 year.(2) 

1.1 Definition 

Hepatic encephalopathy(HE) is defined as a reversible and metabolically induced 
neuropsychiatric complication, most commonly associated with cirrhosis, but may also be a 
complication of acute or chronic liver disease.(3) The affected patients exhibit alterations in 
psychomotor functions, personality changes, cognitive impairment and disturbed sleep 
pattern. Although, precise pathophysiologic mechanisms are not well understood, severe 
liver damage or the presence of Porto-systemic shunts are thought to be the major 
mechanisms involved.(4)  

According to the classification proposed by the working party in 1998, HE can be graded 
into 3 types:  

1. Type A HE (associated with acute liver failure);  
2. Type B HE (observed in patients with Porto-systemic bypass and no intrinsic hepato-

cellular disease); 
3. Type C HE (associated with cirrhosis or portal-hypertension or Porto-systemic shunt).  

Type C HE can be further divided into three categories: 

i. Episodic HE (Spontaneous; recurrent; precipitated)  
ii. Persistent HE (Mild; Severe; Treatment dependent)  
iii. Minimal or Overt HE(3) 

Overt HE (OHE) is a syndrome of neuropsychiatric abnormalities that can be detected by 
bedside clinical tests in contrast to minimal HE (MHE) that requires specific psychometric 
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1. Introduction 
The liver is the most important organ for the well-functioning of other organs because of its 
vital role in nutrition, metabolism and secretion. Any disturbance in normal homeostasis of 
liver as it happens in acute liver failure (ALF) and chronic liver disease (cirrhosis) will lead 
to extra hepatic manifestations of liver disease, among them one is encephalopathy. And 
this encephalopathy caused by liver abnormality is known as Hepatic encephalopathy 
(HE).(1) HE occurs in 50-70% of patients with chronic liver disease and this is one of the sign 
of decompensated chronic liver disease. Occurrence of HE associated with poor prognosis 
with survival of approximately 42% at 1 year.(2) 

1.1 Definition 

Hepatic encephalopathy(HE) is defined as a reversible and metabolically induced 
neuropsychiatric complication, most commonly associated with cirrhosis, but may also be a 
complication of acute or chronic liver disease.(3) The affected patients exhibit alterations in 
psychomotor functions, personality changes, cognitive impairment and disturbed sleep 
pattern. Although, precise pathophysiologic mechanisms are not well understood, severe 
liver damage or the presence of Porto-systemic shunts are thought to be the major 
mechanisms involved.(4)  

According to the classification proposed by the working party in 1998, HE can be graded 
into 3 types:  

1. Type A HE (associated with acute liver failure);  
2. Type B HE (observed in patients with Porto-systemic bypass and no intrinsic hepato-

cellular disease); 
3. Type C HE (associated with cirrhosis or portal-hypertension or Porto-systemic shunt).  

Type C HE can be further divided into three categories: 

i. Episodic HE (Spontaneous; recurrent; precipitated)  
ii. Persistent HE (Mild; Severe; Treatment dependent)  
iii. Minimal or Overt HE(3) 

Overt HE (OHE) is a syndrome of neuropsychiatric abnormalities that can be detected by 
bedside clinical tests in contrast to minimal HE (MHE) that requires specific psychometric 
tests for detection.(5) Defining type-C HE into minimal or overt, episodic or persistent and 
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precipitated or spontaneous is clinically relevant since the management of each category is 
very different. Nowadays MHE has been recognized as the major factor in impairing the 
health related quality of life (HRQOL) in patients with cirrhosis.(6, 7) And MHE has 
prognostic significance because it predicts the occurrence of overt HE and is not useful 
predictor for mortality in cirrhosis.(8)  

2. Pathophysiology 
The pathophysiology of hepatic encephalopathy is intricate and exact mechanisms leading 
to HE are not clearly understood. Hepatic encephalopathy pathogenesis has many 
components which include ammonia, inflammatory cytokines, benzodiazepine like 
compounds and manganese like substances which impair neuronal function.(9) The role of 
ammonia has dominated explanations for the pathogenesis of HE but it cannot single 
handedly explain all the neurological changes seen in HE. Evidence regarding other 
concurrent factors has emerged over the years and it is thought that these factors either 
work alone or in synergy to cause astrocytes to swell and fluid to accumulate in brain which 
causes the symptoms of HE(10). Some factors and conditions also appear to precipitate HE 
(Box A). 

2.1 The ammonia theory 

Ammonia is produced predominantly from dietary nitrogenous components, bacterial 
metabolism of these nitrogenous products in the colon and in small intestine from 
glutamine by glutaminase enzyme.(11) Eventually this ammonia from gastrointestinal 
tract enters portal circulation for its final destination of urea cycle in the liver to be 
converted as urea which will subsequently be excreted by kidneys.(12) Under normal 
conditions, ammonia is eliminated through urea formation in the liver but in patients with 
acute liver failure, brain and muscle cells are also involved in the metabolism. Elevated 
levels of ammonia may cause severe toxicity so it must be removed from the body.(13) 
Because of liver disease and portosystemic collaterals in cirrhosis, ammonia concentration 
in blood rises hence crosses the blood brain barrier.(14) In Brain, astrocytes are the only 
cells capable of metabolizing ammonia and express the enzyme glutamine synthase for 
the conversion of ammonia into glutamine. So, ammonia detoxification in astrocytes leads 
to accumulation of glutamine which being an osmolyte, causes movement of water inside 
the astrocyte and causes cerebral edema i-e ‘Trojan horse’ hypothesis(14-16). Some of the 
studies had shown the ammonia induced expression of aquaporin water channel on 
astrocytes. (17) 

This has been seen in autopsies of patients with cirrhosis in which brain tissue had shown 
swollen astrocytes with enlarged nuclei along with displacement of chromatin to the 
perimeter of the cell, this condition is known as Alzheimer type II astrocytosis.(18) Acute 
insult of ammonia leads to calcium dependent glutamate release from astrocytes, which 
causes increased neuronal activity (as seen in Type A HE). A prolonged exposure to 
ammonia leads to glutamine induced osmotic stress, which causes compensatory release of 
myoinositol and taurine from the astrocytes, which may lead to down regulation of 
glutamate receptors and neuroinhibitory state of HE (as seen in Type C HE). Elevated 
intracellular ammonia levels also results in altered neurotransmission by agonizing GABA 
tone.(19) 
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Hyper ammonia lead to abnormal cerebral blood flow and glucose metabolism and this had 
been seen in studies of single photon emission tomographic (SPECT) in which redistribution 
of blood flow form cerebral cortex to subcortical regions had been demonstrated. This 
abnormality lead to different HE features.(17, 20)  

2.2 Inflammation 

The partial credit also goes to the inflammation because majority of the cirrhotic patients in 
the presence of infection develop the HE. This association of markers of inflammatory 
response in state of systemic inflammatory response (SIRS) and HE, has been demonstrated 
in different studies.(21, 22) In one of the clinical study, it has been seen that HE or 
neuropsychological dysfunction improves after the resolution of SIRS.(23) Despite this exact 
mechanism of inflammation leading to HE is still not known as yet, but possibly it is 
hypothesized that cytokine mediated changes in blood brain barrier (BBB) permeability, 
altered glutamate uptake by astrocyte and altered expression of GABA receptors.(23)  

TNF released in response to inflammation has been correlated to the symptoms of HE. It 
causes Astrocytes to release inflammatory cytokines (i-e IL-1, IL-6) which impairs the 
endothelial Blood-Brain barrier and increases ammonia diffusion into astrocytes. (24) 

2.3 Neurosteroids and GABA/Benzodiazepine receptor complex theory 

Neurosteroids are mainly produced by myelinating glial cells in response to increased 
expression of peripheral type benzodiazepine receptor (Trasnslocator proteins), which are 
activated by ammonia, inflammation and manganese. Neurosteroids increase chloride 
influx and thereby enhance GABAergic tone, causing symptoms in patients with Type C 
HE.(25, 26)  

GABA mediates its action through GABA-receptor complex (GRC) and acts as an inhibitory 
neurotransmitter. Increased sensitivity of the trasnslocator proteins also enhances the 
activation of GABA-GRC complex, hence causing inhibition of neurotransmission.(14, 27) 
Increased GABAergic tone has been associated with the pathogenesis of HE and this was 
proved by the reports which had revealed the beneficial effects of benzodiazepine 
antagonist (Flumazenil).(28) There is an excess of benzodiazepine like compounds in HE 
that are derived from synthesis by intestinal flora, dietary vegetables and medications.(29, 
30) Moreover natural benzodiazepines also accumulate in brain and furthermore cirrhotic 
patients have the poor capability of clearing the benzodiazepine like compounds.(31) These 
compounds bind to GABA receptor complex inducing GABA release and neuro-inhibition. 
A study by Stewart et al group had shown that ammonia itself bind to the GABA receptor 
complex.(32) It may also potentiate benzodiazepines by up regulating expression of 
peripheral type benzodiazepine receptor that trigger synthesis of neuro-steroids, which are 
strong GABA agonists.(33) 

Hence GABAergic tone is more likely attributed to elevated levels of benzodiazepines like 
compounds in patients with cirrhosis. 

BCCA and false neurotransmitter theory: Brain neurotransmission is regulated by CNS 
concentration of amino acids and their precursor. In cirrhotic patients, plasma concentrations 
of aromatic amino acids (tryptophan, tyrosine, and phenalanine) are elevated and branch 
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precipitated or spontaneous is clinically relevant since the management of each category is 
very different. Nowadays MHE has been recognized as the major factor in impairing the 
health related quality of life (HRQOL) in patients with cirrhosis.(6, 7) And MHE has 
prognostic significance because it predicts the occurrence of overt HE and is not useful 
predictor for mortality in cirrhosis.(8)  

2. Pathophysiology 
The pathophysiology of hepatic encephalopathy is intricate and exact mechanisms leading 
to HE are not clearly understood. Hepatic encephalopathy pathogenesis has many 
components which include ammonia, inflammatory cytokines, benzodiazepine like 
compounds and manganese like substances which impair neuronal function.(9) The role of 
ammonia has dominated explanations for the pathogenesis of HE but it cannot single 
handedly explain all the neurological changes seen in HE. Evidence regarding other 
concurrent factors has emerged over the years and it is thought that these factors either 
work alone or in synergy to cause astrocytes to swell and fluid to accumulate in brain which 
causes the symptoms of HE(10). Some factors and conditions also appear to precipitate HE 
(Box A). 

2.1 The ammonia theory 

Ammonia is produced predominantly from dietary nitrogenous components, bacterial 
metabolism of these nitrogenous products in the colon and in small intestine from 
glutamine by glutaminase enzyme.(11) Eventually this ammonia from gastrointestinal 
tract enters portal circulation for its final destination of urea cycle in the liver to be 
converted as urea which will subsequently be excreted by kidneys.(12) Under normal 
conditions, ammonia is eliminated through urea formation in the liver but in patients with 
acute liver failure, brain and muscle cells are also involved in the metabolism. Elevated 
levels of ammonia may cause severe toxicity so it must be removed from the body.(13) 
Because of liver disease and portosystemic collaterals in cirrhosis, ammonia concentration 
in blood rises hence crosses the blood brain barrier.(14) In Brain, astrocytes are the only 
cells capable of metabolizing ammonia and express the enzyme glutamine synthase for 
the conversion of ammonia into glutamine. So, ammonia detoxification in astrocytes leads 
to accumulation of glutamine which being an osmolyte, causes movement of water inside 
the astrocyte and causes cerebral edema i-e ‘Trojan horse’ hypothesis(14-16). Some of the 
studies had shown the ammonia induced expression of aquaporin water channel on 
astrocytes. (17) 

This has been seen in autopsies of patients with cirrhosis in which brain tissue had shown 
swollen astrocytes with enlarged nuclei along with displacement of chromatin to the 
perimeter of the cell, this condition is known as Alzheimer type II astrocytosis.(18) Acute 
insult of ammonia leads to calcium dependent glutamate release from astrocytes, which 
causes increased neuronal activity (as seen in Type A HE). A prolonged exposure to 
ammonia leads to glutamine induced osmotic stress, which causes compensatory release of 
myoinositol and taurine from the astrocytes, which may lead to down regulation of 
glutamate receptors and neuroinhibitory state of HE (as seen in Type C HE). Elevated 
intracellular ammonia levels also results in altered neurotransmission by agonizing GABA 
tone.(19) 
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of blood flow form cerebral cortex to subcortical regions had been demonstrated. This 
abnormality lead to different HE features.(17, 20)  

2.2 Inflammation 

The partial credit also goes to the inflammation because majority of the cirrhotic patients in 
the presence of infection develop the HE. This association of markers of inflammatory 
response in state of systemic inflammatory response (SIRS) and HE, has been demonstrated 
in different studies.(21, 22) In one of the clinical study, it has been seen that HE or 
neuropsychological dysfunction improves after the resolution of SIRS.(23) Despite this exact 
mechanism of inflammation leading to HE is still not known as yet, but possibly it is 
hypothesized that cytokine mediated changes in blood brain barrier (BBB) permeability, 
altered glutamate uptake by astrocyte and altered expression of GABA receptors.(23)  

TNF released in response to inflammation has been correlated to the symptoms of HE. It 
causes Astrocytes to release inflammatory cytokines (i-e IL-1, IL-6) which impairs the 
endothelial Blood-Brain barrier and increases ammonia diffusion into astrocytes. (24) 

2.3 Neurosteroids and GABA/Benzodiazepine receptor complex theory 

Neurosteroids are mainly produced by myelinating glial cells in response to increased 
expression of peripheral type benzodiazepine receptor (Trasnslocator proteins), which are 
activated by ammonia, inflammation and manganese. Neurosteroids increase chloride 
influx and thereby enhance GABAergic tone, causing symptoms in patients with Type C 
HE.(25, 26)  

GABA mediates its action through GABA-receptor complex (GRC) and acts as an inhibitory 
neurotransmitter. Increased sensitivity of the trasnslocator proteins also enhances the 
activation of GABA-GRC complex, hence causing inhibition of neurotransmission.(14, 27) 
Increased GABAergic tone has been associated with the pathogenesis of HE and this was 
proved by the reports which had revealed the beneficial effects of benzodiazepine 
antagonist (Flumazenil).(28) There is an excess of benzodiazepine like compounds in HE 
that are derived from synthesis by intestinal flora, dietary vegetables and medications.(29, 
30) Moreover natural benzodiazepines also accumulate in brain and furthermore cirrhotic 
patients have the poor capability of clearing the benzodiazepine like compounds.(31) These 
compounds bind to GABA receptor complex inducing GABA release and neuro-inhibition. 
A study by Stewart et al group had shown that ammonia itself bind to the GABA receptor 
complex.(32) It may also potentiate benzodiazepines by up regulating expression of 
peripheral type benzodiazepine receptor that trigger synthesis of neuro-steroids, which are 
strong GABA agonists.(33) 

Hence GABAergic tone is more likely attributed to elevated levels of benzodiazepines like 
compounds in patients with cirrhosis. 

BCCA and false neurotransmitter theory: Brain neurotransmission is regulated by CNS 
concentration of amino acids and their precursor. In cirrhotic patients, plasma concentrations 
of aromatic amino acids (tryptophan, tyrosine, and phenalanine) are elevated and branch 
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chain amino acids (Leucine, isoleucine and valine) concentration are reduced. Aromatic as well 
as branch chain amino acids share a common transport mechanism into the CNS and as a 
consequence of increased of aromatic amino acids, neuronal levels may be increased leading to 
the production of false neurotransmitter subsequently leading to HE.(34)  

Serotonin theory: Serotonin, a neurotransmitter which is widely distributed in CNS, has 
been implicated in the pathogenesis of HE. In cirrhotic patients it has been seen that 
serotonin metabolism is altered hence leading to serotonergic synaptic deficit. Serotonergic 
pathway in brain is important for regulation of sleep, locomotion and circadian 
rhythmicity.(35) Serotonin metabolism is intricately and selectively sensitive to the degree of 
portosystemic shunting and hyperammonaemia, therefore suggesting a role for serotonin in 
early neuropsychiatric symptoms of HE.(36)  

Zinc theory: Zinc (Zn) element is a component/substrate of urea cycle enzymes. It is 
assumed that this element is reduced in patients with liver cirrhosis. Zn supplementation 
increases activities of ornithine transcarbamalyse increasing excretion of ammonia ions. 
Interestingly till now there is conflicting evidence for this hypothesis of Zn supplementation 
in He patients.(37, 38)  

2.4 Oxidative and nitrosative stress 

Exposure of astrocytes to ammonia, inflammatory cytokines, hyponatremia and 
benzodiazepines leads to enhanced production of RNS & ROS via the Calcium dependent 
N-methyl-D-aspartate (NMDA) pathway. RNS and ROS cause tyrosine nitration, leading to 
altered BBB permeability and astrocyte swelling. (39, 40) 

2.5 Manganese theory 

In normal healthy individuals, Maganese is cleared by liver and excreted into the bile. 
Manganese is known to stimulate the Translocator proteins located on astrocytes, leading to 
enhanced neurosteroid synthesis. In cirrhotic patients, it accumulates in the basal ganglia 
because of decreased excretion of Maganese due to portosystemic shunting and promotes 
formation of Alzheimer’s type 2 astrocytes.(41) Brain magnetic resonance imaging (MRI) in 
cirrhotic patients has shown changes which are due to accumulation of Maganese in basal 
ganglia particularly in the palladium, putamen and caudate nucleus.(41) 

3. Precipitating factors: (Box A) 
The Most of HE episodes are precipitated by an event rather than spontaneous, with 
infection anywhere in body being the common, though its frequency is decreasing. Hence 
careful history and examination are necessary to identify the precipitating or contributing 
factors for HE, most of the time these factors are evident.(42) 

Gastrointestinal bleeding commonly precipitates the HE even if it is controlled or stopped 
bleeding. Sometimes occult chronic gastrointestinal blood loss can also lead to HE, which 
needs to be evaluated and treated accordingly.(42) 

Dehydration is again a very common precipitating factor in cirrhotic patients leading to HE 
because some of the patients ascites, are diuretics. And aggressive diuresis do induce 
dehydration leading to metabolic alkalosis and electrolyte imbalances. 
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 GI Bleeding  Constipation 
 Electrolyte imbalance  Hypovolemia 
 Trauma  Dehydration 
 Infection  Medications (sedatives, diuretics, psychotropic,) 
 Sepsis  Uremia 
 Dietary protein Overload  

Box A. Precipitating Factors for HE 

It has also been seen that transjuglar intrahepatic portosystemic shunt (TIPS) in some of the 
cases can lead to HE. Few other precipitating factors which can sometimes lead to HE, need 
to be looked into by taking careful history and examination and shown in Box (A)  

4. Clinical features 
The clinical signs and symptoms of HE may range from mild cognitive impairment to 
profound coma. These include forgetfulness, alteration in sleep-wake cycle, changes in 
personality and emotions, hyperreflexia and drowsiness. In more severe cases 
disorientation, constructional apraxia , asterixis, seizures and eventually coma may 
develop.(43) It is very important to exclude other causes of altered mental status or 
encephalopathy (Box B) in suspected patients for appropriate management of HE.  
 

 Subdural Hematoma 
 Drug or alcohol intoxication 
 Wilson’s disease  
 Hypoglycemia 
 Wernicke’s encephalopathy 
 CNS Sepsis 
 Postictal Confusion 

Box B. Differential Diagnosis for HE 

Clinically, the most commonly employed criteria used for grading is the West Haven criteria 
(Table 1) which defines HE semi quantitatively into four grades, based on the presence of 
specific clinical signs and symptoms and their severity. Further classification of comastose 
or unconscious patients can be done by using Glasgow Coma Scale which provides a more 
objective assessment of the conscious state of the patient.(4)  

5. Diagnosis 
Checking for Elevated Blood ammonia levels is the most commonly used parameter for 
assessment, but they may also be elevated due to other possible causes (i-e tourniquet use, 
delayed processing and cooling of sample, disorders related to ammonia and proline 
metabolism). In acute liver failure, arterial ammonia levels >150 mg/dl may be predictive of 
brain edema and herniation. However, measurement of arterial ammonia over venous 
ammonia offers no advantage in Chronic liver disease.(3, 44) 
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Manganese is known to stimulate the Translocator proteins located on astrocytes, leading to 
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because of decreased excretion of Maganese due to portosystemic shunting and promotes 
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cirrhotic patients has shown changes which are due to accumulation of Maganese in basal 
ganglia particularly in the palladium, putamen and caudate nucleus.(41) 

3. Precipitating factors: (Box A) 
The Most of HE episodes are precipitated by an event rather than spontaneous, with 
infection anywhere in body being the common, though its frequency is decreasing. Hence 
careful history and examination are necessary to identify the precipitating or contributing 
factors for HE, most of the time these factors are evident.(42) 

Gastrointestinal bleeding commonly precipitates the HE even if it is controlled or stopped 
bleeding. Sometimes occult chronic gastrointestinal blood loss can also lead to HE, which 
needs to be evaluated and treated accordingly.(42) 

Dehydration is again a very common precipitating factor in cirrhotic patients leading to HE 
because some of the patients ascites, are diuretics. And aggressive diuresis do induce 
dehydration leading to metabolic alkalosis and electrolyte imbalances. 

 
Hepatic Encephalopathy 499 

 GI Bleeding  Constipation 
 Electrolyte imbalance  Hypovolemia 
 Trauma  Dehydration 
 Infection  Medications (sedatives, diuretics, psychotropic,) 
 Sepsis  Uremia 
 Dietary protein Overload  
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cases can lead to HE. Few other precipitating factors which can sometimes lead to HE, need 
to be looked into by taking careful history and examination and shown in Box (A)  

4. Clinical features 
The clinical signs and symptoms of HE may range from mild cognitive impairment to 
profound coma. These include forgetfulness, alteration in sleep-wake cycle, changes in 
personality and emotions, hyperreflexia and drowsiness. In more severe cases 
disorientation, constructional apraxia , asterixis, seizures and eventually coma may 
develop.(43) It is very important to exclude other causes of altered mental status or 
encephalopathy (Box B) in suspected patients for appropriate management of HE.  
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Box B. Differential Diagnosis for HE 

Clinically, the most commonly employed criteria used for grading is the West Haven criteria 
(Table 1) which defines HE semi quantitatively into four grades, based on the presence of 
specific clinical signs and symptoms and their severity. Further classification of comastose 
or unconscious patients can be done by using Glasgow Coma Scale which provides a more 
objective assessment of the conscious state of the patient.(4)  

5. Diagnosis 
Checking for Elevated Blood ammonia levels is the most commonly used parameter for 
assessment, but they may also be elevated due to other possible causes (i-e tourniquet use, 
delayed processing and cooling of sample, disorders related to ammonia and proline 
metabolism). In acute liver failure, arterial ammonia levels >150 mg/dl may be predictive of 
brain edema and herniation. However, measurement of arterial ammonia over venous 
ammonia offers no advantage in Chronic liver disease.(3, 44) 
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Grade Intellectual function Neuromuscular function 

0 Normal Minor abnormalities

1 Personality changes, attention 
deficits, irritability, depressed state

Tremor and incoordination 

2 Changes in sleep-wake cycle, 
cognitive dysfunction, lethargy, 
behavioral changes

Asterixis, Speech abnormalities, Ataxic 
gait 

3 Disorientation, unconsciousness, 
amnesia

Nystagmus, Clonus, Muscular rigidity 

4 Stupor and Coma Unresponsiveness to noxious stimuli, 
Oculocephalic reflex

Table 1. West Haven classification for grading of HE(1) 

Neuropsychometric evaluation usually is done via ‘paper and pencil tests’ and 
‘computerized tests’. The routinely used paper and pencil tests include psychometric HE 
scores (PHES) and The Repeatable Battery for the Assessment of neurological status 
(RBANS). PHES has been endorsed as a ‘gold standard’ for diagnosis of MHE and is used to 
diagnose the cognitive changes that characterize MHE. RBANS in addition to diagnosing 
the cognitive issues, also scores patient’s memory.(45) Some computerized psychometric 
tests like ‘The inhibitory control test’ and ‘CDR computerized assessment system’ are 
gaining popularity as promising diagnostic tests due to their effectiveness and 
convenience(46). However, the value of these psychometric tests is limited by 
methodological problems, training and education, demographic dependence and lack of 
standardization.(43)  

Neurophysiological assessment is done via Electroencephalography (EEG) and the Critical 
flicker frequency test (CFF). EEG is associated with decreased electrical activity and shows 
diffuse slowing of alpha waves with eventual development of delta waves.(47) CCF, a light 
based test, is used for a rapid and reliable quantification of HE. Based on the principle of 
hepatic retinopathy, it represents the frequency at which discrete light pulses are first 
perceived by the patient. A CCF of below 39 Hz is diagnostic for MHE and the test results 
are not dependent on sex, occupation and education level.(48)  

Imaging Modalities include different Magnetic resonance techniques( T1-weighted imaging, 
proton spectroscopy, magnetic transfer ratio, T2- weighted FLAIR sequence and diffusion 
weighted imaging) to measure cerebral edema, changes in brain activity and concentration 
of different substances( i-e glutamine, choline). A CT scan can be used to exclude subdural 
hematoma or other cerebrovascular events that may mimic HE.(48)  

6. Treatment 
HE treatment has evolved over the last 5 decades and medical science had seen many 
breakthroughs during this tenure. Treatment can be tailored around multiple key 
management principles which parallel the pathophysiology of the disease and these 
principles are:(42) 
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Management of precipitating factors,  

Reduction of ammonia 

Modulation intestinal flora 

Modulation of neurotransmission 

Correction of nutritional deficiencies 

Reduction of inflammation/infection  

Many treatment options are available for the treatment of HE with the mainstay to eliminate 
the underlying factors that precipitate HE. It is recommended that all patients should 
receive the empiric therapy (Box C) for HE, based on the principle of reducing the 
production and absorption of ammonia. Some strategies that are commonly applied to stop 
precipitating events are the following: 

1. in patients with HE induced by gastrointestinal hemorrhage, stop the bleeding with 
vasoactive drugs, an endoscopic therapy or an angiographic shunt (TIPS), correct the 
anemia with a blood transfusion and use a nasogastric tube to facilitate upper 
gastrointestinal cleansing;  

2. Promptly start Antibiotics therapy for infections; 
3. Resolve constipation by cathartic and/or bowel enema, electrolyte abnormalities by 

discontinuing diuretics and correct hypo- or hyperkalemia;  
4. Correct deterioration of renal function by stopping diuretics, treating dehydration and 

discontinuing nephrotoxic drugs  
5. if HE is precipitated by the administration of exogenous sedatives, discontinue 

benzodiazepines and start flumazenil.(49)  
 
 Lactulose (15-30ml orally, twice daily) 
 Rifaximin (550mg orally, twice daily) 
 Neomycin (500mg orally, four times daily) 
 Metronidazole (250mg orally, four times daily) 
 Vancomycin (250mg orally, four times daily) 
 Sodium Benzoate(5 mg orally, twice daily) 
 Flumazenil (1-3 mg IV)  

Box C. Empiric Treatment for Hepatic encephalopathy(48) 

7. Reduction of ammonia and modulation of neurotransmission 
7.1 Nonadsorable disaccharides 

Nonadsorable disaccharides (Lacutlose and Lactitol) especially Lactulose are considered the 
first line therapy for HE despite lack of well-designed randomized controlled trial. They are 
metabolized by the colonic bacteria and form by products that reduce the colonic PH, hence 
interfering with mucosal uptake of glutamine and reducing the synthesis and absorption of 
ammonia. There are other proposed mechanism of lactulose in HE such as lactulose 
modifies the colonic flora which in turn results in shift of urease containing bacteria with 
lactobacillus, fourfold increased fecal nitrogen excretion due to increase stool volume and it 
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Grade Intellectual function Neuromuscular function 
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Table 1. West Haven classification for grading of HE(1) 
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hematoma or other cerebrovascular events that may mimic HE.(48)  

6. Treatment 
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also helps in reduction of formation potentially toxic short chain fatty acids e.g propionate 
or butyrate.(50-53)  

Lactulose can also be administered orally through a nasogastric tube to unresponsive 
patients as well as rectally through enemas.  

The most common side effects associated with over use include dehydration, electrolyte 
imbalance and abdominal cramping. Previously it is known to cause no improvement in 
psychometric test performance and mortality(54). Few years back a study conducted in 
India had shown significant improvement and health related quality of life and 
psychometric improvement in patients with HE especially with minimal HE.(7) 

The lactulose has got some role in preventing recurrent episodes of HE. It was proved by an 
open label RCT study from India by Sarin group, which suggested that lactulose is also 
effective in preventing recurrent episodes of HE.(55)  

The recommended dose of lactulose is about 15-30ml given twice a day. Lactitol, an 
alternative to lactulose is considered equally effective and is used in patients intolerant of 
lactulose, but it is not available in some countries.(56, 57)  

7.2 Antibiotics 

Patients intolerant to nonabsorable disaccharides are generally treated with antibiotics, to 
suppress the bacteria involved in ammonia genesis. There are few antibiotics which have 
been used for the treatment of HE which had shown limited benefit, which include 
neomycin, metronidazole, oral vancomycin and very recently Rifaximin.(54) 

In fact neomycin was used for treatment of HE for many years based on earlier studies then 
in early 1990’s a double blind randomized controlled trial had no improvement in HE. And 
also because of its limited systemic absorption which would lead to ototoxicity and 
nephrotoxicity has lost its use in HE in liver cirrhosis. (58)  

Rifaximin, a minimally absorbed oral antibiotic has been approved by FDA for the 
treatment of chronic HE, on the basis of results of a multicenter, randomized, controlled 
trials and met analysis.(59) Recently a RCT had shown benefit in prevention of recurrent 
hepatic encephalopathy over period of 6 months follow up. Subsequently further studies 
had also shown role of Rifaximin in improving the health related quality of life in patients 
with HE similarly improvement in Psychometric tests and simulated driving tests.(60-62) 
The use of this antibiotic is increasing due to few adverse effects and no known drug 
interactions. The recommended adult daily dose is 1200 mg/day, usually in three divided 
doses.  

Some small studies have also reported the effectiveness of vancomycin and metronidazole, 
but the data to support their use is not enough.(54)  

7.3 Other agents 

Acarbose; a hypoglycemic agent and an intestinal a-glucosidase inhibitor which causes 
decrease in blood ammonia levels and improves mild HE in patients with cirrhosis.(63) It 
has also been hypothesized that Acarbose promotes the proliferation of intestinal 
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saccharolytic bacterial flora while reducing proteolytic flora that produce mercaptans, 
benzodiazepine like substances and ammonia as well. This theory was answered in a 
randomized cross over trial by Gentile S et al group in Italy.(63) 

Probiotics and synbiotics modify the gut bacterial flora and reduce ammonia levels. Their 
use however is still being investigated.(64)  

7.4 Agents causing alteration in ammonia metabolism (L-Ornithine L-Aspartate and 
benzyl benzoate) 

Urea cycle plays a key role in ammonia metabolism and its excretion by forming urea in 
periportal hepatocytes or synthesis of glutamine in perivenous hepatocytes. But in cirrhosis, 
the activities of carbamyl phosphate synthetase enzyme (Urea synthesis) and of glutamine 
synthesis (glutamine synthesis) are impaired hence as compensation glutamine increased 
which in turn lead to increased level of ammonia. Therefore ornithine aspartate and 
benzoate has been used for reducing the ammonia levels by increasing the metabolism to 
glutamine and hippurate respectively.  

L-ornithine-L-aspartate (LOLA) activates urea cycle and enhances ammonia clearance. 
LOLA induces an increase of liver and muscle ammonia metabolism, leading to decreased 
blood levels, and is able to cross the blood-brain barrier, increasing the cerebral ammonia 
disposal.(65) One or two sachets of LOLA should be administered three times daily.(4)  

Other ammonia excretors like sodium benzoate, sodium phenyl acetate and sodium phenyl 
butyrate are also reported to show improvement but clear efficacy has not been established 
yet. Sodium phenyl acetate and Ammonal are the only drugs approved by the Food and 
Drug Administration for the treatment of acute hyperammonemia and associated 
encephalopathy in patients with urea cycle disorders.(66) 

7.5 Agents used in neurotransmission hypothesis 

Branch chain amino acids (BCCA): As it has been hypothesized that in liver cirrhosis, 
there has been reversal of aromatic amino acids (AAA) to BCCA which could lead to 
encephalopathy in patients with cirrhosis. Encephalopathy is presumably caused by 
increase in levels of AAA for monoamine neurotransmission which lead to transformed 
neuronal excitability and causing HE. Hence numbers of studies have been done to 
evaluate the effects of BCCA on HE. BCCA can be given orally as well as in infusion 
form.(67, 68)  

Agents used for GABA hypothesis pathway: GABA receptor complex is the principal 
inhibitory network in nervous system and seems to be a contributor to neuronal inhibition 
in HE. This GABA receptor complex contains barbiturates and benzodiazepine receptor 
sites, chloride channels and a GABA binding site. In cirrhosis, there is an evidence for 
increase in benzodiazepine receptor ligands in subjects with HE, therefore effects of 
benzodiazepine receptor antagonist have been evaluated.(69, 70)  

Flumazenil, a GABAA receptor antagonist also improves the symptoms in patients with 
grade 3 or 4 HE but its use is limited due to adverse effects(71). It has been seen that 
response to treatment with flumazenil is rapid onset with few minutes and then with few 
hours, more than half of these patients deteriorated with 2-3 hours.(72, 73) Because of its 
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short duration effect and variable results of different studies, flumazenil cannot be 
recommended as routine therapy. 

7.6 Other treatment options 

7.6.1 Nutritional intervention 

In the past, dietary protein restriction was considered an important component of the 
treatment of HE. Recent evidence however suggests that excessive restriction can raise 
serum ammonia levels, as a result of reduced muscular ammonia metabolism.(74) It has also 
been seen that majority of the patients with advanced liver disease had severe protein 
calorie malnutrition due to multifactorial reasons including the decreased oral intake, 
catabolic state etc.(75) 

A high-protein diet is therefore recommended for improving the symptoms of HE. The 
European society for Parenteral and Enteral nutrition recommended an energy intake of 
35/40 kcal/kg body weight per day and that patients must eat at least 1.2g/kg of protein 
daily along with Branched-chain amino acids (BCAA’s) and vegetable-based protein.(76) 
Vegetable and dairy based proteins are preferred to animal proteins because of a high 
calorie-to-nitrogen ratio. Vegetable based proteins increase colonic motility and enhances 
intestinal nitrogen clearance. They also reduce colonic PH, which prevents ammonia 
absorption into gut.(77)  

Zinc increases the activity of ornithine transcarbamylase (an enzyme in urea cycle) so zinc 
supplementation is also recommended for HE especially in patients who don’t show any 
response to lactulose or neomycin.(38) 

7.6.2 Prognosis once recovered from HE 

Patients who recovered from HE can have persistent and cumulative neurologic deficits 
despite achieving normal mental status after receiving medical therapy. Study for North 
America had shown that patients with overt HE had persistent deficits in working memory, 
response inhibition and learning when assessed by psychometric tests. Recurrent episodes 
are associated with severity of underlying disease.(78, 79)  

Conclusion: HE includes variety of neuropsychiatric symptoms and signs among patients 
with CLD leading to liver failure. Occurrence of HE indicates worse prognosis and should 
be kept on liver transplant list wherever it is available. Initial treatment includes the 
identification and correction of precipitating factors such as electrolyte imbalances, GI 
bleeding, medications, and sepsis. The main treatment modalities include the nonabsorbable 
disaccharide, principally lactulose and antibiotics like metronidazole or Rifaximin 
nowadays.  
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1. Introduction 
Adverse drug reactions are common and there is an increasing interest in recognizing them. 
There are several studies that try to identify epidemiology, true incidence in hospitalized 
and not hospitalized patients and the main concerns about their causes and possible 
solutions. Gastrointestinal tract, mainly haemorrhages and peptic disease are the most 
common site of adverse drug reactions; that´s the reason why we should recognize this 
problem and how to manage. Also we try to review the most common drugs affecting 
gastrointestinal tract. Less common and, usually less severe, liver disease and pancreatitis 
can be produced by adverse drug reactions. In this chapter we review theses aspects of 
adverse drug events, particularly, those related to drugs affecting gastrointestinal tract. 

2. Definition of adverse drug reactions 
An adverse drug event is an unwanted and unintended medical event related to the use of 
medications. An adverse drug event is considered an adverse drug reaction (ADR) when 
there is a causal link between the event and use of the drug. An adverse drug reaction is 
considered serious when the patients outcome is one of the following: death, life-
threatening, hospitalization (initial or prolonged), disability –significant, persistent or 
permanent change, impairment, damage or disruption in the patient’s body 
function/structure or physical activities or quality of life, congenital anomaly or require 
intervention to prevent permanent impairment or damage [Supplementary information in 
Appendix 1].  

Causality assessment is necessary to determine the likehood that a drug caused a suspected 
ADR. There are a number of different methods used to judge causation, the first attempts 
were proposed by Karch and Lasagna (1977), Lecenthal et al. (1979) and Naranjo et a.l 
(1981). Most of these approaches to assigning causality are based on the following clinical 
features: temporal relationship between drug exposure and the onset of adverse drug event, 
characteristic symptoms and laboratory abnormalities and/or histology, and challenge-
dechallenge-rechallenge (improvement after stopping the suspected drug and reappearance 
after starting the agent in question). 
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ADRs can be considered “on-target” effects, if they are result of exaggerated pharmacology 
that may be managed by dose reduction or other therapeutic modifications, i.e. 
hypoglycemia associated with antidiabetic agents. “Off-target” toxicities are frequently 
more problematic because they may not be predicted from pharmacology and toxicology 
studies, and they may occur only after prolonged exposure, i.e. hypersensibility reactions 
associated to antiepileptics. Unexpected ADRs that first appear after marketing 
authorization of the medication continue trouble clinicians, regulators, and drug sponsors. 
The most notably cause is the use by large number of patients, providing sufficient statistical 
power to detect rare events. Other factors include use in special populations, drug inte 
ractions, renal and hepatic insufficiency, long duration of use and drug withdrawal.  

3. Epidemiology of adverse drug reactions 
Adverse drug reactions (ADRs) are considered to be among the leading causes of morbidity 
and mortality. Around 5-25% of hospitals admissions are estimated to be due to ADRs and 
about 6-15% of hospitalized patients experience serious ADRs (SADRs) causing significant 
prolongation of hospital stay and projected that adverse drug events are the fourth to sixth 
leading cause of death in the United States. Most studies are focused on rates of serious and 
fatal events in hospitalized patients, probably because tracking of ADRs is more established 
in the inpatients setting. An English study (Kane-Gill, 2010) found an increase in 
hospitalizations caused by ADR in about 76.8% in ten years. A recent study of 
administrative health-care data found an annual ADR prevalence rate of 0.5% among 
ambulatory-care patients; however, the authors acknowledge this is probably an 
underestimate of true ADR rates. Ambulatory-care patients experiencing an ADR were 
younger on average than hospitalized patients.  

Risk factors of suffering adverse drug events are: women, elderly and polipharmacy mainly. 
Women were more likely than men to have ADRs in both outpatients and inpatients 
settings. In the study from Zopf (2008), the OR of women from suffering ADR was 1.562; 
(95% CI 0.785, 2.013). Other risk factors implicated in adverse drug reactions are elderly, 
drug-drug interactions, polipharmacy and renal insufficiency. In the study of Sanchez 
Muñoz (2011), also drug-drug interactions were as important as age and renal insufficiency 
in producing adverse drug reactions. 

Patients affected by adverse dug events are admitted in internal medicine department and 
geriatrics quite often, but patients hospitalized in Intensive care units and pediatrics also 
suffer from these problems.  

4. Severity of adverse drug reactions – Fatal adverse drug reaction 
It has been estimated than fatal ADRs are expected in approximately 0.32% of hospitalized 
patients, and complications from drug therapy are the most common adverse event in 
hospitalized patients. If true, then ADRs are the 4th leading cause of death—ahead of 
pulmonary disease, diabetes, AIDS, pneumonia, accidents, and automobile deaths. 
However, some studies show greater severity prevalence and fatality rate. In the hospital 
setting the study from Kaurr, (Kaurr,2011) observed grade severe of adverse reaction in 
13.4% patients. In the study from Sánchez Muñoz-Torrero (2010) the reactions were severe 
in 17% and fatal in 1.6% of hospitalized patients.  
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These statistics do not include the number of ADRs that occur in ambulatory settings. The 
exact number of ADRs is not certain and is limited by methodological considerations. 
However, whatever the true number is, ADRs represent a significant public health problem. 
In a Sweden study there were reviewed the death reports in one year in relation with 
adverse drugs reactions. They found 3.1% of deaths associated with fatal adverse drug 
events, mostly haemorraghes. 89% of patients died at hospital meanwhile only 35% of 
patients dead at hospital with no relation with drug events. 

So most of studies trying to establish epidemiology and cost of adverse drug reactions 
demonstrate that these events are harmful and we have to make great efforts to diminish the 
incidence and morbidity.  

5. Cost of adverse drug reactions 
In western countries, drug-related illnesses account 5% to 10% of inhospital costs, and being 
associated with a substantial increase in morbidity and mortality. In addition to their impact 
on human health, ADRs also have significant impact on healthcare costs. These costs are 
essentially hospital costs, in particular arising from an increase in length of stay caused by an 
ADR. Although has been estimated that the occurrence of an ADR during hospitalization or 
leading to hospitalization is responsible in U.S.A. (data from 1997) for a cost of approximately 
2800 Euros in an additional length of stay of 2.2 days, several studies have also pointed out 
that the structure of ADR cost is heterogeneous, a factor which must be taken into account 
when developing preventive strategies. Although data of costs were not calculated, Sanchez 
Muñoz-Torrero et al (2010) study found an increase in hospital staying in almost 9 days (18±17 
days vs 9.6±5.8, p<0.001), which accounts for more direct and indirect costs of the 
hospitalization. Also another Spanish (Carrasco Garrido et al, 2010) study found an increase in 
19% of hospital costs associated with the appearance of adverse drug events. 

6. Potential causes implicated in adverse drug reactions 
Older patients are particularly vulnerable to drug-related illness because they are usually on 
multiple drug regimens, which expose them to the risk of drug interactions (Mallet et al, 
2007), and because age is associated with changes in pharmacokinetics and 
pharmacodinamics (Aronson, 2007).  

Onder et al. (2010) developed and validated a risk stratification model (The GerontoNet 
ADR Risk Score) to identify patients 65 years or older who are at risk for an ADR during 
hospitalization. They used data from the Italian Group of Pharmacoepidemiology in the 
Elderly to develop an ADR risk score. The ADR risk score was then validated in a sample of 
older adults who were admitted to 4 university hospitals in Europe. The number of drugs 
and history of an ADR were the strongest predictors of ADRs, followed by heart failure, 
liver disease, presence of 4 or more conditions, and renal failure (Table 1).  

Recently Sánchez Muñoz-Torrero et al found that renal function and drug–drug interactions 
were statistically significant associated with the appearance of ADR. Also duration of 
hospitalization was associated but it wasn’t possible to establish that if duration of 
hospitalization was the cause or the consequence of ADR. Recently Hamilton et al (2011) 
reviewed the adverse drug reactions in older people with potentially inappropriate 
prescriptions. 
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Variable  OR (95% CI) Points 
4 Comorbid conditions 1.31 (1.04-1.64) 1 
Heart failure 1.79 (1.39-2.30) 1 
Liver disease 1.36 (10.6-1.74) 1 
No. of drugs   
  5 1 [Reference] 0 
 5-7 1.90 (1.35-2.68) 1 
 8 4.07 (2.93-5.65) 4 
Previous ADR 2.41 (1.79-3.23) 2 
Renal failure 1.21 (0.96-1.51= 1 

Abbreviations: ADR, adverse drug reactions; CI, confidence interval; OR, odd ratio.  

Table 1. Variables included in the Score (adapted from Onder et al) 

7. Main drugs implicated in reactions 
Drug classes most frequently associated with ADRs in both inpatients and outpatient 
populations are non steroidal anti-inflamatory drugs (NSAIDs), diuretic, anticoagulants, 
antiobiotics and antineoplastic agents.  

Antibiotic and vaccination reactions are more frequent in the 0 –to-9 year age group.  

In adults and elderly people, there a great variety of drugs causing adverse drug reactions. 
However, it depends the type of hospitalization, the deparment, etc, the type of adverse 
reactions and drugs implicated are quite different. Pimohamed et al. (2004) found that 
aspirin was the casual agent in 18% of cases of all admission for ADRs, while other NSAIDs 
and diuretics were implicates in 12% and 27% respectively. The most common ADRs of 
NSAIDs were GI bleeding, peptic ulcerations, haemorrhagic cerebrovascular accident, renal 
impairment, wheezing and rash. Grenouillet-Delacre et al. (2007) found that psychotropic 
drugs, immunosuppressive drugs, anticoagulants and antibiotics were more than 50% of 
life-threatening adverse drug reactions at admission to medical intensive care. In Spain, 
antibiotic and anticoagulants are the drugs more frequently implicated in ADRs appeared 
during hospitalization but in another epidemiologic study (Carrasco Garrido, 2010) found 
that main drugs implicated in admission into the hospital were antineoplastics and 
immunosuppressive therapy. However there are very few studies that show antineoplastics 
and immunosuppressive therapies as the cause of adverse drug reactions although they are 
being increasingly used and promote the appearance of infections, medullar aplasia, etc. 
Also cardiovascular drugs, mainly diuretics and hypotensors drugs account for some 
common ADRs. 

8. Drugs reactions affecting gastrointestinal tract 
ADR that cause damage in gastrointestinal tract usually produce GI bleeding/peptic 
ulcerations, diarrhea (mainly associated to antibiotics), pancreatitis and liver toxicity. About 
40% of ADR affect gastrointestinal and liver in hospitalized patients. As said before, 
gastrointestinal bleeding is the most frequent ADRs causing hospitalization or produced 
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during hospitalization. In this issue, we try to review the ADRs affecting gastrointestinal 
tract. 

8.1 GI bleeding 

Mainly non steroidal anti-inflammatory drugs and antiplatelet/anticoagulants are implicated 
in gastrointestinal bleeding. The most frequent lesion is gastric erosions (about 40.2%), 
combination of gastric ulcer and gastric erosions (16.1%), gastric ulcer (15.0%), duodenal ulcer 
(13.8%), normal (13.8%) and duodenal erosions (1.1%). In a recent study 26% of patients 
admitted because of gastrointestinal bleeding had antiplatelet or anticoagulants as the cause 
of bleeding. The distribution of lesions was quite similar to the study from Devy, being 
gastric ulcer the most common lesion involved in the bleeding. Inhibition of cyclooxygenase, 
leading to inhibition of gastric prostaglandin synthesis, and impaired GI defense mechanisms 
represent additional mechanisms of drug-induced GI bleeding. In the particular setting of 
Intensive Care Units (ICUs) the most frequent lesion found in patients is the stress-related 
mucosal bleeding, in which another causes apart from drugs are implicated. In the study 
from Wikman-Jorgensen (2011) mortality of upper gastrointestinal bleeding was 3,5%, all in 
patients with great comorbidity which limited treatment of bleeding. 

Drugs most frequently causing bleeding were aspirin in 36%, acenocumarol in 27%, 
clopidogrel in 18%. Combination of aspirin and clopidogrel are responsible of 6% of upper 
gastrointestinal bleeding. Aspirin is the drug more frequently implicated but it may chance 
in the future because of the increasing use of doble antiplatelet treatments and new 
anticoagulants (Rivaroxaban, Apixaban and Dabigatran). It is possible than in the near 
future we begin to see hemorrhages with dabigatran because of the recent approval in USA 
for the use of treatment in atrial fibrillation, including patients with low risk of 
thromboembolism. The risk of bleeding is bigger with Rivaroxaban as shown in the 
prophylaxis studies, but the approval for AF is pending. 

Also lower gastrointestinal bleeding is increasing because of use of AINES mainly. New 
techniques for diagnosing lesions in small and large intestine are proving this increase in 
lower gastrointestinal bleeding. AINES can cause diverticulum perforation, mucosal 
inflammation, ulceration, causing bleeding in the intestine. Use of aspirin, clopidogrel or 
anticoagulants and the lower intestinal bleeding is an issue that has to be studied because of 
its frequency, use and potential harmful in small and large intestine. There´s little 
information about its presentation and management.  

8.2 Diarrhea 

Diarrhoea may be defined by frequency or grams of loose grames per day: 3–5 times per day 
and/or loose stools 200– 300 grams/day (250 mL/day).  

It´s estimated that diarrhoea accounts for the 7% of ADRs. There are lot of drugs producing 
diarrhea as a secondary effect: metformin, some chemotherapies, antibiotics, mainly 
clavulanic, clindamicin, immunosuppressant… Most of them cause diarrhea only while 
taking, or only at the beginning of prescription, but some are associated with chronic 
diarrhoea as metformin. However, the possibility of a drug causing a severe diarrhea is less 
common except in the case of antibiotics, hipomotility drugs, steroids, proton pump 
inhibitors because of the possibility of Clostridium difficile diarrhea.  
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Mechanisms of drugs producing diarrhoea are multiple: osmotic, secretory, motor, 
exudative, malabsorptive, infectious/inflammatory, and others. Examples of osmotic 
diarrhoea are enteral nutrition feeding, magnesium salts, etc. Examples of secretory 
diarrhoea (increase in intestinal ion secretion or diminution in intestinal ion absorption) are 
digoxin, quinidine, propafenone and theophiline. Examples or rapid intestinal transit are 
procinetic and macrolids. Exudative diarrhoea (changes in permeability and integrity of 
intestinal mucosa) are NSAIDs and antineoplastic. Drug-related malabsorption of fats, 
carbohydrates, and/or bile can also lead to diarrhea. Examples include octreotide (at high 
doses), highly active antiretroviral therapy, tetracycline, NSAIDs, and antineoplastic agents. 
Drug-induced infectious/inflammatory diarrhea includes microbial proliferation, 
pseudomembranous colitis, and histologic colitis. The risk of antibiotic associated diarrhea 
is higher with broad-spectrum agents (particularly those with antianaerobic activity and 
activity against Enterobacteriaceae), agents with high luminal concentrations (although 
oral/enteral administration is not necessarily a risk), longer duration of therapy, and use of 
multiple antibiotics. 

8.3 Constipation and hypomotility 

Anticholinergic drugs are responsible of constipation as well as other adverse reactions in 
patients, particularly elderly patients. Also opioids prescribed for cancer patients, chronic 
pain, etc are responsible of constipation which can produce paralitic ileum. In the setting of 
ICU patients hipomotility and constipation appears in 50-80 % of patients, particularly those 
with mechanically ventilated.  

8.3.1 Hypomotility 

Hypomotility is produced mainly abnormalities in propulsive motility, disturbances in 
esophageal and gastric motility, reduction in lower esophageal sphincter pressure. 
Exogenous cathecolamines can reduce antral contractions and small bowel peristalsis and 
alter motility patterns. Opioids inhibit neurotransmitters release and altering water and 
electrolyte absorption.  

8.3.2 Constipation 

Constipation is produced by changes in neuronal or motor function in the intestine. The 
most common cause is opioids. They inhibit the release of acetylcholine from the myenteric 
plexus and promote in the opioid receptors in the intestine a decreased motility and increase 
in intestinal fluid absorption. Other drugs implicated in constipation are antihistamines, 
calcium channel blockers, diuretics, tricyclic antidepressants.  

8.4 Pancreatitis 

Drug induced pancreatitis accounts for 0.1-2% of pancreatitis. Between 1968 and 1993 a total 
of 525 different drugs from many different substance classes have been reported to the 
WHO because they were suspected to induce pancreatitis as an unwanted side effect, The 
three drugs that are responsible of more cases of pancreatitis are mesalazine, azathioprine 
and simvastatine. Previously recognized patients with more risk of pancreatitis are pediatric 
and elderly patients, women, advanced HIV disease and inflammatory bowel disease. The 
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interesant review from Balani (2008) showed a table with drugs commonly implicated in 
pancreatitis: ACE inhibitors, ARA-2, loop diuretics and thiazides, statins, bezafibrate, some 
antibiotics, pentamidine, azathioprine, mercaptopurine, aminosalicylates, anticonvulsivants 
and antipsychotics, estrogens, carbimazole, some antineoplastics, codeine, sulindac.  

In critically ill patients there’s also a review of drugs implicated in pancreatitis (Lat, 2010):  

8.4.1 Drugs with a likely association 

Drugs with a likely association: Asparaginase, azathioprine, cimetidine, corticosteriopids, 
corticotrophin, cytarabin, dapsone, didanosine, enalapril, estrogens, furosemide, isonizid, 
mercaptopurine, mesalamine, methyldope, metronidazole, omeprazol, opiates, 
pentamidine, pravastatin, salycilates, simvastatin, sulfasalizine, 
sulfamethoxazole/trimethoprim, sulindac, tetracycline, valproic acid.  

8.4.2 Drugs with a potential or questionable association 

Drugs with a potential or questionable association: acetaminophen, amiodarone, 
ampicilin, benzapril, carbamazepine, captopril, ceftriaxone, clarithromycin, cyclosporine, 
diphenoxylate, cisplatinerythromycin, fluvastatin, gemfibrozil, interferon, ribavirin, 
ketoprofen, lisinopril, ketoprofen, lisinopril, lovastatin, metformin, naproxen, thiazides, 
octerotide, penicillin, procainamide, propofol, propoxyphene, ramipril, ranitidine, rifampin. 

8.5 Drug-Induced Liver Injury (DILI) 

Hepatotoxicity and drug-induced liver injury (DILI) are terms used interchangeably. DILI 
can be defined as a liver injury induced by a drug or herbal medicines leading to liver test 
abnormalities or liver dysfunction with reasonable exclusion of other competing etiologies. 
Most cases of DILI are due to idiosyncratic or unexpected reactions. In contrast to 
paracetamol-induced hepatotoxicity, which occurs with dose-dependent overdose of the 
drug. Idiosyncratic drug reactions have been traditionally considered dose independent. 
However, drugs with well-documented idiosyncratic DILI have been shown to have a dose-
dependent component. Idiosyncratic DILI, excluding injury caused by acetaminophen 
overdose, accounts for 7–15% of the cases of acute liver failure in Europe and the United 
States and is the most frequent reason for the withdrawal of an approved drug from the 
market. Estimates of the rate of incidence of DILI leading to hospital referral vary from 2.4 
per 100,000 person-years (in a retrospective population-based study of 1.64 million UK 
subjects) to 13.9 per 100,000 inhabitants (in a prospective analysis in France). 
Complementary or alternative medicines are used by at least 20% of individuals in Western, 
Eastern, and African cultures, and reports of DILI have increased. Given its rarity, DILI may 
not be identified during clinical trials and may come to light only after the culprit drug has 
obtained market approval and large numbers of patients have been exposed. In addition, in 
preregistration clinical trials, mild asymptomatic liver injuries, often characterized by 
asymptomatic elevations in liver enzymes, are commonly seen. However, drugs capable of 
inducing severe DILI as well as drugs that have a low potential for causing severe injury 
(e.g., aspirin and heparin) can generate similar patterns of liver injury. It is therefore 
necessary to develop an approach that can distinguish drugs that are likely to cause severe 
DILI from drugs that are unlikely to do so.  
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RUCAM algorithm (Roussel Uclaf Causality Assessment Method) was the first algorithm 
developed specifically for DILI. After the meeting sponsored by the CIOMS (Paris, 1989), with 
the support of Russel Uclaf pharmaceutical company, the terminology and diagnosis criteria 
for causality assessment was proposed. The algorithm was validated using external cases with 
positive rechallenge (49 cases) and 28 controls (patients with acute liver damage not related to 
drugs) with available information before occurrence of re-exposure, with results of high 
sensitivity (86%), specificity (89%), positive predictive value (93%) and negative predictive 
value (78%) [Algorithm RUCAM are showed in Table 1 and 2 of Appendix 2]. 

International DILI Expert Working Group of clinicians and scientists reviewed current DILI 
terminology and diagnostic criteria so as to develop more uniform criteria that could be 
define and characterize the spectrum of clinician syndromes that constitute DILI. In 
Appendix 2 of supplementary information you will find threshold criteria for definition of a 
case as being DILI (Box 1), the pattern of liver injury (Box 2), severity (Box 3), causality 
assessment (Box 4), and chronicity (Box 5). Consensus was also reached on approaches to 
characterizing DILI in the setting of chronic liver diseases (Box 6), including autoimmune 
hepatitis (Box 7). 

A very large number of different drugs have been associated with liver injury. There is a 
clear difference in the documentation or the evidence for hepatotoxicity associated with 
these drugs. Isoniazid, phenytoin, disulfiram, amoxicillin/clavulanate, halothane and 
chlopromazine are drugs with well characterized hepatotoxicity. More recently antibiotics 
(amoxicillin/clavunalate, erytromicin, flucloxacillin, trimethoprim-sulpha, nitrofurantoin, 
isoniazid and rifampicin), analgesics and NSAIDs (diclofenac, dextropropoxyphene, 
paracetamol, ibuprofen) probably the most common type of drugs associated with DILI. In 
hospitalized patients, antineoplasic agents seem to commonly lead to DILI and are probably 
underreported. In a Spanish pharmacovigilance prospective program based on laboratory 
signals at hospital all patients with liver test abnormalities ( x 3 upper limits of normal) were 
evaluated being antibiotics (19.5%), hormonal contraceptives (14.6%) and anticancer agents 
(10%) were the most frequent drug-groups associated to liver injury. In out-patients, the 
single most common drug implicated in ine series was diclofenac. Among patients with 
acute liver failure resulting from drugs in the US who underwent liver transplantation, 
paracetamol (acetaminophen) was the most common causative drug, followed by isoniazid, 
propylthiouracil, phenytoin and valproate.. Herbal and dietary supplements are implicated 
in approximately 11% of patients who developed acute serious liver disease of unknown 
cause in Spain.  

The expectrum of DILI is varied, acute liver injury with or without jaundice, chronic 
hepatitis, although rare, liver cirrhosis has been reported to occur with long-standing drug 
treatment suspected to have caused DILI, and approximately 25-30% of DILI present with 
symptom of immunoallergic drug reactions. Table 2 showed the most common types of liver 
injury that have been identified with drugs. 

9. Drugs for gastrointestinal diseases and their implication in adverse 
reactions 
Most of adverse reactions with drugs used for treating gastrointestinal diseases are proton 
pump inhibitors. New antiTNF drugs, steroids and immunosuppressant in general used for  
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Type Drugs 

Acute liver injury Isoniazid, disulfiram, paracetamol 

Chronic hepatitis Phenytoin, isoniazid 

Autoimmune hepatitis Minocycline, nitrofurantoin 

Granulomatous hepatitis Carbamazepine, quinidine 

Steatohepatitis Amiodarone, valproate 

Cholestatic hepatitis Flucloxacillin, amoxicillin  clavulanate 

Bland cholestasis Estrogens, nimesulide  

Ductopenia Amoxicillin, Trimethoprim-sulpha 

Fibrosis Methotrexate  

Nodular regenerative hyperplasia Azathioprine, 6-thioguanine 

Table 2. Types of DILI (adapted from Björnsson ) 

inflammatory bowel disease cause also adverse drug reactions but the extended use of IBP 
makes them responsible of most of the adverse reactions with gastrointestinal drugs: 
hypergastrinemia, hypomagnesemia, tumors and, recently, enteric infections, pneumonia 
and osteoporosis (Maffei, 2007). There is a controversy about the probability of some of 
theses adverse drug reactions with IBPs. In the recent review by Thomson (2010) they failed 
to found risk of carcinoid tumors, cancer or nosocomial pneumoniae. There still controversy 
about the risk of osteoporosis with the long term use of IBPs.  

10. Strategies to diminish adverse drugs reactions 
The main strategies for reducing adverse drug reactions are: drug interaction calculators, 
renal insufficiency calculators, prescribing programs and collaboration between 
pharmacists, pharmacologists and clinical physicians.  

The world Health Organization defines pharmacovigilance as the science and activities 
related to the detection, assessment, understanding, and prevention of adverse affects or any 
other possible drug-related problem. The field has grown significantly in recent years as 
postapproval safety studies for new medication become increasingly required, 
encompassing retrospective analysis of heath-care claims databases, meta-analysis, patients 
registries, and prospective case-control studies.  

Recognition, reporting and careful characterization of these troubling, often unexpected 
ADRs are vital to future prevention of these event because detection of patterns and 
common features of ADRs can enhance our understanding of new mechanism and risk 
factors. The expansion of electronic database capabilities in hospital and primare-care 
setting offers the promise of better safety-based detection and monitoring systems that can 
detect ADRs earlier and prevent ADRs in the future. Hospital informatics systems linking to 
electronic medical records and including patient genotype with medication ordering and 
dispensing will reduce medication errors and inappropriate prescribing while improving 
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detection of ADRs. Also, the review of prescription by pharmacists can achieve a diminution 
in the appearance of adverse drug reactions.  

It´s also important to recognize people specially susceptible to ADRs: elderly, women, 
polipharmacy, renal insufficiency and presence of drug-drug interactions. In this special 
population we have to be careful with prescription of new drugs and its dosing.  

11. Conclusions 
Adverse drug reactions is a very frequent problem that affects specially the gastrointestinal 
tract, being GI bleeding the most common adverse drug reaction causing hospital 
admission. Patients predisposed to suffer ADRs are elderly, women, renal insufficiency, 
polipharmacy and drug-drug interactions. Drugs used for treat gastrointestinal disease are 
quite sure but can b e implicated in ADRs as IBPs, imunosupre4ssants used for autoimmune 
hepatitis or inflammatory bowel disease. Recognition of this problem is increasing in 
frequency and new drugs can be responsible for new ADRs. Collaboration between 
clinician, pharmacists and pharmacology specialists is needed. 

12. Appendix 1 
ICH Guideline on E2D post-approval drug safety defined an adverse drug reaction (ADR) 
and a serious adverse drug reactions (SADR) as follows:  

An adverse drug reaction, as established by regional regulations, guidance and practices, is 
concern noxious and unintended responses to a medicinal product. The phrase “responses 
to a medicinal product” means that a causal relationship between a medicinal product and 
an adverse event is at least a reasonable possibility (refer to the ICH E2A guideline). A 
reaction, in contrast to an event, is characterized by the fact that a causal relationship 
between the drug and the occurrence is suspected. For regulatory reporting purposes, if an 
event is spontaneously reported, even if the relationship is unknown or unstated, it meets 
the definition of an adverse drug reaction”. 

Serious adverse event /ADR. In accordance with ICH E2A guideline, a serious adverse 
event or reaction is any untoward medical occurrence that at any dose: 

 Results in death 
 is life-threatening (NOTE: The term “life-threatening” in the definition of “serious” 

refers to an event/reaction in which the patient was at risk of death at the time of the 
event/reaction; it does not refer to an event/reaction which hypothetically might have 
caused death if it were more severe), 

 is a congenital anomaly/birth defect, 
 is a medically important event or reaction. 

Medical and scientific judgment should be exercised in deciding whether other situations 
should be considered serious, such as important medical events that might not be 
immediately life-threatening or result in death or hospitalization but might jeopardize the 
patient or might require intervention to prevent one of the other outcomes listed in the 
definition above. Examples of such events are intensive treatment in a emergency room or at 
home for allergic bronchospasm, blood dyscrasias or convulsions that do not result in 
hospitalization or development of drug dependency or drug abuse.  
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13. Appendix 2 

Subject Information  
1. Temporal relationship of start of drug to ALT>2x ULN  Score 
Initial treatment 5–90 days; subsequent treatment course: 1–15 days  2 
Initial treatment <5 or >90 days; subsequent treatment course: >15 days  1 
From cessation of drug: <15 days, or <15 days after subsequent treatment 1 
Otherwise  0 
2. After drug cessation- difference between peak ALT and upper limits normal  
Decreases >50% within 8 days  3 
Decreases >50% within 30 days  2 
No information or decrease >50% after >30 days, or inconclusive 0 
Decrease <50% after 30 days or recurrent increase -2 
3. Risk factors  
No alcohol use 0 
Alcohol use 1 
Age <55 years  0 
Age >55 years  1 
4. Concomitant drug  
No concomitant drug administered 0 
Concomitant drug with suggestive or compatible time of onset  -1 
Concomitant known hepatotoxin with suggestive or compatible time of onset  -2 
Concomitant drug with positive rechallenge or validated diagnostic test  -3 
5. Nondrug causes: Six are primary: recent hepatitis A, B, or C, biliary obstruction, acute 
alcoholic hepatitis (AST > 2x ALT), recent hypotension 
Secondary group: Underlying other disease; possible CMV, EBV or HSV infection  

 

All primary and secondary causes reasonably ruled out:  2 
All 6 primary causes ruled out  1 
4 or 5 primary causes ruled out  0 
< 4 primary causes ruled out (max. negative score for items 4 and 5: –4) -2 
Nondrug cause highly probable  -3 
6. Previous information on hepatotoxicity of the drug in question  
Package insert or labelling mention  2 
Published case reports but not in label  1 
Reaction unknown  0 
7. Rechallenge  
Positive (ALT doubles with drug in question alone)  3 
Compatible (ALT doubles with same drugs as given before initial reaction) +1 1 
Negative (Increase in ALT but <2x ULN, same conditions as when  
reaction occurred)  -2 

Not done, or indeterminate result  0 
Total (range of algebraic sum: –8 to +14)  
Score Interpretation: Highly probable >8; Probable 6–8;  
Possible 3–5; Unlikely 1–2; Excluded <0  

Reprinted from Toxicologic Pathology, 33, Lee, W.M. & Senior, J.R., Recognizing drug-induced liver 
injury: current problems, possible solutions, pp.155-64, copyright © 2005 by the Society of Toxicologic 
Pathology. Reprinted by Permission of SAGE Publications. 

Table 1. RUCAM Hepatocellular Injury Scale 
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13. Appendix 2 

Subject Information  
1. Temporal relationship of start of drug to ALT>2x ULN  Score 
Initial treatment 5–90 days; subsequent treatment course: 1–15 days  2 
Initial treatment <5 or >90 days; subsequent treatment course: >15 days  1 
From cessation of drug: <15 days, or <15 days after subsequent treatment 1 
Otherwise  0 
2. After drug cessation- difference between peak ALT and upper limits normal  
Decreases >50% within 8 days  3 
Decreases >50% within 30 days  2 
No information or decrease >50% after >30 days, or inconclusive 0 
Decrease <50% after 30 days or recurrent increase -2 
3. Risk factors  
No alcohol use 0 
Alcohol use 1 
Age <55 years  0 
Age >55 years  1 
4. Concomitant drug  
No concomitant drug administered 0 
Concomitant drug with suggestive or compatible time of onset  -1 
Concomitant known hepatotoxin with suggestive or compatible time of onset  -2 
Concomitant drug with positive rechallenge or validated diagnostic test  -3 
5. Nondrug causes: Six are primary: recent hepatitis A, B, or C, biliary obstruction, acute 
alcoholic hepatitis (AST > 2x ALT), recent hypotension 
Secondary group: Underlying other disease; possible CMV, EBV or HSV infection  

 

All primary and secondary causes reasonably ruled out:  2 
All 6 primary causes ruled out  1 
4 or 5 primary causes ruled out  0 
< 4 primary causes ruled out (max. negative score for items 4 and 5: –4) -2 
Nondrug cause highly probable  -3 
6. Previous information on hepatotoxicity of the drug in question  
Package insert or labelling mention  2 
Published case reports but not in label  1 
Reaction unknown  0 
7. Rechallenge  
Positive (ALT doubles with drug in question alone)  3 
Compatible (ALT doubles with same drugs as given before initial reaction) +1 1 
Negative (Increase in ALT but <2x ULN, same conditions as when  
reaction occurred)  -2 

Not done, or indeterminate result  0 
Total (range of algebraic sum: –8 to +14)  
Score Interpretation: Highly probable >8; Probable 6–8;  
Possible 3–5; Unlikely 1–2; Excluded <0  

Reprinted from Toxicologic Pathology, 33, Lee, W.M. & Senior, J.R., Recognizing drug-induced liver 
injury: current problems, possible solutions, pp.155-64, copyright © 2005 by the Society of Toxicologic 
Pathology. Reprinted by Permission of SAGE Publications. 

Table 1. RUCAM Hepatocellular Injury Scale 
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Total (range of algebraic sum: –8 to +14)  
Score Interpretation: Highly probable >8; Probable 6–8;  
Possible 3–5; Unlikely 1–2; Excluded <0  

Reprinted from the Journal of Clinical Epidemiology, 46 (11), Danan, B. & Benichou, C., Causality 
assessment of adverse reactions to drugs--I. A novel method based on the conclusions of international 
consensus meetings: application to drug-induced liver injuries, pp.1323-1330, copyright © 1993 by 
Pergamon Press Ltd. Reprinted with Permission from Elsevier. 

Table 2. RUCAM Cholestatic or Mixed Liver Injury Scale 
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Any one of the following: 
• More than or equal to fivefold elevation above the upper limit of normal (ULN) for alanine 
aminotransferase (ALT) 
• More than or equal to twofold elevation above the ULN for alkaline phosphatase (ALP) (particularly 
with accompanying elevations in concentrations of 5′-nucleotidase or γ-glutamyl transpeptidase in the 
absence of known bone pathology 
driving the rise in ALP level) 
• More than or equal to threefold elevation in ALT concentration and simultaneous elevation of 
bilirubin concentration exceeding 2× ULN 
Level of evidence: 2b (exploratory/retrospective cohort studies) 

Box 1. clinical chemistry criteria for drug-induced liver injury (DILI) (adapted from Aithal et 
al. 2011) 

 

• Pattern of liver injury is based on earliest identified liver chemistry elevations that qualify as DILI 
(Box 1) 
• Pattern of liver injury is defined using R value where R =(ALT/ULN)/(ALP/ULN). This will require 
estimation of alanine aminotransferase (ALT) (aspartate transaminase is used when ALT is 
unavailable) and alkaline phosphatase (ALP) from the same serum sample 
• ALT activity = patient’s ALT/upper limit of normal (ULN); ALP activity = patient’s ALP/ULN; R = 
ALT activity/ALP activity 
• Hepatocellular pattern of DILI = R ≥ 5 
• Mixed pattern of DILI = R > 2 and < 5 
• Cholestatic pattern of DILI = R ≤ 2 
• Histological summary should be recorded separately (if liver biopsy has been performed). However, 
the liver biopsy interpretation will generally not replace the R value for purposes of classification 
Level of evidence: 2b (retrospective cohort studies) 

Box 2. criteria for classifying the clinical pattern of drug induced liver injury (DILI) (adapted 
from Aithal et al. 2011) 

 

Category Severity Description 

1 Mild Elevated alanine aminotransferase/alkaline phosphatase 
(ALT/ALP) concentration reaching criteria for DILI* but 
bilirubin concentration <2× upper limit of normal (ULN) 
 

2 Moderate Elevated ALT/ALP concentration reaching criteria for DILI* 
and bilirubin concentration ≥2× ULN, or symptomatic hepatitis 
 

3 Severe Elevated ALT/ALP concentration reaching criteria for DILI*, 
bilirubin concentration ≥2× ULN, and one of the following: 
• International normalized ratio ≥1.5 
• Ascites73 and/or encephalopathy, disease duration <26 
weeks, and absence of underlying cirrhosis31 
• Other organ failure considered to be due to DILI 

4 Fatal or transplantation Death or transplantation due to DILI 

Box 3. DILI severity index (adapted from Aithal et al. 2011) 
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• The Roussel Uclaf Causality Assessment Method (RUCAM) scale should be used for causality 
assessment (Appendix 2) 
• If more than one drug is suspected to be causing DILI, the RUCAM scale should be applied to each 
drug separately. If such assessments are not practical (e.g., antituberculosis medications), all the drugs 
involved may be implicated as a single entity. 
• If more than one drug is rated “possible” or higher by RUCAM, evaluation should be sought by a 
specialist to rank the drugs by order of likelihood of causing DILI. This may be done on the basis of the 
signature pattern of DILI and a review of the literature. 
Level of evidence: 1b (validating cohort studies) 

Box 4. DILI causality assessment (adapted from Aithal et al. 2011) 

 

• Initial clinical episode met the criteria to qualify as acute DILI (Box 1) 
• Initial episode on causality assessment has been considered possible, probable, or highly probable 
DILI on the basis of Roussel Uclaf Causality Assessment Method scoring criteria (Appendix 2). 
Persistent DILI is defined as evidence of continued liver injury after withdrawal of the causative agent, 
beyond 3 months of follow-up for hepatocellular and mixed DILI, and beyond 6 months for cholestatic 
DILI 
• Chronic DILI is defined as evidence of continued liver injury after withdrawal of the causative agent 
beyond 12 months of follow-up, regardless of the classification of DILI 
• There is no new risk factor other than exposure to the suspect drug that would explain the 
persistence of liver injury, and other causes of chronic liver diseases have been excluded 
Level of evidence: 4 (prognostic cohort studies of modest quality) 

Box 5. Characteristics of persistent and chronic druginduced liver injury (DILI) (adapted 
from Aithal et al. 2011) 

 

• Evidence of chronic liver disease is established on the basis of validated methods such as clinical 
evidence of cirrhosis, histological evidence of chronic liver disease, and imaging in cases of vascular 
disorder and tumours, as appropriate 
• Evidence of drug intake for an appropriate duration preceding the appearance of symptoms, signs, 
or test results suggestive of chronic liver disease 
• Exclusion of other etiologies of chronic disease (outlined in Supplementary Appendix 2, table S3) 
Level of evidence: 1b (prospective/validating cohort studies with good follow-up) 

Box 6. characteristics of drug-associated chronic liver disease (adapted from Aithal et al. 
2011) 

 

• The score is ≥6 points on simplified diagnostic criteria for AIH (scores >6 points with the simplified 
criteria can be obtained if liver biopsy is performed. Hennes et al.()consider a probable diagnostic score 
to be ≥6) 
• Injury resolves on withdrawal of medication that triggered the AIH, with or without 
immunosuppressive therapy to induce remission 
• No relapse within a period of 1 year after withdrawal of all immunosuppressants. This criterion 
needs further confirmation and cannot be considered pathognomonic because it is quite variable 
depending on the cohorts analyzed 
Level of evidence: 2b (exploratory cohort study) 

Box 7. Characteristics of drug-induced autoimmune hepatitis (AIH) (adapted from Aithal et 
al. 2011) 
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1. Introduction 
Due to the latest research (Engelbrecht, 2007; Rutkowski, 2008) the subject of Computational 
Intelligence has been divided into five main regions, namely, neural networks, evolutionary 
algorithms, swarm intelligence, immunological systems and fuzzy systems.  

Our attention has been attracted by the possibilities of medical applications provided by 
immunological computation algorithms. Immunological computation systems are based on 
immune reactions of the living organisms in order to defend the bodies from pathological 
substances. Especially, the mechanisms of the T-cell reactions to detect strangers have been 
converted into artificial numerical algorithms.  

Immunological systems have been developed in scientific books and reports appearing 
during the two last decades (de Castro & Timmis, 2002; Dasgupta & Nino, 2008; 
Engelbrecht, 2007; Forrest et al., 1997). The basic negative selection algorithm NS was 
invented by Stefanie Forrest (Forrest et al., 1997) to give rise to some technical applications. 
We can note such applications of NS as computer virus detection (Antunes & Correia, 2011; 
Harmer et al., 2002; Zhang & Zhao, 2010), reduction of noise effect (Igawa & Ohashi, 2010), 
communication of autonomous agents (Ishida, 2004) or identification of time varying 
systems (Wakizono et al., 2006). Even a trial of connection between a computer and 
biological systems has been proved by means of immunological computation (Cohen, 2006).  

Hybrids made between different fields can provide researchers with richer results; therefore 
associations between immunological systems and neural networks (Gao et al., 2008) have 
been developed as well.  

In the current chapter we propose another hybrid between the NS algorithm and chosen 
solutions coming from fuzzy systems (Rakus-Andersson, 2007, 2009, 2010a, 2010b, 2011; 
Rakus-Andersson & Jain, 2009). This hybrid constitutes the own model of adapting the NS 
algorithm to the operation decisions “operate” contra “do not operate” in gastric cancer 
surgery. The choice between two possibilities to treat patients is identified with the partition 
of a decision region in self and non-self, which is similar to the action of the NS algorithm. 
The partition is accomplished on the basis of patient data strings/vectors that contain codes 
of states concerning some essential biological markers. To be able to identify the strings that 
characterize the “operate” decision we add the own method of computing the patients’ 
characteristics as real values. The evaluation of the patients’ characteristics is supported by 
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Hybrids made between different fields can provide researchers with richer results; therefore 
associations between immunological systems and neural networks (Gao et al., 2008) have 
been developed as well.  

In the current chapter we propose another hybrid between the NS algorithm and chosen 
solutions coming from fuzzy systems (Rakus-Andersson, 2007, 2009, 2010a, 2010b, 2011; 
Rakus-Andersson & Jain, 2009). This hybrid constitutes the own model of adapting the NS 
algorithm to the operation decisions “operate” contra “do not operate” in gastric cancer 
surgery. The choice between two possibilities to treat patients is identified with the partition 
of a decision region in self and non-self, which is similar to the action of the NS algorithm. 
The partition is accomplished on the basis of patient data strings/vectors that contain codes 
of states concerning some essential biological markers. To be able to identify the strings that 
characterize the “operate” decision we add the own method of computing the patients’ 
characteristics as real values. The evaluation of the patients’ characteristics is supported by 
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inserting importance weights assigned to powerful biological indices taking place in the 
operation decision process. To compute the weights of importance the Saaty algorithm 
(Saaty, 1978) is adopted. 

We introduce the medical task to solve in Section 2. In order to establish the code systems 
for clinical data the fuzzification of biological markers is discussed in Section 3. In Section 4 
we analyze the way of determining the patient characteristics, which should connect the mix 
of different codes in one value. The adaptation of the NS algorithm to surgery assumptions 
is made in Section 5. Finally, in Section 6 we test clinical data to prove the action of the 
model introduced in the paper as an applicable novelty. 

2. The description of the medical objective in gastric cancer surgery 
Gastric cancer patients are mostly cured by operating on them. Different types of surgery 
are taken into account. Two of them, namely, the partial resection surgery contra the radical 
surgery are considered by surgeons when evaluating biological markers in the context of 
their deviations from normal values (Do-Kyong Kim et al., 2009; de Mello et al., 1983).  

Nevertheless, a surgeon often must decide if any operation on a patient is possible. The choice 
between the status “operate“ and “do not operate“ will constitute the main problem to solve 
by engaging different algorithms with their origins in Computational Intelligence. The 
selection will be made on the basis of three biological markers listed as X = age, Y = CRP-value 
(C reactive proteins), and Z = body weight (Do-Kyong Kim et al., 2009; de Mello et al., 1983). 
These are considered as the most important indices in gastric cancer surgery decision making. 

As a leading method, which should provide us with decisions “operate” against “do not 
operate”, we adapt the NS (Negative Selection) algorithm of immunological computation. 
To comprehend better some associations between the body immunological system and 
artificially invented algorithms based on the body protection system let us recall the most 
essential definitions of immunity.  

Immunity refers to the condition, in which the organism can resist diseases. A broader 
definition of immunity is a reaction to foreign substances (pathogens). The biological 
immune system (BIS) has the ability to detect foreign substances and to respond them. One 
of the main capabilities of the immune system is to distinguish own body cells from foreign 
substances, which is called self/non-self discrimination (Dasgupta & Nino, 2008; 
Engelbrecht, 2007; Forrest et al., 1997).  

This particular ability is assigned to a special kind of lymphocytes called T-cells produced in 
the bone marrow. The T-cells can differentiate own body cells from pathogenic cells; 
therefore they play the role of detectors. Both own cells belonging to the self region and 
foreign pathogen cells forming non-self domain have their special characteristics given in 
the form of vectors of coded or measured properties. 

Let us adapt the meaning of distribution into self and non-self in the medical application 
sketched as follows. To make a decision concerning an individual patient we assign the 
immunological region of self to “operate”, whereas the non-self field will be identified with 
“do not operate” (Rakus-Andersson, 2011). 

To be able to use the self/non-self discrimination, accomplished by the NS algorithm, we 
need to create vectors of coded patient data. The own fuzzy technique will be involved to 
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divide reference sets of X, Y and Z into subintervals assisting growth levels of these 
biological indices. To the subintervals, in turn, the codes are added. We will arrange a code 
vector assisting the patient’s features after examining his/her values of X, Y and Z.  

When implementing the NS algorithm we assume that vectors characteristic of self region are 
available as input data. We do not intend to test too many casual vectors to decide their 
similarity with self vectors since we want to use the NS algorithm in the effective way. We 
thus try to generate the strongest population of strings being representatives of the self region. 

In order to select this population we provide another own algorithm that converts the code 
vector to a real value. This value will be recognized as “characteristics of the patient”.  

3. Fuzzification of X, Y and Z in the creation of code vectors 
Before studying the technique of making the self/non-self discrimination to state if the 
patient can be operated or not we should first be able to compare different strings v = (x = 
age, y = CRP, z = body weight), xX, yY, zZ, to decide their grades of affinity (coverage). 
We thus should design sets of codes for each biological parameter.  

The markers age, CRP, and body weight are measurable features. Hence, we intend to 
determine the collections of codes assisting intervals, which correspond to the markers’ 
levels. We want to accomplish a process of fuzzification of the measurable markers in order 
not to decide lengths of the level intervals intuitively (Rakus-Andersson, 2009, 2010a, 2010b, 
Rakus-Andersson & Jain, 2009). 

A fuzzy set, say, A in the universe X is a collection of elements followed by the membership 
degrees that are computed by means of the membership function : [0,1]A X  . Therefore 
A is denoted as {( , ( )), }AA x x x X  . A is called normal if at least one element in the set A 
is assigned to the membership degree equal to 1. The support of A is a non-fuzzy set that 
consists of elements accompanied by membership degrees greater than 0. 

The three quantitative markers X, Y and Z will be then differentiated into levels expressed 
by lists of terms. The terms from the lists are represented by fuzzy sets (Rakus-Andesson, 
2007, 2010b), restricted by the membership functions lying over the domains  min max,x x , 
 min max,y y  and  min max,z z  respectively.  

In conformity with the physician’s suggestions we introduce five levels of X , Y and Z  as 
the collections 

X = “age” = { 1X  = “very young”, 2X  = “young”, 3X  = “middle-aged”, 4X  = “old”, 5X  = “very 
old”}  

Y = “CRP-value” = { 1Y  = “very low”, 2Y  = “low”, 3Y  = “medium”, 4Y  = “high”, 5Y  = “very 
high”} 

and 

Z = “body weight” = { 1Z  = “very underweighted”, 2Z  = “underweighted”, 3Z  = “normal”, 4Z  = 
“over weighted”, 5Z  = “very over weighted”}. 
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divide reference sets of X, Y and Z into subintervals assisting growth levels of these 
biological indices. To the subintervals, in turn, the codes are added. We will arrange a code 
vector assisting the patient’s features after examining his/her values of X, Y and Z.  

When implementing the NS algorithm we assume that vectors characteristic of self region are 
available as input data. We do not intend to test too many casual vectors to decide their 
similarity with self vectors since we want to use the NS algorithm in the effective way. We 
thus try to generate the strongest population of strings being representatives of the self region. 

In order to select this population we provide another own algorithm that converts the code 
vector to a real value. This value will be recognized as “characteristics of the patient”.  

3. Fuzzification of X, Y and Z in the creation of code vectors 
Before studying the technique of making the self/non-self discrimination to state if the 
patient can be operated or not we should first be able to compare different strings v = (x = 
age, y = CRP, z = body weight), xX, yY, zZ, to decide their grades of affinity (coverage). 
We thus should design sets of codes for each biological parameter.  

The markers age, CRP, and body weight are measurable features. Hence, we intend to 
determine the collections of codes assisting intervals, which correspond to the markers’ 
levels. We want to accomplish a process of fuzzification of the measurable markers in order 
not to decide lengths of the level intervals intuitively (Rakus-Andersson, 2009, 2010a, 2010b, 
Rakus-Andersson & Jain, 2009). 

A fuzzy set, say, A in the universe X is a collection of elements followed by the membership 
degrees that are computed by means of the membership function : [0,1]A X  . Therefore 
A is denoted as {( , ( )), }AA x x x X  . A is called normal if at least one element in the set A 
is assigned to the membership degree equal to 1. The support of A is a non-fuzzy set that 
consists of elements accompanied by membership degrees greater than 0. 

The three quantitative markers X, Y and Z will be then differentiated into levels expressed 
by lists of terms. The terms from the lists are represented by fuzzy sets (Rakus-Andesson, 
2007, 2010b), restricted by the membership functions lying over the domains  min max,x x , 
 min max,y y  and  min max,z z  respectively.  

In conformity with the physician’s suggestions we introduce five levels of X , Y and Z  as 
the collections 

X = “age” = { 1X  = “very young”, 2X  = “young”, 3X  = “middle-aged”, 4X  = “old”, 5X  = “very 
old”}  

Y = “CRP-value” = { 1Y  = “very low”, 2Y  = “low”, 3Y  = “medium”, 4Y  = “high”, 5Y  = “very 
high”} 

and 

Z = “body weight” = { 1Z  = “very underweighted”, 2Z  = “underweighted”, 3Z  = “normal”, 4Z  = 
“over weighted”, 5Z  = “very over weighted”}. 
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To accomplish a formal mathematical design of level restrictions let us study the special 
own technique of their implementations (Rakus-Andersson, 2007, 2010b). In general, we 
suggest that the linguistic list of terms is converted to a sampling of fuzzy sets L1,…,Lm, 
where m is an odd positive integer. Each term is represented by the corresponding fuzzy set, 
whose restriction is supposed to be created as the common formula depending on the lth 
value, where l = 1,…,m. We assume that supports of restrictions ( )

lL w , l = 1,…,m, will 

cover parts of the reference set L = [min(L1),max(Lm)], w  L. We introduce E = L  as the 
length of L. 

We divide all expressions Ll in three groups, namely, a family of “leftmost” sets L1,…, 1
2

mL  , 

the set 1
2

mL   “in the middle” and a collection of “rightmost” sets 3
2

mL  ,…,Lm. To design the 

membership functions of Ll the s-class function 
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will be adopted. The point (α, 0) starts the graph of the s-function, whereas the point (, 1) 
terminates this graph. The parameter  is found as the arithmetic mean of α and . In w =  
the s-function reaches the value of 0.5. 

When designing parameters of each class function we want to consider the possibility to 
obtain the equal lengths of these parts of Ll’s supports, which assist membership values 
greater than or equal to 0.5. The parts are regarded as the important representatives of fuzzy 
sets as they possess the largest index of the relationship to the set. We thus determine the 
breadth of each Ll to be E

m  on the membership level equal to 0.5.  

Let us first design the parameters of the membership function “in the middle”. The function 
of 1

2
mL   is constructed as a -function 
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mL   will be a normal fuzzy set in 1 2 2
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In order to guarantee the breadth E
m  on the membership level 0.5, function 1
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For the “leftmost” family L1,..., 1
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All constraints characteristic of the “leftmost” family of fuzzy sets will be given after 
inserting parameter 2

1( ) mt t   , t = 1,…, 1
2

m , in (4) to form it as (Rakus-Andersson, 2007) 
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influence on the shape of the last left function. However, the introduction of (t) in (5) 
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The function of 3
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mL   is symmetrically inverted to the function of 1
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comparing to the creation of (t), is authorized by the fact that t = 1 should be followed by 
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The functions of fuzzy sets L1,...,Lm intend to maintain the same distances on the 
membership level 0.5. This property allows assigning to L1,...,Lm the relevant parts of their 
supports possessing the same length. The relevant parts of fuzzy sets consist of the sets’ 
elements that reveal the membership degree values greater than or equal to 0.5. When 
forming the supports of the same length, in turn, we warrant the partition of 
[min(L1),max(Lm)] in equal subintervals standing for Ll levels, l = 1,...,m. Apart from that, the 
“leftmost” and “rightmost” functions also keep the same distances on the membership level 1. 
This feature provides us with a harmonious arrangement of function shapes. 

All steps of the discussed algorithm, which initiates three sets of membership functions 
corresponding to a list of terms, can be sampled in the block scheme. We need to follow the 
steps of the scheme together with formulas (3), (5) and (7) to write the excerpt of a computer 
program. We emphasize that the only data, used in the algorithm, are the length of the 
reference set and the number of functions. We do not need to specify the sets’ borders in the 
process of the program initialization, as most of programmers do, since the borders are 
computed automatically by formulas (3), (5) and (7). The steps of the algorithm flow chart 
are sampled in Fig. 1. 

The procedure discussed above has started introduction of membership functions typical of 
levels of X, Y and Z which, in turn, represent age, CRP and body weight. 

For five levels of X = [0, 100], L = X, w = x, m = 5, E = 100, the leftmost family is revealed by 
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for t = 1, 2 due to (5). 
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All constraints characteristic of the “leftmost” family of fuzzy sets will be given after 
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for t = 1, 2 due to (5). 
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Fig. 1. The flow chart of the L1,…,Lm implementation 

The rightmost family of X-levels, composed with conformity with (7), is stated as 
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for t = 1, 2. 
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The “in the middle” X-level “middle-aged” has, in accord with (3), the constraint 
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All levels of X are sketched in Fig. 2. 

The parts of X1–X5 supports should be consisted of elements, which have the strongest 
connections with the X1–X5 fuzzy sets. Therefore we only select the elements having the 
membership degrees greater than or equal to 0.5.  

To make the partition of X in subintervals representing levels X1–X5 we return to formulas 
(8), (9) and (10). Due to (8), to find the subinterval of X assisting X1 when t = 1, we 
concatenate the intervals 33.33(0.5 1)x    and 33.33(0.5 1) 40(0.5 1),x    leading to [0, 20]. 
We have chosen these intervals, which contain elements of X1 furnished with membership 
degrees greater than or equal to 0.5. For t = 2, set in two first intervals of (8), we aggregate 

33.33(0.5 2)x    and 33.33(0.5 2) 40(0.5 2)x     in [0, 40]. This generates the interval [0, 
40]–[0, 20] = [20, 40] typical of X2. By (10) we find [40, 60] = [40, 50] + [50, 60] as an essential 
part of X3. The insertion of t = 2 in (9) produces a joint of  
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100 40(1 0.5(2 1)) 100 33.33(1 0.5(2 1))x         and 100 33.33(1 0.5(2 1))x      to be a 
common interval [80, 100] regarded as the domain of X5. By setting t = 1 in the last intervals 
of (9) we get the field [60, 100]. It means that X4 will be given by [60, 80] = [60, 100]–[80, 100]. 
We are furnished with the same intervals after accomplishing the close analysis of Fig. 2 on 
the membership level 0.5. 

Let us now initiate the associations among the terms of X, characteristic intervals of these 
terms and assigned to them codes due to the scheme 

name of X-level representative interval code 

X1  0–20   0 
X2  20–40   1 
X3  40–60   2 
X4  60–80   3 
X5  80–100   4 

We emphasize the role of an elegant mathematical design of X’s membership functions, 
which allows making the partition of the X-domain in equal intervals. Definitely, we obtain 
the same results when dividing the length of X by the number of levels to get a length of one 
part but the effects computed by means of membership functions only confirm this intuitive 
calculation. Moreover we can modify the arbitrary lengths of X-subintervals by making 
changes in the formulas of (t) and (t).  

By applying the same technique to Y = [0, 60], L = Y, w = y, m = 5, E = 60 we generate the 
code pattern 

name of Y-level representative interval code 

Y1  0–12   0 
Y2  12–24   1 
Y3  24–36   2 
Y4  36–48   3 
Y5  48–60   4 

Lastly, if Z= [40, 120] for men, L = Z, w = z, m = 5, E = 80 then 

name of Y-level representative interval code 

Z1  40–56   0 
Z2  56–72   1 
Z3  72–88   2 
Z4  88–104   3 
Z5  104–120   4 

If we collect clinical data, concerning a patient examined then we will be now capable to 
create code vectors taking place in the discrimination NS algorithm. 

Example 1 

An eighty one-year-old man, whose CRP is 17 and weight is 91, will be given by the vector  
v = (4, 1, 3). 
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In order to measure the affinity (coverage) of two code vectors v1 and v2 of the same length 
over the same alphabet we are furnished with the r-contiguous bit matching rule, which 
provides us with a true match(v1, v2) if v1 and v2 agree in r contiguous locations. 

Example 2 

For v1 = (3, 1, 3) and v2 = (3, 1, 2), when r = 2, match(v1, v2) is true. 

4. The selection of the most representative data vectors for the decision 
“operate” 
We have already mentioned that we need the “operate” types of patient data vectors as the 
entries of the NS discrimination algorithm. We thus want to prepare typical data strings for 
the decision “operate” in advance.  

Let us first treat the vector v = (x, y, z) as the string of integers v = (x y z), where x, y and z 
can take the code values 0, 1, 2, 3, 4. We form the function f(x y z) = x + y + z to measure the 
common code value of the data vector. To make the selection of “operate” type vectors even 
more accurate let us assign the weights of power-importance to the biological indices 
considered in the operation decision. In the gastric cancer operation decision we first 
concentrate our attention on the changes of CRP- values, which points out CRP as the most 
decisive factor. The analysis of CRP is followed by the judgment of age and, finally, we 
check the values of body weights. Hence, we state the ranking of the symptom importance 
as CRP age body weight  , provided that   means “more important than”. 

A procedure for obtaining a ratio scale of importance for a group of m elements (in the 
considered case – biological markers) was developed by Saaty (Saaty, 1978). Assume that we 
have m objects (symptoms) and we want to construct a scale, rating these objects as to their 
importance with respect to the decision. We ask a decision-maker to compare the objects in 
paired comparison. If we compare object j with object k, j, k = 1,...,m, then we will assign the 
values bjk and bkj as follows 

1. 1
kj

jk
b

b
 . 

2. If objective j is more important than objective k then bjk gets assigned a number 
according to the following scheme: 

Intensity of importance  Definition 
expressed by the value of bjk 
 1   Equal importance of xj and xk 
 3   Weak importance of xj over xk 
 5   Strong importance of xj over xk 
 7   Demonstrated importance of xj over xk 
 9   Absolute importance of xj over xk 
 2, 4, 6, 8   Intermediate values  

If object k is more important than object j, we assign the value of bkj. 

Having obtained the above judgments an m  m importance matrix   , 1
m

jk j k
B b


  is 

constructed. The importance weights are decided as components of this eigenvector that 
corresponds to the largest in magnitude eigenvalue of the matrix B. 



 
New Advances in the Basic and Clinical Gastroenterology 

 

538 

100 40(1 0.5(2 1)) 100 33.33(1 0.5(2 1))x         and 100 33.33(1 0.5(2 1))x      to be a 
common interval [80, 100] regarded as the domain of X5. By setting t = 1 in the last intervals 
of (9) we get the field [60, 100]. It means that X4 will be given by [60, 80] = [60, 100]–[80, 100]. 
We are furnished with the same intervals after accomplishing the close analysis of Fig. 2 on 
the membership level 0.5. 

Let us now initiate the associations among the terms of X, characteristic intervals of these 
terms and assigned to them codes due to the scheme 

name of X-level representative interval code 

X1  0–20   0 
X2  20–40   1 
X3  40–60   2 
X4  60–80   3 
X5  80–100   4 

We emphasize the role of an elegant mathematical design of X’s membership functions, 
which allows making the partition of the X-domain in equal intervals. Definitely, we obtain 
the same results when dividing the length of X by the number of levels to get a length of one 
part but the effects computed by means of membership functions only confirm this intuitive 
calculation. Moreover we can modify the arbitrary lengths of X-subintervals by making 
changes in the formulas of (t) and (t).  

By applying the same technique to Y = [0, 60], L = Y, w = y, m = 5, E = 60 we generate the 
code pattern 

name of Y-level representative interval code 

Y1  0–12   0 
Y2  12–24   1 
Y3  24–36   2 
Y4  36–48   3 
Y5  48–60   4 

Lastly, if Z= [40, 120] for men, L = Z, w = z, m = 5, E = 80 then 

name of Y-level representative interval code 

Z1  40–56   0 
Z2  56–72   1 
Z3  72–88   2 
Z4  88–104   3 
Z5  104–120   4 

If we collect clinical data, concerning a patient examined then we will be now capable to 
create code vectors taking place in the discrimination NS algorithm. 

Example 1 

An eighty one-year-old man, whose CRP is 17 and weight is 91, will be given by the vector  
v = (4, 1, 3). 

 
Selected Algorithms of Computational Intelligence in Gastric Cancer Decision Making 

 

539 

In order to measure the affinity (coverage) of two code vectors v1 and v2 of the same length 
over the same alphabet we are furnished with the r-contiguous bit matching rule, which 
provides us with a true match(v1, v2) if v1 and v2 agree in r contiguous locations. 

Example 2 

For v1 = (3, 1, 3) and v2 = (3, 1, 2), when r = 2, match(v1, v2) is true. 

4. The selection of the most representative data vectors for the decision 
“operate” 
We have already mentioned that we need the “operate” types of patient data vectors as the 
entries of the NS discrimination algorithm. We thus want to prepare typical data strings for 
the decision “operate” in advance.  

Let us first treat the vector v = (x, y, z) as the string of integers v = (x y z), where x, y and z 
can take the code values 0, 1, 2, 3, 4. We form the function f(x y z) = x + y + z to measure the 
common code value of the data vector. To make the selection of “operate” type vectors even 
more accurate let us assign the weights of power-importance to the biological indices 
considered in the operation decision. In the gastric cancer operation decision we first 
concentrate our attention on the changes of CRP- values, which points out CRP as the most 
decisive factor. The analysis of CRP is followed by the judgment of age and, finally, we 
check the values of body weights. Hence, we state the ranking of the symptom importance 
as CRP age body weight  , provided that   means “more important than”. 

A procedure for obtaining a ratio scale of importance for a group of m elements (in the 
considered case – biological markers) was developed by Saaty (Saaty, 1978). Assume that we 
have m objects (symptoms) and we want to construct a scale, rating these objects as to their 
importance with respect to the decision. We ask a decision-maker to compare the objects in 
paired comparison. If we compare object j with object k, j, k = 1,...,m, then we will assign the 
values bjk and bkj as follows 

1. 1
kj

jk
b

b
 . 

2. If objective j is more important than objective k then bjk gets assigned a number 
according to the following scheme: 

Intensity of importance  Definition 
expressed by the value of bjk 
 1   Equal importance of xj and xk 
 3   Weak importance of xj over xk 
 5   Strong importance of xj over xk 
 7   Demonstrated importance of xj over xk 
 9   Absolute importance of xj over xk 
 2, 4, 6, 8   Intermediate values  

If object k is more important than object j, we assign the value of bkj. 

Having obtained the above judgments an m  m importance matrix   , 1
m

jk j k
B b


  is 

constructed. The importance weights are decided as components of this eigenvector that 
corresponds to the largest in magnitude eigenvalue of the matrix B. 



 
New Advances in the Basic and Clinical Gastroenterology 

 

540 

Example 3 

For priorities Y CRP X age Z body weight     we determine the contents of B as 

1
3

1 1
3 5

1 3
3 1 5

1

X Y Z

X
B Y

Z

 
 

  
 
 

 

The largest eigenvalue ( = 3.033) of B has the associated eigenvector V = (0.37, 0.92, 0.15). V 
is composed of coordinates that are interpreted as the importance weights w1, w2, w3 sought 
for X, Y, Z. 

Let us rearrange the form of function f by adding the weights of importance to the vector 
code values. The new pattern of f is designed as f(x y z) = w1x + w2y + w3z. The function value 
yields the patient’s characteristics given by a combination of codes stated for different 
symptoms. 

Example 4 

The patient vector v = (3, 1, 2) has the characteristics 
(312) 0.37 3 0.92 1 0.15 2 2.33f        . 

Due to the physician’s expertise we assume that we can operate patients who are 
characterized by codes of age equal to 1, 2 and 3, codes of CRP recognized as 0, 1 and 2 and 
codes of body weight determined as 1, 2 and 3. The minimal patient characteristics to be 
operated is thus (101) 0.37 1 0.92 0 0.15 1 0.52f        , whereas the maximal data 
characteristics, classifying the patient for the operation is given by (32 3)f   
0.37 3 0.92 2 0.15 3 3.4      . We conclude that the patient who is capable to be operated 
should have the characteristics f(x y z) included in the interval [0.52, 3.4]. It is worth 
emphasizing that the decisions are made with respect to the decisive power of biological 
markers age, CRP and body weight. 

Example 5 

We test v = (4, 2, 4). As (4 2 4) 0.37 4 0.92 2 0.15 4 3.92f        , which lies beyond the 
boundaries of the “operate” interval, then the patient with data v = (4, 2, 4) should not be 
operated. For vectors v1 = (3, 2, 2), v2 = (2, 0, 2), v3 = (3, 1, 3), v4 = (3, 1, 2) the decision will be 
made as “operate”. 

The flow chart, sketched in Fig. 3, will show the selection of vectors typical of the decision 
“operate”.  

The vectors v1, v2, v3 and v4 will be included in the experimental population of representative 
data strings for the positive decision of the operation. We intend to use them in the next part of 
the chapter, when discussing the action of the NS algorithm adapted to the operation model. 

5. The negative selection algorithm 
After coding the patient data and selecting the initial data, which are given into account for 
the decision “operate”, we can make a choice between two alternatives concerning the cure  
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of gastric cancer patients. We intend to adapt the technique of an immunological algorithm 
based on the T cell behaviour. We use the negative selection algorithm NS proposed by 
Forrest (Forrest et al., 1997).  

The goal of NS is to cover the non-self space with a set of detectors. For the sake of the 
surgery aim, already outlined in Section 2, the algorithm should lead to discrimination of 
the statements “operate” and “do not operate” provided that vectors characteristic of type 
“operate” are available. This assumption is motivated by the surgeon’s intention to cure the 
patient from his/her cancer disease by making surgery if the patient’s state allows 
accomplishing it. The patient data reports, which register his/her parameters in the case of 
operating, are clearly interpretable. However, the physician can have some doubts when he 
denies an operation for the patient. Therefore we have used the strings confirming the 
“operate” decision as the more convincing vectors in the entrance of NS. 

We distinguish two steps in the surgery NS algorithm prepared on the basis of the general 
NS (Dasgupta & Nino, 2008; Engelbrecht, 2007; Forrest et al., 1997): 

1. Generation of detectors, which should possess the property vectors corresponding to 
the decision “do not operate” on a patient. These strings are not recognized as 
obviously as the strings of “operate”; that is why we get some help from the algorithm 
in generating their patterns. 

2. Selection of the surgery settlements “operate” or “do not operate” for any patient data 
vector due to the matching criterion concerning detectors.  

In the first step a set of detectors is generated. To accomplish this task we use as an input a 
collection of vectors found by the method of preparing “operate” strings, which have been 
discussed in Section 4. Candidate detectors that match any of the “operate” type vector 
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obviously as the strings of “operate”; that is why we get some help from the algorithm 
in generating their patterns. 

2. Selection of the surgery settlements “operate” or “do not operate” for any patient data 
vector due to the matching criterion concerning detectors.  

In the first step a set of detectors is generated. To accomplish this task we use as an input a 
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samples are eliminated whereas unmatched ones are kept. We adopt the r-contiguous bit 
matching rule for the patient data vectors as a measure of “the distance” between the 
“operate” type and the “do not operate” decision. 

In the second step of NS the stored detectors, generated in the first stage, are used to check 
whether new incoming samples of patient data vectors correspond to the “operate” type or 
to the “do not operate” type. If an input sample, characterizing a patient, matches any 
detector then the patient should not be operated. When we cannot find a match between 
detectors and the incoming patient data vector it will mean that the decision about the 
surgery should be made. Figure 4 collects all steps of the surgery NS algorithm in the flow 
chart. 

 
Fig. 4. The flow chart of the surgery NS algorithm 

6. The surgery decision based on the NS algorithm 
We wish now to follow the steps of the surgery NS algorithm to study its action in practical 
decision cases concerning the operation decision. 

Let us thus go through the following example. 

Step 1. Initialization 

As the input data we introduce the set V = {v1, v2, v3, v4}, which consists of four patient data 
vectors characteristic of the “operate” type. The length of each vector is decided to be three 
in conformity with previously made suggestions. In Section 4 we have already initialized  

v1 = (3, 2, 2), 
v2 = (2, 0, 2), 
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v3 = (3, 1, 3), 
v4 = (3, 1, 2). 

The vectors emerge the clinical data concerning elderly patients whose the CRP- values are 
not very high. The patients’ weights are not radically deviated from normal standards 
either. Hence, they have been operated in conformity with the surgeon’s determination. 

We now wish to generate the set D of four detectors d1, d2, d3, d4 that should not match any 
of vj, j =1,…,4. At the beginning of the procedure D is an empty set. 

To measure the match grade between vj and candidates to be detectors we state, e.g., r = 2 in 
the r-contiguous bit matching rule. 

Step 2. Introduction of random candidates to act as detectors 

We present d = (3, 1, 1) and check matches between d and each vj, j = 1,…,4, as 

match((3, 2, 2), (3, 1, 1)) is false, 
match((2, 0, 2), (3, 1, 1)) is false, 
match((3, 1, 3), (3, 1, 1)) is true, 
match((3, 1, 2), (3, 1, 1)) is true. 

Since d matches v3 and v4 then it cannot be classified as a detector. 

We prove the next candidate d = (4, 3, 1) to make matches between d and each vj, j = 1,…,4, 
in the form of 

match((3, 2, 2), (4, 3, 1)) is false, 
match((2, 0, 2), (4, 3, 1)) is false, 
match((3, 1, 3), (4, 3, 1)) is false, 
match((3, 1, 2), (4, 3, 1)) is false. 

All matches are false, which means that d1 = d is the first detector placed in D. The set of 
detectors now contains one element d1 = (4, 3, 1). We repeat the procedure until we 
determine four detectors in set D. D is finally formed as  

D = {(4, 3, 1), (2, 3, 4), (4, 4, 1), (3, 4, 0)}. 

Step 3. Operation decision making 

In the second phase of the algorithm we test data strings to organize them in either the 
“operate” type or in the “do not operate” type decisions. If the data vector matches any 
detector from D then the decision is made as “do not operate” (the non-self region). 
Otherwise, for all false matches between the data vector and dk, k = 1,…,4, we accept the 
operation (the self region). 

We introduce v = (3, 2, 3). The matches to detectors are determined as 

match((4, 3, 1), (3, 2, 3)) is false,  
match((2, 3, 4), (3, 2, 3)) is false, 
match((4, 4, 1), (3, 2, 3)) is false, 
match((3, 4, 0), (3, 2, 3)) is false. 

As all matches to detectors are false we conclude the performance of surgery (decision 
“operate”). 
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Another test vector v = (3, 4, 1) is inserted into the checking system. The match results are 
shown as 

match((4, 3, 1), (3, 4, 1)) is false,  
match((2, 3, 4), (3, 4, 1)) is false, 
match((4, 4, 1), (3, 4, 1)) is true, 
match((3, 4, 0), (3, 4, 1)) is true. 

Vector v converges to two detectors, which means the decision to be referred to “do not 
operate”. 

By setting r = 2 in the contiguous bit matching rule we have preserved a margin of 
imprecision in decision making, since we do not demand all contiguous vector codes to be 
equal. This gives a certain chance of operating for the patients whose mix of biological 
indices cannot be precisely judged. For r = 3 the decision will be quite strict. 

The method of making medical decisions by means of immunological systems is an 
applicable novelty. The example has a more didactic and experimental meaning than a real 
medical investigation. If we really want to use the method for making decisions in the 
surgery discipline we should, at first, extend the length of data strings by introducing more 
biological markers. A very dense set of initial vectors from “self” (“operate”) ought to be 
chosen by the algorithm belonging to Section 4. Nevertheless, the proposal of combining 
fuzzy systems and weighted characteristics of vectors with the NS algorithm to create the 
hybrid can start a new applied domain in medicine.  

7. Conclusion 
In the process of creation of a new medical application model we have inserted some 
elements of fuzzy systems into the negative selection immunological algorithm. This hybrid, 
attached to two disciplines of Computational Intelligence, has found a practical application 
in surgery decision making. As self and non-self constitute two regions of the NS partition 
of objects then we could identify these regions with decisions “operate” against “do not 
operate” in the case of curing gastric cancer patients. The action of the modified NS could 
help us to determine the surgery or its lack for individual patients with respect to their 
clinical data entry vectors. 

To make the action of the NS algorithm more efficient we have complemented the method by 
preparing the population of the most representative vectors standing for the “operate” type. 
The vectors have been converted to real values giving the common characteristics of a patient. 
In that characteristics the weights of importance, assigned to biological markers, will play the 
essential role in the final judgment of the vectors’ influence on the decision “operate”. 

We wish to add that the excerpts from fuzzy systems, involved in NS, come from own 
research, which has been concentrated on the creation of compact parametric formulas. 
These formulas concern the generation of a family of membership functions without 
predetermining their borders in advance.  

All parts of the methodology have been prepared in the form of numerical algorithms given 
by flow charts. This allows composing a common computer program to test large samples of 
vectors in a real clinical application.  
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We emphasize that the proposal is a novel contribution in medical applications and should 
be still tested on larger samples of data. We can expect that, in future investigations, an 
introduction of the neural artificial perceptron model instead of the NS algorithm will 
provide us with similar results concerning surgery decisions. As an extension of the model 
we also wish to adapt the real-value negative selection algorithm in order to insert 
measured values of biological markers in data vectors instead of codes. This procedure 
should improve the reliability of a decision. Having results from more models we can select 
the most efficient one to work on its further development. 
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