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Preface 
 

In the 19th century, Rudolph Virchow noted that “the signs of inflammation are four; 
redness and swelling, with heat and pain“. Since this historical observation, a role for 
inflammation in the induction, progression and manifestation of wide range of acute 
and chronic inflammatory diseases such as sepsis, meningitis, pneumonia or major 
trauma, many allergies such as asthma, emphysema, ocular and skin allergies, or age-
associated chronic diseases such as neurodegenerative and autoimmune diseases, and 
many cancers, has been documented in the literature. However, obscure and fuzzy 
understanding on the role that acute and chronic (persistent or subclinical, 
unresolved) inflammation plays in preventing disease or inducing many potentially 
interrelated illnesses has slowed down progress in preventing or treating these chronic 
diseases or cancer. For example, continuous controversies and debates in the literature, 
on whether inflammation is protective in preventing cancer or it is a risk in 
carcinogenesis, have been costly for cancer patients, despite the tremendous public 
investment in war against cancer for over four decades. In recent years, acute 
inflammation has been defined as an evolutionary inherent property of immune 
system, possessing 2 biologically opposing arms, ‘Yin’ (apoptosis, growth-arresting, or 
tumoricidal) and ‘Yang’ (wound healing, growth-promoting or tumorigenic), 
processes that protect the body against foreign external or internal elements 
throughout life. Unresolved inflammation has been further suggested as the loss of 
balance between ‘Yin’ and ‘Yang’ that would lead to altered dynamics of immune 
responses, expression and co-expression of exaggerated mismatched mediators in the 
susceptible tissues, creating immunological chaos (‘immune tsunami’) and damaging 
the architectural integrity and function of tissues that are naturally immune-
responsive or immune-privileged, and initiating a wide range of inflammatory 
diseases or tumorigenesis (Khatami 2008, 2009, 2011).  

In recent years, the interest in multidisciplinary fields of inflammatory diseases has 
intensified. Specifically, over the last decades, the number of federally funded projects 
and related networks or technologies that focus on the role of inflammation in cancer 
research has significantly increased. This book is a collection of comprehensive 
reviews contributed by experts in diverse fields of acute and chronic inflammatory 
diseases, with emphasis on current pharmacological and therapeutic options. 
Interested professionals are also encouraged to review the excellent contributions 
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made by experts in a second book entitled ‘Inflammation, Chronic Diseases and Cancer’, 
which deals with immunobiology and clinical perspectives of mechanisms of immune 
inflammatory responses in the genesis and progression of a number of inflammatory 
diseases and cancers, as well as perspectives for design of clinical trials, therapeutic 
approaches, and for diagnosis or prevention of disabling diseases, particularly as 
aging population is increasing globally.  

Editor is grateful to all contributing authors for developing comprehensive chapters 
on multidisciplinary fields of inflammatory diseases. This book is dedicated to the 
loving memory of my parents, Kazem and Badri-Zaman Khatami. The invaluable 
support and encouragement of the following professionals and friends is greatly 
appreciated: John H. Rockey, MD, PhD, mentor/friend and senior colleague at the 
University of Pennsylvania, who shaped my early career and who trained me in 
experimental models of acute and chronic inflammatory diseases which resulted in the 
‘accidental’ discoveries in 1980’s, suggestive of the first evidence for a direct 
association between inflammation and tumorigenesis; Edward J. Massaro, PhD, from 
the Environmental Agency and Editor in Chief, Cell Biochemistry and Biophysics, my 
mentor at the State University of New York at Buffalo and a long time colleague and 
friend who encouraged me professionally throughout the years; and John H. Bayens, 
PhD, Distinguished Professor at the University of South Carolina and long time 
colleague who generously supported my work in multidisciplinary fields of 
inflammation, diabetes and cancer research. The author also wishes to pay tribute to 
the memory of her good friend and colleague Shirin (Shirley) Mirsepassi (Tollouie), 
MD, pathologist (1944-2011) whose true friendship and support were above and 
beyond the call of duty.  

‘There are many mirrors reflecting the light, but though  
all the mirrors are shattered, the light will still remain’  

Rumi 

 
Mahin Khatami, Ph.D. 

 Inflammation, Aging and Cancer Research 
 National Cancer Institute (Retired) 

 The National Institutes of Health, Bethesda,  
USA 
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Dementia – A Complete Literature  
Review on Various Mechanisms Involves in 

 Pathogenesis and an Intracerebroventricular  
Streptozotocin Induced Alzheimer’s Disease 

Sidharth Mehan*, Rimpi Arora, Vandana Sehgal, 
 Deepak Sharma and Garuav Sharma 

Research & Development, SHPL, Jodhpur, 
Rajasthan 

1. Introduction 
Dementia is a brain disorder characterized by a decline in several higher mental functions 
(e.g. memory, intellect, personality) that causes significant impairments in daily functioning 
(Kuljis, 2007). The prevalence of dementia rises with age, doubling every 5 years between 
the ages of 60 and 90 (Corrada et al., 2008). Based on the epidemiological data, dementia is 
widely recognized as a major medical, social and economic problem in developed countries 
where the age over 65 accounts for an increasingly high percentage of the dementic 
population (Breitner et al., 2009). Unfortunately, dementia is now becoming a major 
problem in developing countries where it did not exist 50 years ago (Zilkens et al., 2009). 
More than 50 million people worldwide have dementia and the most common and 
irreversible cause of this dementia is Alzheimer's disease (AD) (Adlard et al., 2009). AD is a 
neurodegenerative disorder divided into two forms namely familial (FAD) and sporadic 
(SAD) cases characterized by cognitive deficits and extensive neuronal loss in the central 
nervous system (CNS) (Michon et al., 2009; Reed et al., 2009) and at the molecular level by 
the presence of specific cytoskeletal abnormalities, including intracellular neurofibrillary 
tangles (NFT) formed by hyperphosphorylated tau protein and the presence of high levels 
of the 40- and 42-amino acid long amyloid beta (A) (Woodhouse et al., 2009). The early 
onset form (i.e. FAD) has a strong genetic correlation that exists between characteristic 
features of AD pathogenesis and mutations in amyloid precursor protein (APP), (Bernardi et 
al., 2009), presenilin (PS-1) and PS-2 (Huang et al., 2009). Of particular interest, the other 
form of AD, SAD is a multifactorial disease to which both genetic and epigenetic factors 
contribute (Zawia et al., 2009). The well confirmed genetic factors for SAD are 
apolipoprotein E (APOE) epsilon 4 allele (Wharton et al., 2009) and PS-2 promoter 
polymorphism (Liu et al., 2008). Accumulating data indicates that disturbances of several 
aspects of cellular metabolism appear pathologically important in SAD. Among these, 
increased brain insulin resistance (Salkovic-Petrisic, 2008), decreased glucose utilization and 
energy metabolism are observed in the early stages of the disease (De la Torre, 2008), 
                                                                 
* Corresponding Author 
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consequently energy deficit, oxidative stress (Droge and Kinscherf, 2008) and inflammation 
(De la Monte, 2009) in neuronal tissue which further cause neurodegeneration in SAD.  
By understanding some of the pathological aspects of SAD in humans currently, 
intracerebrovetricular (ICV) administration of streptozotocin (STZ) in rats is commonly 
employed to study experimental dementia. Most importantly, subdiabetogenic doses of ICV 
-STZ induce alterations of brain insulin receptor (IR) and its signaling and consequently 
insulin resistant brain state and behavioral, neurochemical, biochemical, morphological, and 
histological changes similar to aging brain (Salkovic-Petrisic, 2008; Ishrat et al., 2009 a, b). 
Further, it has been well demonstrated that ICV -STZ rat model is targeting the functioning 
of brain IR signaling cascade. In brain, decreased levels of glucose/energy metabolism 
particularly in cerebral cortex and hippocampus regions have been reported starting from 3 
weeks following ICV -STZ administration (Pathan et al., 2006) and consequently 
mitochondrial dysfunction (Agrawal et al., 2009). Additionally, a progressive trend towards 
oxidative stress has also been found starting as early as 1 week following the ICV -STZ 
administration (Pathan et al., 2006). In addition to reduced energy metabolism and 
mitochondrial dysfunction, increased free radical generation and subsequent oxidative and 
nitrosative stress which are well reported to impair learning and memory leading to 
cognitive dysfunction (Ishrat et al., 2009 a, b; Tiwari et al., 2009). Furthermore, decreased 
cholinergic transmission (decreased choline acetyltransferase and increased 
acetylcholinesterase activity) has started to be persistently found later on in the 
hippocampus of ICV -STZ treated rats (Blockland and Jolles 1993, Terwel et al., 1995). ICV -
STZ administration has also been associated with certain brain morphological changes 
followed by extensive cell loss and neurodegeneration by induction of specific damage to 
myelinated tract and astrogliosis found 1 week following the treatment regardless the age of 
animals (Sonkusare et al., 2005). Further, ICV -STZ induced reduction in energy availability 
may also results in increase in cytoplasmic calcium (Ca2+) ions (Muller et al., 1998) 
confirmed by pharmacological use of calcium channel blocker (lercanidipine) that markedly 
attenuated behavioral and biochemical alterations in ICV -STZ rats (Sonkusare et al., 2005). 
It is well known that ATP dependent brain functions are markedly affected in energy failure 
and reduced glucose metabolism states. Relevant to this, all these neurochemical and 
structural changes have been observed as early as 2 weeks after ICV -STZ administration 
and reported to still persist 12 weeks accompanied by long term progressive deficits in 
learning and memory (Lannert and Hoyer, 1998, Grunblatt et al., 2007) and play a major role 
in the pathogenesis of SAD. 

2. Dementia – a background 
Dementia is a syndrome that in most cases is caused by an underlying disease of brain 
disorder characterized by a decline in several mental functions e.g. memory, intellect, 
personality that significantly impair daily functioning (Ferri et al., 2005). Dementia is a 
clinical syndrome with multiple etiologies that particularly affects older people (Corrada et 
al., 2008). Up till now, there is a lack of full understanding of the underlying causes and 
molecular mechanisms leading to this progressive form of dementia. Given the seriousness 
of the impact of dementia, the ageing of the world’s population, and that the prevalence of 
dementia increases with age, a lot of attention is understandably now focused on the 
treatments, care services and support arrangements needed by people with dementia and 
their families, both today and over the coming decades.  

Dementia – A Complete Literature Review on Various Mechanisms Involves in 
Pathogenesis and an Intracerebroventricular Streptozotocin Induced Alzheimer’s Disease 5 

2.1 Dementia prevalence 
Number of older people (taking the conventional definition as aged 65 or over), particularly 
the number of very old people (aged 80 and above) will increase substantially over the next 
fifty years in all countries, although rates of ageing varies greatly between countries. 
Currently 8% of western population is affected from dementia (Zilkens et al., 2009). By 2025 
this figure is expected to double with 71 per cent of these likely to live in developing 
countries, making the need for prevention of an incurable disease crucial. In U.K 20% of the 
population is 65 and older, particularly in England, 16% of the population was aged 65 or 
over and 4% aged 80 or over in 2005. By 2050 it is expected that the number of people aged 
65 or over will grow from 8 million to almost 15 million (by which time this number will 
represent 25% of the projected total population), while the number aged 80 or over will 
grow from 2 million to just over 6 million (equivalent to 10% of the total population) and 10-
15% have mild, early and borderline demented states (Knapp et al., 2007). 

2.2 Dementia symptoms and etiology 
Dementia is caused by a disease that damages tissues in the brain causing disturbed brain 
functioning. Dementia is characterized by reversible and irreversible causes. There are 
several things which could results reversible dementia and these dementia are treatable. 
These include dementia due to long-term substance abuse, tumors that can be removed, 
subdural hematoma, accumulation of blood beneath the outer covering of the brain that 
result of head injury, normal pressure hydrocephalus, hypothyroidism, toxic reactions like 
excessive alcohol or drug use (Tanev et al., 2008), and nutritional deficiencies like vitamin 
B12 and folate deficiencies (Maccioni et al., 2009) Some of the irreversible and non-treatable 
cause of dementia includes diseases that cause degeneration or loss of nerve cells in the 
brain such as AD, PD (Tong et al., 2009), and HD (Wang et al., 2009), multi-infracts dementia 
(dementia due to multiple small strokes, also known as vascular dementia) (de la Torre et 
al., 2008), infections that affect the brain and spinal cord, such as acquired-immune 
deficiency syndrome (AIDS) dementia complex (Varatharajan and Thomas, 2009) and 
Creutzfeldt-Jakob disease. Some people have a combined type of dementia involving both 
AD and vascular dementia (Tsuno, 2009). 
The most common symptoms that are mostly associated with dementia are delirium from a 
sudden medical problem, psychosis, aggression, anger, insomnia or “sundowning” 
(confusion in late afternoon or early evening), anxiety, depression, and pain from arthritis 
(Kuller et al., 2008). 

3. Alzheimer’s Disease – a type of dementia 
Alzheimer’s disease is the most common dementia in the elderly population (> 65 years) 
associated with progressive neurodegeneration of the central nervous system (CNS) 
(Blennow et al., 2006). Clinically, AD typically begins with a subtle decline in memory and 
progresses to global deterioration in cognitive and adaptive functioning (Watson and Craft, 
2004). The majority of AD cases occur sporadically, what suggested that they could arise 
through interactions among various genetic and environmental factors. Current 
epidemiological investigations show that midlife hypertension, cardiovascular diseases, 
hypercholesterolemia, diabetes, obesity, inflammation, and viral infections can significantly 
contribute to the development and progression of AD, whereas active engagement in social, 
mental and physical activities may delay the onset of the disease (Zawia et al., 2009). 
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3.1 AD prevalence 
AD is the sixth leading cause of all deaths in the United States, and the fifth leading cause of 
death in Americans aged 65 and older. Whereas other major causes of death have been on the 
decrease, deaths attributable to AD have been rising dramatically. Between 2000 and 2006, 
deaths attributable to AD increased 47%. An estimated 5.3 million Americans have AD; the 
approximately 200,000 persons under age 65 years with AD comprise the younger-onset AD 
population. The prevalence of AD increases with age from 4% in the 65 to 75 years age group 
to 19% in the 85 to 89 years age group, and the incidence of AD increases from 7/1000 in the 65 
to 69 years age group to 118/1000 in the 85 to 89 years age group (Fernandz et al., 2008). Every 
70 seconds, someone in America develops AD; by 2050, this time is expected to decrease to 
every 33 seconds. Over the coming decades, the "baby-boom" population is projected to add 10 
million people to these numbers. In 2050, the incidence of AD is expected to approach nearly a 
million people per year with a total estimated prevalence of 11 to 16 million people 
(Alzheimer’s disease Facts and Figures, 2009). A minority of around 400 families worldwide 
can be grouped as familial in origin, whereas the majority of all Alzheimer cases (approx. 25 
million worldwide) are sporadic in origin whose clinical manifestation appear in old age and 
ultimately affects almost half of the population over age 85 (Hoyer and lannert, 2007). 

3.2 Symptoms and stages of AD 
AD can affect different people in different ways, but the most common symptom pattern 
begins with gradually worsening difficulty in remembering new information. This is 
because disruption of brain cells usually begins in regions involved in forming new 
memories (Ramani et al., 2006). In early mild and moderate stages of the disease, people 
may experience irritability, anxiety or depression. In later severe stages, other symptoms 
may occur including sleep disturbances, physical or verbal outbursts, emotional distress, 
restlessness, pacing, shredding paper or tissues and yelling, delusions (firmly held belief in 
things that are not real), and hallucinations (seeing, hearing or feeling things that are not 
there). As damage spreads, individuals also experience confusion, disorganized thinking, 
impaired judgment, trouble expressing themselves and disorientation to time, space and 
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location, which may lead to unsafe wandering and socially inappropriate behavior. In 
advanced AD peoples need help with bathing, dressing, using the bathroom, eating and 
other daily activities. Those in the final stages of the disease lose their ability to 
communicate, fail to recognize loved ones and become bed-bound and reliant on care 
Various symptoms and stages of AD is summarized in Fig.1.  

3.3 Types of AD 
AD is classified into two types based on etiology, onset of symptoms, pathophysiological, 
biochemical and genetic alterations into familial (FAD) and sporadic (SAD) cases (Reed et 
al., 2009). 

3.3.1 Early onset familial type AD 
The first one is the very rare autosomal dominant early-onset familial type (FAD) is caused 
by missense mutations in the amyloid precursor protein (APP) gene on chromosome 21, in 
the presenilin (PS)-1 gene on chromosome 14 and in the PS -2 gene on the chromosome 1 
(Bernardi et al., 2009). The genetic abnormalities on chromosomes 1, or 14, or 21 are all 
characterized by the permanent generation of amyloid beta (A) 1–40 and in particular A1–
42, beginning early in life (Patterson et al., 2008). Both these derivatives of APP reduce the 
binding of insulin to its receptor and receptor autophosphorylation (Xie et al., 2002). The 
disruption of autophosphorylation by ATP may result in a decrease/lack of receptor 
tyrosine kinase activity and, thus, in a failure of postreceptor effects exerted via insulin 
receptor substrate (IRS)-1 (de la Monte, 2008). This dysfunction of the insulin signal 
transduction cascade may cause a drastic fall in the cerebral metabolism of glucose in FAD 
(Gandy, 2005). Regardless the primary cause and clinical form of AD, the amyloid cascade 
hypothesis proposes that both conditions lead to Aß 1-42 accumulation, oligomerization and 
plaque formation, which further initiates a whole range of pathological cascade effects; 
microgliosis and astrocytosis (Norris et al., 2005), inflammatory response (Kamer et al., 
2008), oxidative and nitrosative stress (Mangialasche et al., 2009), Ca+ dysregulation (Small 
et al., 2009), mitochondrial dysfunction (de la Monte, 2008), neuronal/neuritic dysfunction, 
cell death (Wang et al., 2008), neurotransmitter deficits (Ding  et al., 1992), and finally, 
memory loss (Erol et al., 2008;). In parallel, oxidative stress and neurotransmitter deficits 
induce kinase/phosphatase activity imbalance (Gella and Durany, 2009) which at the level 
of tau protein (microtubule-associated protein that stimulates the generation and 
stabilization of microtubules within cells, and control axonal transport of vesicles results in 
accumulation of hyperphosphorylated tau protein and formation of NFT which contribute 
to memory loss (Mckee et al., 2008).  

3.3.2 Late-onset sporadic type AD 
In contrast to early onset FAD, aging is the main risk factor for late-onset SAD. Aging of the 
brain is associated with a multitude of inherent changes in cerebral glucose/energy 
metabolism, its control, and related pathways at cellular, molecular and genetic levels 
(Placnica et al., 2009). Numerous changes are accentuated by stress particularly functional 
imbalances of regulative systems, such as (1) energy production (reduced) and energy 
turnover (increased), (2) insulin action (reduced) and cortisol action (increased) due to a 
shift in the  hypothalamic pituitary–adrenal axis to an increased basal tone (Cizza et al., 
1994), (3) acetylcholine action (reduced) and noradrenaline action (increased), indicating 
sympathetic tone, obviously also reducing insulin secretion after glucose stimulation (Erol et 
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3.3.1 Early onset familial type AD 
The first one is the very rare autosomal dominant early-onset familial type (FAD) is caused 
by missense mutations in the amyloid precursor protein (APP) gene on chromosome 21, in 
the presenilin (PS)-1 gene on chromosome 14 and in the PS -2 gene on the chromosome 1 
(Bernardi et al., 2009). The genetic abnormalities on chromosomes 1, or 14, or 21 are all 
characterized by the permanent generation of amyloid beta (A) 1–40 and in particular A1–
42, beginning early in life (Patterson et al., 2008). Both these derivatives of APP reduce the 
binding of insulin to its receptor and receptor autophosphorylation (Xie et al., 2002). The 
disruption of autophosphorylation by ATP may result in a decrease/lack of receptor 
tyrosine kinase activity and, thus, in a failure of postreceptor effects exerted via insulin 
receptor substrate (IRS)-1 (de la Monte, 2008). This dysfunction of the insulin signal 
transduction cascade may cause a drastic fall in the cerebral metabolism of glucose in FAD 
(Gandy, 2005). Regardless the primary cause and clinical form of AD, the amyloid cascade 
hypothesis proposes that both conditions lead to Aß 1-42 accumulation, oligomerization and 
plaque formation, which further initiates a whole range of pathological cascade effects; 
microgliosis and astrocytosis (Norris et al., 2005), inflammatory response (Kamer et al., 
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memory loss (Erol et al., 2008;). In parallel, oxidative stress and neurotransmitter deficits 
induce kinase/phosphatase activity imbalance (Gella and Durany, 2009) which at the level 
of tau protein (microtubule-associated protein that stimulates the generation and 
stabilization of microtubules within cells, and control axonal transport of vesicles results in 
accumulation of hyperphosphorylated tau protein and formation of NFT which contribute 
to memory loss (Mckee et al., 2008).  

3.3.2 Late-onset sporadic type AD 
In contrast to early onset FAD, aging is the main risk factor for late-onset SAD. Aging of the 
brain is associated with a multitude of inherent changes in cerebral glucose/energy 
metabolism, its control, and related pathways at cellular, molecular and genetic levels 
(Placnica et al., 2009). Numerous changes are accentuated by stress particularly functional 
imbalances of regulative systems, such as (1) energy production (reduced) and energy 
turnover (increased), (2) insulin action (reduced) and cortisol action (increased) due to a 
shift in the  hypothalamic pituitary–adrenal axis to an increased basal tone (Cizza et al., 
1994), (3) acetylcholine action (reduced) and noradrenaline action (increased), indicating 
sympathetic tone, obviously also reducing insulin secretion after glucose stimulation (Erol et 
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al., 2008) and (4) shift in the gene expression profile from anabolic (reduced) to catabolic 
(increased) in distinct brain areas such as cortex , hippocampus and hypothalamus (Xu et 
al., 2006) (Fig.2). 
 

 
Fig. 2.Various neurochemical alterations in AD brain 

4. Sporadic type AD associated alterations 
4.1 Changes of the brain insulin signaling cascade  
Research of the brain insulin system has been more pronounced in the last decade, 
particularly regarding its function in the brain. There is a growing interest in finding the role 
of neuronal insulin signaling cascade in the brain, and off course in the brain of SAD. Recent 
data indicate that brain insulin deficiency and insulin resistance brain state are related to the 
late onset SAD (Shaw and Hoglinger, 2007). In line with this decreased brain insulin protein 
and its mRNA levels were found post mortem in the brain (frontal cortex, hippocampus 
(Lester Coll et al., 2006), while IR density was found to be increased and tyrosine kinase 
activity decreased (Frlolich et al., 1998). Interestingly, strikingly reduced expression of genes 
encoding insulin like growth factor-1 (IGF-1) and IGF-1 receptor has also been found in the 
frontal cortex, hippocampus and hypothalamus of patients with AD post mortem (Steen et 
al., 2005). Regarding the downstream IR signaling pathways, reduced levels of PI3-K have 
been found (Dong et al., 2009). Regional specificity of changes and difference in AD severity 
stage probably account for some inconsistency in results reported in relation to Akt/PKB 
and GSK-3/ alterations, whose phosphorylated form were mainly found to be decreased 
(Giese, 2009). In line with this, increased activity of GSK-3 found in hippocampus and 
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hypothalamus could be related to decreased activity of Akt/PKB found in the same regions 
(Steen et al., 2005). Recent data have pointed to another important enzyme, involved in tau 
dephosphorylation, the protein phosphatase 2A (PP2A), which can directly 
dephosphorylate tau (Liang et al., 2009; Martin et al., 2009). It has been revealed a significant 
reduction in the total amount of PP2A in frontal and temporal cortices of SAD patients. 
Thus, it seems likely that hyperphosphorylated tau formation is the consequence of 
increased GSK-3 (Peineau et al., 2008) (Fig.3).  
 

 
Fig. 3. Impairment of Insulin signaling in Alzheimer’s disease 

4.2 Reduced glucose and energy 
Early and severe abnormalities were found in cerebral glucose metabolism which worsened 
in parallel with the dementia symptoms (Maurer and Hoyer, 2006). It includes the 
diminished activity of the pyruvate dehydrogenase complex yielding reduced levels of 
acetyl-CoA (Lannert et al., 1998). As a consequence, the reduced glycolytic glucose 
breakdown, the formation of fructose-6-phosphate may be diminished so that the 
availability of uridine-diphospho-N-acetylglucosamine (UDP-GlcAc) necessary for protein-
O-GlcNAcylation is decreased (Gong et al., 2006). Another pathophysiological consequence 
of the markedly perturbed glucose metabolism is the fall of ATP production from glucose by 
around 50% in the beginning of SAD, declining thereafter throughout the course of the 
disease (de la Torre, 2008). 

4.3 Reduced ATP availability 
A decisive pathophysiological consequence of the markedly perturbed glucose metabolism 
is a decrease in ATP production from glucose by around 50% in the beginning of SAD. The 
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oxidative utilization of substrates other than glucose restores ATP formation to 80% of 
normal, but thereafter ATP levels decrease throughout the course of the disease (Hoyer, 
2004). This energy deficit may compromise ATP-dependent processes in a hierarchical 
manner including cellular and molecular mechanisms in particular in the endoplasmic 
reticulum and Golgi apparatus (Greenfield et al., 1999). A depletion of cellular ATP prevents 
the dissociation of chaperone/protein complexes and thus blocks secretion of these proteins 
(Dorner et al., 1990). Additionally, ATP depletion results in the degradation of membrane 
phospholipids (Sun et al., 1993). 

4.4 Acetylcholine neurotransmission changes  
Oxidative energy metabolism is important for the undisturbed function and structure of the 
brain. Both the neurotransmitter acetylcholine (ACh) and the membrane sterol constituent 
cholesterol are derived from the glucose metabolite, acetyl-CoA (Hellweg et al., 1992). As a 
result of the deficits in glucose and energy metabolism and due to the reduced activity of 
choline acetyltransferase (ChAT), the synthesis of ACh in the presynaptic neuron is 
markedly diminished (Hoyer, 1992).  

5. Neuropathological hallmarks of AD 
Two main neuropathological hallmarks are found in the brain of patients with familial and 
sporadic AD is (1) NFT and (2) amyloid plaques (Woodhouse et al., 2009) (Fig.4).  
 

 
Fig. 4. Neuropathological hallmarks of Alzheimer’s Disease 
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5.1 Tau protein 
NFT consist of intracellular protein deposits made of hyperphosphorylated tau protein 
(Blennow et al., 2006). Tau protein is a microtubule-associated protein which is involved in 
stabilization and promotion of microtubules but when hyperphosphorylated it gains a toxic 
function which is lethal for the neurons (Iqbal et al., 2005). There is a growing body of 
evidence that changes in insulin and insulin receptor (IR) signaling cascade in the brain of 
people with AD and have an influence on the metabolism of APP and A accumulation and 
in maintaining of balance between phosphorylated and non-phosphorylated tau protein 
(Wegiel et al., 2008). 

5.2 Amyloid beta 
Extracellular amyloid plaques predominantly consist of aggregates of neurotoxic A 1-42 
generated in vivo by specific, proteolytic cleavage of APP (Bernardi et al., 2009). Classical 
and also leading amyloid cascade hypothesis assumes that pathological assemblies of A are 
the primary cause of both AD forms and all other neuropathological changes (cell loss, 
inflammatory response, oxidative stress, neurotransmitter deficits and at the end loss of 
Cognitive function are downstream consequences of A accumulation (Bamburg and 
Bloom, 2009).  

6. Intracerebroventricular streptozotocin induced neurotoxicity: An animal 
model of SAD  
Considering the presence of insulin (from both periphery and brain) and IRs in the brain, an 
experimental rat model was developed by using streptozotocin (STZ) administered 
intracerebroventricularly (ICV) in doses of up to 100 times lower (per kg body weight) than 
those used peripherally to induce an insulin resistant brain state (Duelli et al., 1994; Lannert 
and Hoyer, 1998). ICV -STZ rodent model is produced by a single or multiple (up to 3 times 
within one month) injections of a cytotoxic drug STZ, bilaterally into the lateral cerebral 
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Table. 1. Similarities between ICV -STZ Model and Human SAD. 
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ventricle of an adult rat, first reported in 1990 (Mayer et al., 1990). Although learning and 
memory are impaired within 4 weeks in all experimental models of AD (Weinstock and 
Shoham, 2004), however, no single model was determined to be truly representative of SAD 
characterized by abnormalities in neuronal IRs signaling. ICV -STZ reproduces a number of 
important aspects of SAD-type neurodegeneration within 1 month of ICV -STZ injection(s) 
and therefore provides supportive evidence that SAD may be caused in part by neuronal 
insulin resistance, i.e. brain diabetes (Salkovic et al., 2006). 
STZ (2-deoxy-2-(3-(methyl-3-nitrosoureido)-D-glucopyranose) is a drug selectively toxic for 
insulin producing/secreting cells both in the periphery as well as in the brain (Hoyer and 
Nitsch, 1989) and consequently ICV -STZ impairs the insulin-IR system (Blokland and Jolles, 
1993). Reflection on some of the earlier findings in AD, including the impaired glucose 
utilization, mitochondrial dysfunction, reduced ATP production, and energy dysregulation 
prompted consideration of the hypothesis that these abnormalities were mediated by 
desensitization of the neuronal IRs (Duelli et al., 1994; de la Monte et al., 2006). The stated 
metabolic abnormalities, as well as several of the classical histopathological lesions of AD, 
could be attributed in part to reduced insulin levels and reduced IR function in AD. Seigfried 
Hoyer was among the first to suggest that reduced levels of brain insulin may precipitate a 
cascade resulting in disturbances in cellular glucose, Ach, cholesterol and ATP levels, impaired 
membrane function, accumulation of amyloidogenic derivatives, and hyperphosphorylation of 
tau, i.e. that SAD may represent a brain form of type 2 diabetes mellitus (Hoyer and Riederer, 
2007; Li and Holscher, 2007). A comparison and correlation of various pathological changes 
observed in human SAD and ICV -STZ rat model are summarized in Table 1.   

6.1 Peripheral mechanism of streptozotocin 
In the periphery, STZ causes selective pancreatic  cell toxicity results from the drug’s 
chemical structure which allows it to enter the cell via the GLUT2 glucose transporter. The 
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predominant site of GLUT2 localization is the pancreatic beta cell membrane (Szkudelski, 
2001). Following peripheral administration, STZ causes alkylation of -cell DNA which 
triggers activation of poly ADP-ribosylation, leading to depletion of cellular NADH and 
ATP (Szkudelski, 2001). When applied intraperitoneally in high doses (45-75 mg/kg) STZ is 
toxic for insulin producing/secreting cells, which induces experimental DM type 1. Low 
doses (20-60 mg/kg) of STZ given intraperitoneally in neonatal rats damages IR and alters 
IR signaling and causes diabetes mellitus type 2 (Blondel and Portha, 1989) (Fig.5). 

6.2 Central mechanism of action of streptozotocin 
Central STZ administration caused neither systemic metabolic changes nor diabetes 
mellitus. STZ has been administrated mostly in doses ranging from 1–3 mg/kg body 
weight, injected 1–3 times, either uni-or bi-laterally into the lateral cerebral ventricles. 
Identical biochemical changes have been found in the left and right striatum after 
administration of STZ into the right lateral cerebral ventricle only (Prickaerts et al., 2000, 
Deshmukh et al., 2009). The mechanism of central STZ action and its target cells/molecules 
have not yet been clarified but a similar mechanism of action to that in the periphery has 
been recently suggested. GLUT2 may also be responsible for the STZ induced effects in the 
brain as GLUT2 also is reported to have regional specific distribution in the mammalian 
brain (Arluison et al., 2004a, b). The chemical structure of STZ also suggests this compound 
may produce intracellular free radicals, nitric oxide (NO) and hydrogen peroxide 
(Szkudelski, 2001) and induces behavioral, neurochemical and structural changes that are 
similar to those found in SAD (Fig. 6).  
 

 
Fig. 6. Central mechanism of action of intracerebroventricularly administered streptozotocin 
in rats. 
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6.2.1 ICV -STZ induced Insulin signaling alteration  
Substantial evidence has been gathered in support of the presence of both insulin and IRs in 
the brain, and of insulin action. The main source of brain insulin is the pancreas crossing the 
blood–brain barrier by a saturable transport mechanism (Hoyer, 2004). A smaller proportion 
of insulin is produced in the brain itself (IR signaling cascade in the brain) is similar to the 
one at the periphery. There are two main parallel IR intracellular pathways, the (PI-3K) 
pathway and the mitogen activated protein kinase (MAPK) pathway (Johanston et al., 2003, 
Mehan et al., 2010a,b). When insulin binds to the subunit of IR it induces 
autophosphorylation of the intracellular -subunit resulting in increased catalytic activity of 
the tyrosine kinase (Johanston et al., 2003). Now activated IR becomes a docking site for the 
IRS, which then becomes phosphorylated on tyrosine residues. IRS is now ready to bind 
various signaling molecules with SH2 domains; one of these molecules is (PI-3K). After 
being activated, PI-3K induces phosphorylation and subsequent activation of protein kinase 
B (Akt/PKB), consequently activated Akt/PKB triggers glucose transporter 4 (GLUT4) and 
also phosphorylates the next downstream enzyme glycogen synthase kinase (GSK-3) which 
then becomes inactive (Johanston etal., 2003) (Fig.7).  
 

 
Fig. 7. Brain insulin receptor signaling cascade in the insulin resistant brain state induced by 
the intracerebroventricular streptozotocin treatment. 

Akt/PKB: protein kinase B; APP: amyloid precursor protein; A: amyloid beta; GSK-3: 
glycogen synthase kinase-3; GSK-3-P: phosphorylated glycogen synthase kinase-3; IR: Insulin 
receptor; IGF-1R: insulin-like growth factor-1 receptor; IRS: insulin receptor substrate; tau: tau 
protein; tau-P: phosphorylated tau protein; MAP-K: mitogen activated protein kinase; PI3-K: 
phosphatidylinositol- 3 TK: tyrosine kinase; kinase; SAD: human sporadic Alzheimer’s 
disease; ICV -STZ intraverebroventricularl streptozotocin (Salkovic-Petrisic and Hoyer, 2007). 
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It has been reported that changes in the brain insulin and tau-A systems are observed 
following the bilateral application of a single or multiple 1 mg/kg STZ dose into the lateral 
cerebral ventricles of adult 3 month old rats (Salkovic-Petrisic et al., 2006). Since treatment 
with very low to moderate doses of STZ in short term experiments causes insulin resistance 
(Blondel and Portha, 1989) via a decrease in autophosphorylation and decrease in total 
number of IRs, but with little change in phosphorylated IR- subunit (Droge and Kinscherf, 
2008). Indeed, the activity of the protein tyrosine phosphatase decreased after long-term 
STZ-damage (Mayerovitch et al., 1989) and induced a drastic reduction of IR 
dephosphorylation (Pathan et al., 2006). 
 

 
Fig. 8. Brain insulin receptor signaling casscade in physiological conditions. 

Regarding the enzymes downstream of the IR-PI3-K pathway, experiments have shown 
alterations of hippocampal GSK-3ß however, observed changes were of a greater extent in the 
phosphorylated than in the non-phosphorylated form of GSK-3 (Lester Coll et al., 2006). The 
IR protein was decreased in the frontoparietal cortex and hypothalamus, but the levels of 
phosphorylated IR (p-IR) were increased and tyrosine kinase activity was unchanged in 
these regions, whereas in the hippocampus IR protein levels were decreased, but p-IR 
levels, as well as tyrosine kinase activity were increased (Grunblatt et al., 2007). Downstream 
from the PI3-K signaling pathway, hippocampal Akt/PKB remained unchanged at 4 weeks 
and decreased by 12 weeks post-treatment, whereas in the frontoparietal cortex Akt/PKB 
expression was decreased 4 weeks and increased by 12 weeks post ICV -STZ treatment. 
Regarding the phosphorylated GSK-3 (pGSK-3) form, levels in hippocampus were increased 
after 1 month, but decreased 3 months after the STZ treatment, while in the frontal cortex, 
pGSK-3 was found to be decreased in both observational periods, 1 and 3 months following 
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the ICV -STZ treatment (Salkovic-Petrisic and Hoyer, 2007). In this regard, many molecular 
abnormalities that characteristically occur in AD, including increased GSK-3 activation, 
increased tau phosphorylation, and decreased neuronal survival, could be mediated by 
downstream effects of impaired insulin and IGF signaling in the CNS (Fig. 8).  
[A: amyloid beta; Akt/PKB: protein kinase B; APP: amyloid precursor protein; GSK-3: 
glycogen synthase kinase-3; GSK-3-P: phosphorylated glycogen synthase kinase-3; IGF-1R: 
insulin-like growth factor-1 receptor; IR: Insulin receptor; IRS: insulin receptor substrate; 
MAPK: mitogen activated protein kinase; PI3-K: phosphatidylinositol-3 kinase; tau: tau 
protein; tau-P: phosphorylated tau protein; TK: tyrosine kinase]. 

6.2.2 ICV-STZ induced glucose/energy metabolism changes  
ICV administration of STZ clearly shows heterogeneous changes in local cerebral glucose 
utilization after single bilateral injection in to brain ventricles in all region of cerebral cortex, 
in particular parietal cerebral cortex (-19%) and frontal cerebral cortex (-13%) where 
concentration of ADP, as well as glycogen and lactate level, were increased in the cerebral 
cortex and in the hippocampus regions (Nitsch and Hoyer, 1991). In addition, significantly 
diminished the activities of glycolytic enzymatic hexokinase and phosphofructokinase by 15 
and 28% respectively, in parietotemporal cerebral cortex and hippocampus activity and 10-
30% in brain cortex and hippocampus 3 and 6 weeks post ICV -STZ administration 
(Plaschke and Hoyer, 1993). This pathologic condition, obviously sparing the metabolism in 
the tricarboxylic acid (TCA) cycle, seems to be characteristic of SAD (Plaschke and Hoyer, 
1993) resulting in diminished concentration of the energy rich compounds ATP and creatine 
phosphate (Lannert and Hoyer., 1998). Interestingly, the extent of the shortage in energy 
production was the same in the STZ-damaged brain as in incipient SAD (Ishrat et al., 2006).  

6.2.3 ICV-STZ induced oxidative stress 
ICV -STZ treatment causes marked reduction in brain glucose/energy metabolism and shows 
a progressive trend towards oxidative stress (Lannert and Hoyer 1998). Growing body of 
evidences indicate that STZ treatment generates reactive oxygen species (ROS) that results in  
increased oxidative stress and additionally releases NO in brains of ICV -STZ treated rats 
(Shoham et al., 2007). Estimation of oxidative stress induced by ICV -STZ treatment commonly 
utilize the measurement of levels of MDA, a product of lipid peroxidation used as an indicator 
of free radical generation, and GSH levels, an endogenous antioxidant that scavengers free 
radicals and protect against oxidative and nitrative  stresses. Relevant to this oxidative-
nitrative stress has been found 1 and 8 weeks following a single 3 mg/kg ICV -STZ dose 
without involvement of NO (Shoham et al., 2003). Besides oxidative stress was also found in 
the brain of one year old rats, 3 weeks following a lower single ICV -STZ dose 1.5 mg/kg. 
Significant alteration in the markers of oxidative damage thiobarbituric acid (TBARS), GSH, 
protein carbonylation (PC), glutathione peroxidase (GPx), glutathione reductase (GR) and 
decline in the level of ATP were observed in hypothalamus and cerebral cortex, monitored 2-3 
weeks after  ICV -STZ application (Ishrat et al., 2009 a,b). A recent study demonstrated the 
beneficial effects of pioglitazone in the ICV - STZ induced cognitive deficits, which can be 
exploited for the treatment of dementia associated with diabetes and age-related 
neurodegenerative disorder, where oxidative stress and impaired glucose and energy 
metabolism are involved (Pathan et al., 2006). This is also supported by the use of naringenin 
(Balchenejadmojarad and Roghani, 2006), gugulipid (Saxena et al., 2007), melatonin (Sharma 
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and Gupta 2001a ), ascorbic acid (Weerateerangukul et al., 2008), mefenamic acid (Mojarad et 
al., 2007), transresveratol (Sharma and Gupta, 2002), lipoic acid (Sharma and Gupta, 2003), 
Centella asiatica (Kumar and Gupta., 2003), Ginkgo biloba (Hoyer et al., 1999), CoQ10 (Ishrat et 
al., 2006), ladostigil (Shoham et al., 2007), melatonin and donepezil (Agarwal et al., 2009), 
curcumin (Ishrat et al., 2009a) and selenium ((Ishrat et al., 2009 b) which prevented or reduced 
ICV-STZ induced behavioral, neurochemical and histological alterations via reducing free 
radical generation, scavenging free radicals, restoring endogenous antioxidant defenses. These 
data strongly suggest antioxidant strategies in ameliorating SAD.  

6.2.4 ICV-STZ induced neurotransmission deficits 
The most studied neurochemical alteration in ICV -STZ injected rats is cholinergic deficit in 
the brain, without morphological changes in cholinergic neurons important for learning and 
memory (Spencer and Lal, 1983). ICV -STZ treated rats showed an impaired learning and 
memory performance, possibly as a result of cholinergic dysfunction ( Nitsch and Hoyer, 
1991). Apart from this, Blokland and Jolles (1993, 1994), found spatial learning deficit and 
reduced hippocampal ChAT activity in rats one week after ICV -STZ injection (Prickaerts et 
al., 1999). A decrease in ChAT activity has been consistently found in the hippocampus of 
ICV -STZ treated rats as early as 1 week following STZ treatment and is still present 3 weeks 
post-injection (Hellweg et al., 1992). This is followed by a significant increase in 
acetylcholinesterase (AChE) activity (Agarwal et al., 2009). A decrease in hippocampal 
ChAT activity was completely prevented by 2-weeks of orally administered acetyl-L-
carnitine, which acts by enhancing the utilization of alternative energy sources (Terwel et 
al., 1995). Chronic administration of cholinesterase inhibitors Donepezil, Ladostigil and 
Donepezil along with melatonin reduced AChE activity in a dose-dependent manner in 
ICV-STZ treated rats regardless of whether treatment began 1 week prior to, in parallel or 13 
days after ICV -STZ administration (Sonkusare et al., 2005).  
ICV injections of STZ affect not only the cholinergic system but also the concentration of 
different monoaminergic neurotransmitters (noradrenaline, dopamine, and serotonin) in the 
rat brain differently (Salkovic-Petristic and Lackovic, 2003; Levine et al., 1990). It has been 
reported that the content of whole brain monoamine (dopamine, noradrenaline, serotonine 
(5-hydroxy tryptamine) and 5-HT metabolite 5-hydroxyindoleacetic acid (5HIAA) dose-
dependently increased and decreased, respectively, 1 week following ICV -STZ treatment 
(Salkovic-Petristic and Lackovic, 2003).  

6.2.5 ICV-STZ induced behavioral alterations  
ICV-STZ treated rats consistently demonstrate deficits in learning, memory, and cognitive 
behavior (Table.2). It is well known that ICV -STZ reduced cerebral metabolism of glucose 
and caused impaired cognitive performance in the delayed non-matching task (Prickaerts et 
al., 1995, 1999), passive avoidance (Ishrat et al., 2006, 2009 a, b) and Morris water maze 
escape task 2 weeks after its administration (Blokland and Jolles et al., 1993, 1994). These 
behavioral alterations were observed regardless of age in both 1–2 year (Mayer et al., 1990; 
Lannert and Hoyer, 1998; and 3-month old rats (Grunblatt et al., 2006) and also after either a 
single 1 or 3 mg/kg injection or multiple 1 mg/kg ICV -STZ injections. It is well 
documented that ICV -STZ shows dose-dependency in causing neurotoxicity with lower 
STZ doses induces less severe cognitive deficits (Blokland and Joles, 1994; Prickaerts et al., 
2000; Grunblatt et al., 2006). Most importantly, cognitive deficits are long-term and 
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the ICV -STZ treatment (Salkovic-Petrisic and Hoyer, 2007). In this regard, many molecular 
abnormalities that characteristically occur in AD, including increased GSK-3 activation, 
increased tau phosphorylation, and decreased neuronal survival, could be mediated by 
downstream effects of impaired insulin and IGF signaling in the CNS (Fig. 8).  
[A: amyloid beta; Akt/PKB: protein kinase B; APP: amyloid precursor protein; GSK-3: 
glycogen synthase kinase-3; GSK-3-P: phosphorylated glycogen synthase kinase-3; IGF-1R: 
insulin-like growth factor-1 receptor; IR: Insulin receptor; IRS: insulin receptor substrate; 
MAPK: mitogen activated protein kinase; PI3-K: phosphatidylinositol-3 kinase; tau: tau 
protein; tau-P: phosphorylated tau protein; TK: tyrosine kinase]. 
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ICV injections of STZ affect not only the cholinergic system but also the concentration of 
different monoaminergic neurotransmitters (noradrenaline, dopamine, and serotonin) in the 
rat brain differently (Salkovic-Petristic and Lackovic, 2003; Levine et al., 1990). It has been 
reported that the content of whole brain monoamine (dopamine, noradrenaline, serotonine 
(5-hydroxy tryptamine) and 5-HT metabolite 5-hydroxyindoleacetic acid (5HIAA) dose-
dependently increased and decreased, respectively, 1 week following ICV -STZ treatment 
(Salkovic-Petristic and Lackovic, 2003).  

6.2.5 ICV-STZ induced behavioral alterations  
ICV-STZ treated rats consistently demonstrate deficits in learning, memory, and cognitive 
behavior (Table.2). It is well known that ICV -STZ reduced cerebral metabolism of glucose 
and caused impaired cognitive performance in the delayed non-matching task (Prickaerts et 
al., 1995, 1999), passive avoidance (Ishrat et al., 2006, 2009 a, b) and Morris water maze 
escape task 2 weeks after its administration (Blokland and Jolles et al., 1993, 1994). These 
behavioral alterations were observed regardless of age in both 1–2 year (Mayer et al., 1990; 
Lannert and Hoyer, 1998; and 3-month old rats (Grunblatt et al., 2006) and also after either a 
single 1 or 3 mg/kg injection or multiple 1 mg/kg ICV -STZ injections. It is well 
documented that ICV -STZ shows dose-dependency in causing neurotoxicity with lower 
STZ doses induces less severe cognitive deficits (Blokland and Joles, 1994; Prickaerts et al., 
2000; Grunblatt et al., 2006). Most importantly, cognitive deficits are long-term and 
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progressive, observed as early as 2 weeks after ICV -STZ administration and are maintained 
up to 12 weeks post treatment (Shoham et al., 2003). The correlation between spatial 
discrimination performance in the Morris water maze task and the decrease in hippocampal 
ChAT activity which resembles the relationship between cognitive and biochemical 
cholinergic changes observed in SAD has been found in ICV -STZ treated rats (Blokland and 
Jolles, 1994). Chronic treatment with acetyl-L-carnitine attenuated both the STZ induced 
impairment in spatial bias and the decrease in hippocampal ChAT activity (Prickaerts et al., 
1995). Interestingly, it has also been demonstrated that ICV -STZ induces development of 
reactive gliosis and oxidative stress 1 week post-treatment, preceded the induction of 
memory deficits at 3 weeks post-treatment (Sharma and Gupta, 2001b), where no signs of 
neuronal damage or any reduction in specific cholinergic markers were detected in the 
cortex or hippocampus (Shoham et al., 2003). Concordingly, memory deficits were reported 
to be prevented by chronic treatment with several types of drugs with diverse mechanisms 
of action (Weinstock and Shoham, 2004). Adding to this, (a) drugs generating alternative 
energy sources such as acetyl-L-carnitine (Prickaerts et al., 1995), (b) cholinesterase 
inhibitors such as donepezil and ladostigil (possess monoamine oxidase B inhibition and 
neuroprotective activity which also prevent gliosis and oxidative stress (Sonkusare et al., 
2005) (c) estradiol which prevents reduction in cerebral ATP (Lannert et al., 1998) (d) 
antioxidants such as melatonin, resveratrol, and CoQ10 which prevent an increase in free 
radical generation (Sharma and Gupta, 2001c, 2002), dose-dependently improved learning 
and memory thereby restoring cognitive  function without affecting CNS functions. 

6.2.6 ICV-STZ induced structural changes, inflammation and neurodegeneration  
ICV -STZ administration has also been associated with certain brain structural changes in 
the brain as early as 1 week following a single dose (Shoham et al., 2003) and in the brain 
and in both  1 year and 4 month old rats (Terwel et al., 1995). In preliminary studies, glial 
fibrillary acidic protein (GFAP), a marker of gliosis has been found to be increased  in three 
different protein fractions (soluble, triton X-100 soluble in cortical and subcorical structures 
including septum, fornix, and fimbria, striatum, and hippocampus, over a period of 3 weeks 
following ICV -STZ administration (Prickaerts et al., 1999, 2000) suggesting that altered 
hippocampal function could result from direct damage to this region (Prickaerts et al., 2000; 
Shoham et al., 2003). A direct histopathological evidence caused by STZ  by its specific 
neurotoxic damage to axon and myelin in some brain region responsible for learning and 
spatial memory including the fornix, anterior hippocampus and periventricular areas 
independent of its action on glucose metabolism have been reported (Weinstock and 
Shoham , 2004). These pathological features are all present in the brain of SAD patients 
(Frlolich et al., 1998). The most prominent change, seen 3 weeks following ICV -STZ 
injection was a significant enlargement of golgi-apparatus, caused by expansion of trans-
golgi segment of cellular protein secretory pathway in the rat cerebral cortex was found, 
which did not resemble Golgi atrophy found in the brain of SAD patients. Trans part of 
Golgi complex may influence proteolytic processing of ßAPP generated in endoplasmic 
reticulum and in the golgi complex (Greenfield et al., 1999) which accumulated in AD brain.   

6.2.7 ICV-STZ induced A and Tau Hyperphosphorylation  
Regarding brain immunohistochemical analysis of tau protein and A expression, 3 weeks 
following ICV -STZ treatment both the overexpression of tau protein in the leptomeningeal 
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vessels at all of epitopes examined in both cerebral cortex and hippocampus were 
demonstrated 3 weeks after ICV -STZ (Chu and Qian, 2005; Lester-coll et al., 2006;) due to 
insulin depletion by STZ, or caused by activation of multiple kinase/by inhibition of 
phosphatase (PP2A) that dephosphorylate these sites (Martin et al., 2009). 
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progressive, observed as early as 2 weeks after ICV -STZ administration and are maintained 
up to 12 weeks post treatment (Shoham et al., 2003). The correlation between spatial 
discrimination performance in the Morris water maze task and the decrease in hippocampal 
ChAT activity which resembles the relationship between cognitive and biochemical 
cholinergic changes observed in SAD has been found in ICV -STZ treated rats (Blokland and 
Jolles, 1994). Chronic treatment with acetyl-L-carnitine attenuated both the STZ induced 
impairment in spatial bias and the decrease in hippocampal ChAT activity (Prickaerts et al., 
1995). Interestingly, it has also been demonstrated that ICV -STZ induces development of 
reactive gliosis and oxidative stress 1 week post-treatment, preceded the induction of 
memory deficits at 3 weeks post-treatment (Sharma and Gupta, 2001b), where no signs of 
neuronal damage or any reduction in specific cholinergic markers were detected in the 
cortex or hippocampus (Shoham et al., 2003). Concordingly, memory deficits were reported 
to be prevented by chronic treatment with several types of drugs with diverse mechanisms 
of action (Weinstock and Shoham, 2004). Adding to this, (a) drugs generating alternative 
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and memory thereby restoring cognitive  function without affecting CNS functions. 
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and in both  1 year and 4 month old rats (Terwel et al., 1995). In preliminary studies, glial 
fibrillary acidic protein (GFAP), a marker of gliosis has been found to be increased  in three 
different protein fractions (soluble, triton X-100 soluble in cortical and subcorical structures 
including septum, fornix, and fimbria, striatum, and hippocampus, over a period of 3 weeks 
following ICV -STZ administration (Prickaerts et al., 1999, 2000) suggesting that altered 
hippocampal function could result from direct damage to this region (Prickaerts et al., 2000; 
Shoham et al., 2003). A direct histopathological evidence caused by STZ  by its specific 
neurotoxic damage to axon and myelin in some brain region responsible for learning and 
spatial memory including the fornix, anterior hippocampus and periventricular areas 
independent of its action on glucose metabolism have been reported (Weinstock and 
Shoham , 2004). These pathological features are all present in the brain of SAD patients 
(Frlolich et al., 1998). The most prominent change, seen 3 weeks following ICV -STZ 
injection was a significant enlargement of golgi-apparatus, caused by expansion of trans-
golgi segment of cellular protein secretory pathway in the rat cerebral cortex was found, 
which did not resemble Golgi atrophy found in the brain of SAD patients. Trans part of 
Golgi complex may influence proteolytic processing of ßAPP generated in endoplasmic 
reticulum and in the golgi complex (Greenfield et al., 1999) which accumulated in AD brain.   

6.2.7 ICV-STZ induced A and Tau Hyperphosphorylation  
Regarding brain immunohistochemical analysis of tau protein and A expression, 3 weeks 
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1. Introduction 
Systemic inflammation involves powerful immune response that interferes with 
homeostatic regulation of many physiological processes including those controlling appetite 
and nutritional balance. In advanced chronic diseases, such as chronic obstructive 
pulmonary disease (COPD), rheumatoid arthritis, chronic infection or sepsis, renal failure, 
heart failure and cancer, the immune response is frequently exaggerated insofar as it 
ultimately leads to a severe debilitating state known as cachexia. It is well known that this 
condition deteriorates the quality of life and predicts increased morbidity and mortality. 
According to a recent definition, cachexia is characterized as a complex metabolic syndrome 
associated with a loss of body weight. In this condition, inflammation, anorexia, insulin 
resistance and increased muscle protein breakdown are present and result in depletion of 
skeletal muscle with or without a loss of fat mass (Evans et al., 2008). These hallmarks 
considerably distinguish cachexia from other conditions that are also associated with 
catabolic/anabolic imbalance or body composition disorders (e.g. starvation, dehydratation, 
sarcopenia, malabsorption, hyperthyroidism and lipoatrophy). At present, despite the 
clinical relevance of cachexia and an increasing interest of scientists and clinicians in this 
topic, its causal mechanisms are not yet completely understood. There is a large body of 
evidence that inflammation is a crucial factor in the pathogenesis of cachexia. Since pro-
inflammatory cytokines, such as tumor necrosis factor-alpha (TNF-α), interleukin (IL)-1, and 
IL-6, are able to modulate brain functions, dysregulate hormone levels or cause metabolic 
disturbances, these molecules are of paramount importance. Nonetheless, in the 
multidimensional nature of cachexia it is apparent that this process is a very complex one 
and the underlying mechanisms do not encompass only the cytokines, but rather cytokines 
along with many other inflammatory mediators, hormones, neurotransmitters and 
metabolic factors. This chapter reviews the current knowledge about the role of cytokines in 
the pathogenesis of anorexia, insulin resistance and muscle catabolism as the main features 
of cachexia in human inflammatory diseases and their experimental animal models. The 
presented insight into the intertwined immune, neuroendocrine and metabolic pathways 
contributing to cachexia may lead to a better understanding of this pathological 
phenomenon appearing in chronic diseases and to possible directions for future research. 
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contributing to cachexia may lead to a better understanding of this pathological 
phenomenon appearing in chronic diseases and to possible directions for future research. 
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2. Anorexia and starvation in inflammatory diseases 
Lack of appetite and weight loss in inflammatory diseases are common components of a set 
of nonspecific symptoms called sickness behavior that occurs under conditions of almost 
any infection or inflammation. The sickness behavior means disorders in motivational 
behavior such as hypersomnia, fatigue, temperature change (fever or hypothermia), 
anorexia, adipsia, cognitive changes, depressed mood, reduced aggression, exploration 
activity or reproductive behavior (sexual, maternal or paternal behavior). This altered 
behavior is an energy-conservation and -redistribution strategy of the body towards defense 
against noxious agents and generation of fever that exert a high energetic cost (Lorton et al., 
2008). Generally, basal metabolic rate goes up about 25% by the activation of the immune 
system (Straub et al., 2010). Thus sickness behavior represents a valuable homeostatic 
mechanism for survival towards energy reserves not to be depleted by immune processes.  
In this context, the advantage of appetite loss may appear to be controversial considering 
that food intake is a basic behavior to keep energy reserves. However, there are several 
mechanisms by which anorexia increases survival capacity. Its value in the energy 
conservation consists particularly in reduction of energy expenditure by decreasing physical 
activity since there is no search effort for food, and by eliminating the energy necessary for 
food processing (the thermic effect of food). Furthermore, decreased foraging behavior 
protects sick animal from predators, and reduced food consumption limits the nutriments 
available for the growth of microorganisms (Delahanty & Cremeans-Smith, 2002).  
Nevertheless, only the short-term anorexia or starvation may be advantageous to cope with 
transient inflammation attack. A lasting anorexia ultimately leads to devastating state of 
malnutrition followed by inevitable muscle proteocatabolism. In fact, persistent anorexia 
and poor nutrient status have been observed in patients with chronic inflammatory diseases 
and cancer (Evans et al., 2008; Laviano et al., 2008; Straub et al., 2010).  
There is strong evidence approving a failure of homeostatic mechanisms that control energy 
balance in conditions of long-term immune activation. The hypothalamus is the main 
regulatory center of the energy homeostasis. Hypothalamic areas contain neurons 
expressing orexigenic and anorexigenic neuropeptides that are modulated by peripheral 
signals. The major role is played by gastrointestinal signal of hunger ghrelin, and adiposity 
and satiety signal leptin. Ghrelin is released from stomach in response to starvation and 
activates orexigenic neuropeptide Y (NPY)/agouti-related peptide (AgRP) neurons in the 
hypothalamic arcuate nucleus (ARC) that result in increased food intake. In contrast, leptin 
level drops down during starvation and also stimulates appetite, as low leptin signaling 
blocks the activity of anorexigenic pro-opiomelanocortin (POMC)/cocaine and 
amphetamine-regulated transcript (CART) neurons and concomitantly enhances orexigenic 
NPY/AgRP release in the ARC (Valassi et al., 2008). Most studies agree that during 
inflammatory anorexia-cachexia syndrome ghrelin levels are upregulated while leptin 
down-regulated, but food intake is not increased (Laviano et al., 2008). 
Our studies have shown that rats with chronic inflammatory arthritis associated with 
anorexia had increased ghrelin and decreased leptin plasma levels along with 
overexpression of orexigenic neuropeptide (NPY, AgRP) mRNAs and decreased mRNA 
expressions of anorexigenic neuropeptide CART in the ARC (Stofkova et al., 2009b, 2010). 
However, we did not observe any improvement in food intake or body mass in this chronic 
inflammatory condition (Stofkova et al., 2009b; 2010). Similar situation has occurred in 
tumor-bearing rats with anorexia-cachexia syndrome. Hashimoto and coauthors (2007) have 
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demonstrated increased NPY/AgRP and decreased CART mRNAs in the ARC as well as 
reduced circulating leptin levels that have not been associated with the amelioration of 
cachectic symptoms. It appears that the mechanisms evolved to maintain energy balance are 
not sufficient enough to suppress anorexia in chronic inflammatory burden. This could 
involve negative interference of pro-inflammatory signals with protein synthesis or release 
of orexigenic neuropeptides. In this context, Scarlett and colleagues (2008) have observed 
that pro-inflammatory signals decrease the secretion of AgRP from hypothalamic explants, 
while increasing the expression of AgRP mRNA in hypothalamus in rodent models of acute 
and chronic inflammation.  
Remarkably, food restriction may attenuate the catabolic response of inflammation. It is well 
documented that IL-1β- or acute inflammation-induced anorexia can be reduced by prior 
food restriction (Mrosovsky et al., 1989; Kent et al., 1994; Lennie et al., 1995, 1998; Elander et 
al., 2007). Similarly, 48 h fast in rats reduced lipopolysaccharide (LPS)-induced Fos 
expression in the paraventricular nucleus of the hypothalamus (PVN), increased orexigenic 
NPY and decreased anorexigenic CART mRNAs in the ARC, in association with attenuation 
of anorexia and body weight loss (Gautron et al., 2005). In our study, food-restriction in 
arthritic rats led to a more profound decrease of mRNA expressions for anorexigenic factors 
(POMC, CART, IL-1β) and marked increase of mRNA expressions for orexigenic factors 
(NPY, AgRP) in the ARC when compared to arthritic rats fed ad libitum (Stofkova et al., 
2010). Moreover, food restriction in rats with adjuvant arthritis decreased arthritic score and 
parameters of inflammation including plasma leptin, but up-regulated plasma ghrelin and 
corticosterone levels (Jurcovicova et al., 2001; Stofkova et al., 2010). Accordingly, mild 
starvation through alterations in leptin and ghrelin levels may have protective anti-
inflammatory effects on signaling pathways in the hypothalamus that lead to conservation 
of body energy and favoring the foraging behavior.  
It is worth noting that ghrelin and leptin mutually cooperate not only in the regulation of 
energy balance but also in the control of immune responses. Ghrelin is considered as an 
anti-inflammatory hormone since it inhibits expression of pro-inflammatory cytokines such 
as IL-1β, IL-6 and TNF-α (Dixit et al., 2004). Ghrelin has also been reported as a potent 
mediator of lymphocyte development in the primary lymphoid organs and was able to 
reverse age-associated thymic involution. A number of studies over the past decade have 
described ghrelin as a promising therapeutic agent in the treatment of inflammatory 
diseases. Ghrelin administration attenuated anorexia as well as inflammation and rate of 
mortality during endotoxin- or IL-1β-induced inflammation (Chang et al., 2003; Gonzalez et 
al., 2006; Wu et al., 2007; Chorny et al., 2008). In chronic inflammation, treatment with 
ghrelin significantly ameliorated experimental colitis in mice and rats (Gonzalez-Rey et al., 
2006; Konturek et al., 2009), chronic kidney disease in rats (Deboer et al., 2008) or 
experimental autoimmune encephalomyelitis in mice (Theil et al., 2009) due to its inhibitory 
effect on pro-inflammatory cytokines. In experimental arthritis in rats, ghrelin treatment 
significantly reduced clinical signs of the disease as well as the release of the high mobility 
box 1 (HMGB1), a DNA-binding factor that acts as a late inflammatory factor (Chorny et al., 
2008). Similarly, Granado et al. (2005a) observed ameliorated external symptoms of adjuvant 
arthritis in rats along with decreased IL-6 serum levels after ghrelin agonist (GHRP-2) 
administration. Moreover, GHRP-2 also prevented the increase in the activity of the 
ubiquitin-proteasome proteolytic pathway involved in the cachexia-induced skeletal muscle 
atrophy of arthritic rats (Granado et al., 2005b).  
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and cancer (Evans et al., 2008; Laviano et al., 2008; Straub et al., 2010).  
There is strong evidence approving a failure of homeostatic mechanisms that control energy 
balance in conditions of long-term immune activation. The hypothalamus is the main 
regulatory center of the energy homeostasis. Hypothalamic areas contain neurons 
expressing orexigenic and anorexigenic neuropeptides that are modulated by peripheral 
signals. The major role is played by gastrointestinal signal of hunger ghrelin, and adiposity 
and satiety signal leptin. Ghrelin is released from stomach in response to starvation and 
activates orexigenic neuropeptide Y (NPY)/agouti-related peptide (AgRP) neurons in the 
hypothalamic arcuate nucleus (ARC) that result in increased food intake. In contrast, leptin 
level drops down during starvation and also stimulates appetite, as low leptin signaling 
blocks the activity of anorexigenic pro-opiomelanocortin (POMC)/cocaine and 
amphetamine-regulated transcript (CART) neurons and concomitantly enhances orexigenic 
NPY/AgRP release in the ARC (Valassi et al., 2008). Most studies agree that during 
inflammatory anorexia-cachexia syndrome ghrelin levels are upregulated while leptin 
down-regulated, but food intake is not increased (Laviano et al., 2008). 
Our studies have shown that rats with chronic inflammatory arthritis associated with 
anorexia had increased ghrelin and decreased leptin plasma levels along with 
overexpression of orexigenic neuropeptide (NPY, AgRP) mRNAs and decreased mRNA 
expressions of anorexigenic neuropeptide CART in the ARC (Stofkova et al., 2009b, 2010). 
However, we did not observe any improvement in food intake or body mass in this chronic 
inflammatory condition (Stofkova et al., 2009b; 2010). Similar situation has occurred in 
tumor-bearing rats with anorexia-cachexia syndrome. Hashimoto and coauthors (2007) have 
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demonstrated increased NPY/AgRP and decreased CART mRNAs in the ARC as well as 
reduced circulating leptin levels that have not been associated with the amelioration of 
cachectic symptoms. It appears that the mechanisms evolved to maintain energy balance are 
not sufficient enough to suppress anorexia in chronic inflammatory burden. This could 
involve negative interference of pro-inflammatory signals with protein synthesis or release 
of orexigenic neuropeptides. In this context, Scarlett and colleagues (2008) have observed 
that pro-inflammatory signals decrease the secretion of AgRP from hypothalamic explants, 
while increasing the expression of AgRP mRNA in hypothalamus in rodent models of acute 
and chronic inflammation.  
Remarkably, food restriction may attenuate the catabolic response of inflammation. It is well 
documented that IL-1β- or acute inflammation-induced anorexia can be reduced by prior 
food restriction (Mrosovsky et al., 1989; Kent et al., 1994; Lennie et al., 1995, 1998; Elander et 
al., 2007). Similarly, 48 h fast in rats reduced lipopolysaccharide (LPS)-induced Fos 
expression in the paraventricular nucleus of the hypothalamus (PVN), increased orexigenic 
NPY and decreased anorexigenic CART mRNAs in the ARC, in association with attenuation 
of anorexia and body weight loss (Gautron et al., 2005). In our study, food-restriction in 
arthritic rats led to a more profound decrease of mRNA expressions for anorexigenic factors 
(POMC, CART, IL-1β) and marked increase of mRNA expressions for orexigenic factors 
(NPY, AgRP) in the ARC when compared to arthritic rats fed ad libitum (Stofkova et al., 
2010). Moreover, food restriction in rats with adjuvant arthritis decreased arthritic score and 
parameters of inflammation including plasma leptin, but up-regulated plasma ghrelin and 
corticosterone levels (Jurcovicova et al., 2001; Stofkova et al., 2010). Accordingly, mild 
starvation through alterations in leptin and ghrelin levels may have protective anti-
inflammatory effects on signaling pathways in the hypothalamus that lead to conservation 
of body energy and favoring the foraging behavior.  
It is worth noting that ghrelin and leptin mutually cooperate not only in the regulation of 
energy balance but also in the control of immune responses. Ghrelin is considered as an 
anti-inflammatory hormone since it inhibits expression of pro-inflammatory cytokines such 
as IL-1β, IL-6 and TNF-α (Dixit et al., 2004). Ghrelin has also been reported as a potent 
mediator of lymphocyte development in the primary lymphoid organs and was able to 
reverse age-associated thymic involution. A number of studies over the past decade have 
described ghrelin as a promising therapeutic agent in the treatment of inflammatory 
diseases. Ghrelin administration attenuated anorexia as well as inflammation and rate of 
mortality during endotoxin- or IL-1β-induced inflammation (Chang et al., 2003; Gonzalez et 
al., 2006; Wu et al., 2007; Chorny et al., 2008). In chronic inflammation, treatment with 
ghrelin significantly ameliorated experimental colitis in mice and rats (Gonzalez-Rey et al., 
2006; Konturek et al., 2009), chronic kidney disease in rats (Deboer et al., 2008) or 
experimental autoimmune encephalomyelitis in mice (Theil et al., 2009) due to its inhibitory 
effect on pro-inflammatory cytokines. In experimental arthritis in rats, ghrelin treatment 
significantly reduced clinical signs of the disease as well as the release of the high mobility 
box 1 (HMGB1), a DNA-binding factor that acts as a late inflammatory factor (Chorny et al., 
2008). Similarly, Granado et al. (2005a) observed ameliorated external symptoms of adjuvant 
arthritis in rats along with decreased IL-6 serum levels after ghrelin agonist (GHRP-2) 
administration. Moreover, GHRP-2 also prevented the increase in the activity of the 
ubiquitin-proteasome proteolytic pathway involved in the cachexia-induced skeletal muscle 
atrophy of arthritic rats (Granado et al., 2005b).  
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Leptin is cytokine-like hormone structurally classified as a member of the long-chain helical 
cytokine family, which also includes IL-6, IL-11, IL-12 or leukemia inhibitory factor (LIF). It 
stimulates proliferation of the majority of immune cells, and on memory T cells leptin 
promotes the switch towards Th1-cell immune responses by increasing interferon-gamma 
(IFN-γ) and TNF-α secretion while suppresses Th2-cell immune responses producing IL-4 
and IL-10. Leptin may play an important role in pathogenesis of autoimmunity as leptin-
deficient mice are resistant to (or develop less severe) experimental Th1-mediated 
autoimmune diseases (Stofkova, 2009a). Notably, a decrease in serum leptin levels induced 
by acute starvation led to a delay of the onset of experimental autoimmune 
encephalomyelitis and attenuated clinical symptoms by promoting a Th2-mediated cytokine 
switch (Sanna et al., 2003). Furthermore, in patients with rheumatoid arthritis, reduced 
circulating leptin levels due to 7-day fast were associated with decreased CD4+ T-cell 
activation and an increased number and function of IL-4-producing Th2 cells that resulted 
in attenuation of measurements of the disease activity (Fraser et al., 1999).  
These findings indicate that during inflammatory anorexia low leptin and high ghrelin 
levels may represent an attempt of endocrine system to increase food intake and to turn off 
the activated immune system. A short period of mild starvation could intensify these 
compensatory mechanisms and could be beneficial in certain autoimmune or chronic 
inflammatory conditions (e.g., where hyperleptinemia is a detrimental factor). However, 
usefulness of starvation regime in other inflammatory diseases should be considered 
carefully depending on actual nutritional status of patients and the severity of cachexia 
syndrome.  

3. The role of cytokines in the central control of appetite 
Several studies have provided important insight into the complex effects of cytokines on 
brain functions including the generation of the anorectic response. The cytokine that was 
initially held responsible for causing anorexia-cachexia syndrome was TNF, but it was soon 
clarified that the action of TNF can only be understood in the context of simultaneous 
presence of other cytokines (Matthys & Billiau, 1997). A number of cytokines such as IL-1α, 
IL-1β, IL-2, IL-6, IL-8, IL-11, IL-18, IFN-α, IFN-γ, LIF, ciliary neurotrophic factor (CNTF), 
brain-derived neurotrophic factor (BDNF), granulocyte macrophage colony-stimulating 
factor (GM-CSF), fibroblast growth factor (FGF), and HMGB-1 has been shown to inhibit 
food intake after central or peripheral administration at least equally powerfully as TNF 
(Buchanan & Johnson, 2007). For instance, when TNF-α was administered individually it 
had less potent anorectic effects than those of IL-1β or when co-administered with IL-1β 
(Sonti et al., 1996). IL-6 also inhibits food intake when administered centrally but not 
peripherally. Nevertheless, IL-6 deficient mice showed attenuated suppression of food 
intake during acute inflammation (Buchanan & Johnson, 2007). IL-1β is a potent 
anorexigenic cytokine when administered peripherally or centrally in rodents, and 
treatment with IL-1β antagonists can completely prevent IL-1β-induced anorexia (Rothwell 
& Luheshi, 1994; Kent et al., 1992). Furthermore, peripheral IL-1β through the interactions 
with IL-1 receptor also induces inhibition of gastric emptying and motility that can 
exacerbate hypophagia in patients with anorexia-cachexia syndrome (Suto et al., 1996). 
Central or peripheral injection of IFN-α also leads to a decrease in food intake that correlates 
with a depression of the lateral hypothalamus neuronal electrical activity (Reyes-Vazquez et 
al., 1994). 
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It is well established that systemic inflammation during microbial infections, cell injury, 
autoimmunity or cancer triggers an excessive production of pro-inflammatory cytokines. 
But since hypothalamus is the main site regulating feeding behavior and body weight, 
cytokines must reach the brain regions to initiate anorexia. However, the blood brain barrier 
(BBB) which is composed by endothelial cells of the cerebral blood vessels joined by tight 
junctions is impenetrable for cytokines. So how can they get there and trigger anorexia when 
the inflammation is of peripheral origin?  
There were described three possible pathways that may account for cytokine-induced 
anorexia after peripheral inflammation: 1) a humoral pathway by which cytokines reach the 
central nervous system via blood (direct actions on circumventricular structures 
characterized by the absence of the BBB); 2) a pathway that involves active transport of 
cytokines across the BBB or their binding to the luminal side of the blood vessels and 
induction of the production of immunomodulators (prostaglandins, nitric oxide) that can 
easily cross the BBB, and central de novo synthesis of cytokines (e.g. in microglial cells and 
astrocytes); and 3) transduction by a neural pathway from gut to the brain, via sensory vagal 
or non-vagal, splanchnic afferents (Schwartz et al., 2002; Grossberg et al., 2010).  
Peripheral administration of LPS has been used as a good model demonstrating that 
peripheral inflammation induces expression of cytokines including IL-1α, IL-1β, IL-6, TNF-α 
and LIF in the brain. In addition, it was observed that these cytokines can further propagate 
and maintain their activity by stimulating their own production and simultaneously the 
production of other cytokines in the brain (Grossberg et al., 2010). Although, this situation 
occurs after a single LPS injection, recent studies have reported that the following injection 
of LPS has brought about protective anti-inflammatory effects within the brain. Intriguingly, 
immunological challenge with the endotoxin LPS three weeks after a first LPS injection 
resulted in attenuated hypothalamic expression of cytokines while splenic expression was 
elevated (del Rey et al., 2009). On the basis of these findings, it seems that modulation of 
central cytokine expression may involve an adaptive mechanism protecting the brain from 
augmentation of inflammatory signaling and subsequent neuronal damage or behavioral 
and neuroendocrine changes (del Rey et al., 2009). 
Increased expression of pro-inflammatory cytokines in the brain has also been reported in 
experimental models of chronic diseases associated with anorexia including colitis (El-Haj et 
al., 2002; K. Wang et al., 2010), cancer (Plata-Salaman et al., 1998) and arthritis (Stofkova et 
al., 2009b, 2010). Yet, there are some contradictory findings showing no differences in brain 
cytokine (IL-1β, IL-6, TNF-α) protein expressions among tumor-bearing mice with 
prostanoid-related anorexia and their pair-fed controls (W. Wang et al., 2001).  
Notwithstanding, there is no doubt that central inflammation plays a pivotal role in 
anorexia associated with infections or chronic inflammatory diseases. Importantly, the 
anorexigenic effects of LPS or IL-1β were eliminated in the absence of central myeloid 
differentiation primary response gene 88 (MyD88), the primary inflammatory intracellular 
signal transduction pathway for type I IL-1 receptor (IL-1RI) and toll-like receptor 4 (TLR4), 
that activates the transcription factor nuclear factor-kappaB (NF-κB) (Ogimoto et al., 2006; 
Wisse et al., 2007b). Moreover, central inhibition of NF-κB pathway by a specific inhibitor 
the NEMO (Binding Domain (NBD) peptide), which completely abolishes COX-2 synthesis 
in response to IL-1β in the brain microvasculature, significantly blocked the inflammatory 
anorectic behavior (Nadjar et al., 2005).  
IL-1β has been the most studied cytokine in relation to anorexia-cachexia syndrome. Its key 
role in the development of inflammatory anorexia was documented in experimental models 
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Leptin is cytokine-like hormone structurally classified as a member of the long-chain helical 
cytokine family, which also includes IL-6, IL-11, IL-12 or leukemia inhibitory factor (LIF). It 
stimulates proliferation of the majority of immune cells, and on memory T cells leptin 
promotes the switch towards Th1-cell immune responses by increasing interferon-gamma 
(IFN-γ) and TNF-α secretion while suppresses Th2-cell immune responses producing IL-4 
and IL-10. Leptin may play an important role in pathogenesis of autoimmunity as leptin-
deficient mice are resistant to (or develop less severe) experimental Th1-mediated 
autoimmune diseases (Stofkova, 2009a). Notably, a decrease in serum leptin levels induced 
by acute starvation led to a delay of the onset of experimental autoimmune 
encephalomyelitis and attenuated clinical symptoms by promoting a Th2-mediated cytokine 
switch (Sanna et al., 2003). Furthermore, in patients with rheumatoid arthritis, reduced 
circulating leptin levels due to 7-day fast were associated with decreased CD4+ T-cell 
activation and an increased number and function of IL-4-producing Th2 cells that resulted 
in attenuation of measurements of the disease activity (Fraser et al., 1999).  
These findings indicate that during inflammatory anorexia low leptin and high ghrelin 
levels may represent an attempt of endocrine system to increase food intake and to turn off 
the activated immune system. A short period of mild starvation could intensify these 
compensatory mechanisms and could be beneficial in certain autoimmune or chronic 
inflammatory conditions (e.g., where hyperleptinemia is a detrimental factor). However, 
usefulness of starvation regime in other inflammatory diseases should be considered 
carefully depending on actual nutritional status of patients and the severity of cachexia 
syndrome.  

3. The role of cytokines in the central control of appetite 
Several studies have provided important insight into the complex effects of cytokines on 
brain functions including the generation of the anorectic response. The cytokine that was 
initially held responsible for causing anorexia-cachexia syndrome was TNF, but it was soon 
clarified that the action of TNF can only be understood in the context of simultaneous 
presence of other cytokines (Matthys & Billiau, 1997). A number of cytokines such as IL-1α, 
IL-1β, IL-2, IL-6, IL-8, IL-11, IL-18, IFN-α, IFN-γ, LIF, ciliary neurotrophic factor (CNTF), 
brain-derived neurotrophic factor (BDNF), granulocyte macrophage colony-stimulating 
factor (GM-CSF), fibroblast growth factor (FGF), and HMGB-1 has been shown to inhibit 
food intake after central or peripheral administration at least equally powerfully as TNF 
(Buchanan & Johnson, 2007). For instance, when TNF-α was administered individually it 
had less potent anorectic effects than those of IL-1β or when co-administered with IL-1β 
(Sonti et al., 1996). IL-6 also inhibits food intake when administered centrally but not 
peripherally. Nevertheless, IL-6 deficient mice showed attenuated suppression of food 
intake during acute inflammation (Buchanan & Johnson, 2007). IL-1β is a potent 
anorexigenic cytokine when administered peripherally or centrally in rodents, and 
treatment with IL-1β antagonists can completely prevent IL-1β-induced anorexia (Rothwell 
& Luheshi, 1994; Kent et al., 1992). Furthermore, peripheral IL-1β through the interactions 
with IL-1 receptor also induces inhibition of gastric emptying and motility that can 
exacerbate hypophagia in patients with anorexia-cachexia syndrome (Suto et al., 1996). 
Central or peripheral injection of IFN-α also leads to a decrease in food intake that correlates 
with a depression of the lateral hypothalamus neuronal electrical activity (Reyes-Vazquez et 
al., 1994). 
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It is well established that systemic inflammation during microbial infections, cell injury, 
autoimmunity or cancer triggers an excessive production of pro-inflammatory cytokines. 
But since hypothalamus is the main site regulating feeding behavior and body weight, 
cytokines must reach the brain regions to initiate anorexia. However, the blood brain barrier 
(BBB) which is composed by endothelial cells of the cerebral blood vessels joined by tight 
junctions is impenetrable for cytokines. So how can they get there and trigger anorexia when 
the inflammation is of peripheral origin?  
There were described three possible pathways that may account for cytokine-induced 
anorexia after peripheral inflammation: 1) a humoral pathway by which cytokines reach the 
central nervous system via blood (direct actions on circumventricular structures 
characterized by the absence of the BBB); 2) a pathway that involves active transport of 
cytokines across the BBB or their binding to the luminal side of the blood vessels and 
induction of the production of immunomodulators (prostaglandins, nitric oxide) that can 
easily cross the BBB, and central de novo synthesis of cytokines (e.g. in microglial cells and 
astrocytes); and 3) transduction by a neural pathway from gut to the brain, via sensory vagal 
or non-vagal, splanchnic afferents (Schwartz et al., 2002; Grossberg et al., 2010).  
Peripheral administration of LPS has been used as a good model demonstrating that 
peripheral inflammation induces expression of cytokines including IL-1α, IL-1β, IL-6, TNF-α 
and LIF in the brain. In addition, it was observed that these cytokines can further propagate 
and maintain their activity by stimulating their own production and simultaneously the 
production of other cytokines in the brain (Grossberg et al., 2010). Although, this situation 
occurs after a single LPS injection, recent studies have reported that the following injection 
of LPS has brought about protective anti-inflammatory effects within the brain. Intriguingly, 
immunological challenge with the endotoxin LPS three weeks after a first LPS injection 
resulted in attenuated hypothalamic expression of cytokines while splenic expression was 
elevated (del Rey et al., 2009). On the basis of these findings, it seems that modulation of 
central cytokine expression may involve an adaptive mechanism protecting the brain from 
augmentation of inflammatory signaling and subsequent neuronal damage or behavioral 
and neuroendocrine changes (del Rey et al., 2009). 
Increased expression of pro-inflammatory cytokines in the brain has also been reported in 
experimental models of chronic diseases associated with anorexia including colitis (El-Haj et 
al., 2002; K. Wang et al., 2010), cancer (Plata-Salaman et al., 1998) and arthritis (Stofkova et 
al., 2009b, 2010). Yet, there are some contradictory findings showing no differences in brain 
cytokine (IL-1β, IL-6, TNF-α) protein expressions among tumor-bearing mice with 
prostanoid-related anorexia and their pair-fed controls (W. Wang et al., 2001).  
Notwithstanding, there is no doubt that central inflammation plays a pivotal role in 
anorexia associated with infections or chronic inflammatory diseases. Importantly, the 
anorexigenic effects of LPS or IL-1β were eliminated in the absence of central myeloid 
differentiation primary response gene 88 (MyD88), the primary inflammatory intracellular 
signal transduction pathway for type I IL-1 receptor (IL-1RI) and toll-like receptor 4 (TLR4), 
that activates the transcription factor nuclear factor-kappaB (NF-κB) (Ogimoto et al., 2006; 
Wisse et al., 2007b). Moreover, central inhibition of NF-κB pathway by a specific inhibitor 
the NEMO (Binding Domain (NBD) peptide), which completely abolishes COX-2 synthesis 
in response to IL-1β in the brain microvasculature, significantly blocked the inflammatory 
anorectic behavior (Nadjar et al., 2005).  
IL-1β has been the most studied cytokine in relation to anorexia-cachexia syndrome. Its key 
role in the development of inflammatory anorexia was documented in experimental models 
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of cancer and colitis, in which neutralization of IL-1β significantly improved food intake 
(Laviano et al., 2000; El-Haj et al., 2002).  
Several studies have attempted to clarify the possible mechanism through which IL-1β 
elicits anorexia. Since IL-1β dose-dependently up-regulates leptin expression in adipose 
tissue, and leptin decreases food intake and body weight, it was thought that IL-1β anorectic 
effect is mediated via leptin activation. However, IL-1β is able to induce anorexia 
independently from leptin activation, as it was shown in animal models with severely 
attenuated leptin signaling (Faggioni et al., 1997; Lugarini et al., 2005). On the other hand, 
there have been proposals that leptin besides activating the anorexigenic neuropeptides may 
also mediate anorexigenic responses via actions dependent on release of IL-1 and 
prostaglandins in the brain. Interestingly, it has been reported that central injection of IL-1 
receptor antagonist (IL-1ra) inhibited the suppression of food intake caused by central or 
peripheral injection of leptin. Consonantly, IL-1RI knockout mice showed no reduction in 
food intake in response to leptin (Luheshi et al., 1999), and lack of IL-1RI-mediated 
biological activity caused mature-onset obesity (Garcia et al., 2006). However, there is 
controversy on the importance of the hypothalamic IL-1 for the physiological regulation of 
food intake by leptin. It appears that central IL-1 signaling is required for the 
pharmacological, but not physiological, effects of leptin on energy balance (Wisse et al., 
2007a). 
Recent studies have demonstrated that IL-1β suppresses appetite directly by the activation 
of central melanocortin system through its receptor IL-1RI abundantly expressed in neurons 
regulating appetite (DeBoer & Marks, 2006; Scarlett et al., 2007, 2008). The central 
melanocortin system forms the populations of POMC- and AgRP-expressing neurons in the 
ARC and the brainstem neurons in the nucleus tractus solitarius (Grossberg et al., 2010). 
POMC is the precursor of melanocortin peptides including α-melanocyte stimulating 
hormone (α-MSH), which exerts anorexigenic effects by acting on central melanocortin 
receptors (MCRs) (Fan et al., 1997). In the brain, only the type-3 melanocortin receptors 
(MC3R) and type-4 melanocortin receptors (MC4R) have been found. The most important 
one through which α-MSH inhibits appetite is MC4R and this receptor is mainly expressed 
in the PVN. The neuropeptide AgRP is an endogenous antagonist at melanocortin receptors 
and majority of AgRP neurons project to MC4R-expressing neurons (Ollmann et al., 1997; 
Grossberg et al., 2010). 
An intracerebroventricular (i.c.v.) injection of IL-1β into the lateral ventricles activated 
expression of Fos protein in the ARC POMC neurons resulting in the inhibition of feeding 
behavior. In addition, IL-1β stimulated the release of α-MSH from hypothalamic explants 
(Scarlett et al., 2007). Additionally, IL-1β has been shown to decrease secretion of AgRP from 
the hypothalamus (Scarlett et al., 2008). The hypothesis that IL-1β acts through central 
melanocortin signaling also supports the finding that anorectic effect of IL-1β was 
significantly attenuated by MC3/4-R antagonists (Lawrence & Rothwell, 2001). 
It is very likely, that IL-1β (and other cytokines) interacts with hypothalamic serotonergic 
neurons to activate pathways of central melanocortin system (Laviano et al., 2008). 
Serotonin, a monoamine neurotransmitter derived from tryptophan, modulates behavioral 
reactions and various physiological processes. The important role of serotonin has also been 
defined in relation to satiety (Leibowitz et al., 1990). The serotonergic regulation of energy 
balance comprises the modulation of the endogenous release of both agonists and 
antagonists of the melanocortin receptors. Serotonin hyperpolarizes and inhibits AgRP 
neurons as well as decreases an inhibitory drive onto POMC cells by activation of serotonin 
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1B receptors (5-HT1BRs). Serotonin also activates POMC neurons via activation of serotonin 
2C receptors (5-HT2CRs). This leads to reciprocal increases in α-MSH release and decreases 
in AgRP release at MC4R in target sites and subsequently to hypophagia (Heisler et al., 
2006). Increased serotonin release associated with depressed food intake has been found 
after an injection of IL-1α into ventromedial hypothalamic nucleus in normal rats (Yang et 
al., 1999). During cachexia IL-1 increases levels of tryptophan in the plasma and 
cerebrospinal fluid, thereby suggesting increased serotonin synthesis and secretion (Tijerina, 
2004; Laviano et al., 2008). These findings indicate that both IL-1 and serotonin are 
important factors involved in the pathogenesis of anorexia-cachexia syndrome.  
CNTF and LIF are another cytokines that possess anorectic effects through influencing 
POMC neurons in the hypothalamus via gp130/signal transducer and activator of 
transcription 3 (STAT3) signaling pathway (Janoschek et al., 2006, Grossberg et al., 2010). 
Moreover, in the murine hypothalamus, CNTF induces proliferation of cells that show 
functional phenotypes relevant for energy-balance control, including a capacity for leptin-
induced phosphorylation of STAT3 (Kokoeva et al., 2005). CNTF has also been shown to 
suppress NPYergic signaling in the hypothalamus by direct action (parallel to leptin) on 
NPY neurons (Xu et al., 1998). In contrast, within the hypothalamic orexigenic NPY system, 
neither IL-1β nor TNF-α and IL-6 was able to alter NPY release from the hypothalamic slices 
(King et al., 2000). Similarly, in IL-1β-treated and pair-fed group rats, there were unchanged 
NPY concentrations in the ARC (McCarthy et al., 1995). Beyond these results, other studies 
have shown that NPY i.c.v. administration blocks and reverses IL-1β- or INF-α-induced 
anorexia (Sonti et al., 1996; Turrin et al., 1999). Therefore, the interactions between cytokines 
and orexigenic NPY system in the pathogenesis of inflammatory anorexia remain to be 
elucidated.   

4. The role of cytokines in the muscle catabolism  
Muscle wasting is another debilitating complication found in variety of cachectic states such 
as cancer, sepsis, chronic heart failure, chronic kidney disease, rheumatoid arthritis, COPD, 
and AIDS (Glass & Roubenoff, 2010). The primary cause of muscle wasting is the systemic 
inflammatory response that leads to accelerated muscle proteolysis, decreased muscle 
protein synthesis, impaired muscle progenitor cell proliferation, or increased apoptosis of 
muscle cells. Most research papers suggest that the main catabolic factors responsible for 
these pathological processes are cytokines. But which ones are the main candidates? What 
are the similarities and differences among their actions? What are the critical pathways that 
are affected? 
In the last decade skeletal muscle has been identified as an endocrine organ that produces 
and releases cytokines and other peptides, so-called “myokines” (Pedersen & Febbraio, 
2008). It is well established that these myokines modulate muscle cell viability, growth, 
differentiation and finally death as well as exert their effects in other organs of the body. 
They can be synthesized and released not only from immune cells infiltrating skeletal 
muscles (e.g. during exercise) but also by muscle fibers per se (Pajak et al., 2008). Among a 
wide group of myokines should be named pro-inflammatory cytokines such as TNF-α, 
IL-1β, IL-6, IL-8, IL-15, IFN-γ, CNTF, LIF, or TGF-β (Pajak et al., 2008; Hunt et al., 2011; 
Burks & Cohn, 2011; Stockli et al., 1989; Cheng et al., 2008; Pedersen & Febbraio, 2008). 
Cytokines act on skeletal muscle cells through the specific membrane receptors that may 
differ for each cytokine in their intracellular domains and thus mediate distinct cellular 
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of cancer and colitis, in which neutralization of IL-1β significantly improved food intake 
(Laviano et al., 2000; El-Haj et al., 2002).  
Several studies have attempted to clarify the possible mechanism through which IL-1β 
elicits anorexia. Since IL-1β dose-dependently up-regulates leptin expression in adipose 
tissue, and leptin decreases food intake and body weight, it was thought that IL-1β anorectic 
effect is mediated via leptin activation. However, IL-1β is able to induce anorexia 
independently from leptin activation, as it was shown in animal models with severely 
attenuated leptin signaling (Faggioni et al., 1997; Lugarini et al., 2005). On the other hand, 
there have been proposals that leptin besides activating the anorexigenic neuropeptides may 
also mediate anorexigenic responses via actions dependent on release of IL-1 and 
prostaglandins in the brain. Interestingly, it has been reported that central injection of IL-1 
receptor antagonist (IL-1ra) inhibited the suppression of food intake caused by central or 
peripheral injection of leptin. Consonantly, IL-1RI knockout mice showed no reduction in 
food intake in response to leptin (Luheshi et al., 1999), and lack of IL-1RI-mediated 
biological activity caused mature-onset obesity (Garcia et al., 2006). However, there is 
controversy on the importance of the hypothalamic IL-1 for the physiological regulation of 
food intake by leptin. It appears that central IL-1 signaling is required for the 
pharmacological, but not physiological, effects of leptin on energy balance (Wisse et al., 
2007a). 
Recent studies have demonstrated that IL-1β suppresses appetite directly by the activation 
of central melanocortin system through its receptor IL-1RI abundantly expressed in neurons 
regulating appetite (DeBoer & Marks, 2006; Scarlett et al., 2007, 2008). The central 
melanocortin system forms the populations of POMC- and AgRP-expressing neurons in the 
ARC and the brainstem neurons in the nucleus tractus solitarius (Grossberg et al., 2010). 
POMC is the precursor of melanocortin peptides including α-melanocyte stimulating 
hormone (α-MSH), which exerts anorexigenic effects by acting on central melanocortin 
receptors (MCRs) (Fan et al., 1997). In the brain, only the type-3 melanocortin receptors 
(MC3R) and type-4 melanocortin receptors (MC4R) have been found. The most important 
one through which α-MSH inhibits appetite is MC4R and this receptor is mainly expressed 
in the PVN. The neuropeptide AgRP is an endogenous antagonist at melanocortin receptors 
and majority of AgRP neurons project to MC4R-expressing neurons (Ollmann et al., 1997; 
Grossberg et al., 2010). 
An intracerebroventricular (i.c.v.) injection of IL-1β into the lateral ventricles activated 
expression of Fos protein in the ARC POMC neurons resulting in the inhibition of feeding 
behavior. In addition, IL-1β stimulated the release of α-MSH from hypothalamic explants 
(Scarlett et al., 2007). Additionally, IL-1β has been shown to decrease secretion of AgRP from 
the hypothalamus (Scarlett et al., 2008). The hypothesis that IL-1β acts through central 
melanocortin signaling also supports the finding that anorectic effect of IL-1β was 
significantly attenuated by MC3/4-R antagonists (Lawrence & Rothwell, 2001). 
It is very likely, that IL-1β (and other cytokines) interacts with hypothalamic serotonergic 
neurons to activate pathways of central melanocortin system (Laviano et al., 2008). 
Serotonin, a monoamine neurotransmitter derived from tryptophan, modulates behavioral 
reactions and various physiological processes. The important role of serotonin has also been 
defined in relation to satiety (Leibowitz et al., 1990). The serotonergic regulation of energy 
balance comprises the modulation of the endogenous release of both agonists and 
antagonists of the melanocortin receptors. Serotonin hyperpolarizes and inhibits AgRP 
neurons as well as decreases an inhibitory drive onto POMC cells by activation of serotonin 
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1B receptors (5-HT1BRs). Serotonin also activates POMC neurons via activation of serotonin 
2C receptors (5-HT2CRs). This leads to reciprocal increases in α-MSH release and decreases 
in AgRP release at MC4R in target sites and subsequently to hypophagia (Heisler et al., 
2006). Increased serotonin release associated with depressed food intake has been found 
after an injection of IL-1α into ventromedial hypothalamic nucleus in normal rats (Yang et 
al., 1999). During cachexia IL-1 increases levels of tryptophan in the plasma and 
cerebrospinal fluid, thereby suggesting increased serotonin synthesis and secretion (Tijerina, 
2004; Laviano et al., 2008). These findings indicate that both IL-1 and serotonin are 
important factors involved in the pathogenesis of anorexia-cachexia syndrome.  
CNTF and LIF are another cytokines that possess anorectic effects through influencing 
POMC neurons in the hypothalamus via gp130/signal transducer and activator of 
transcription 3 (STAT3) signaling pathway (Janoschek et al., 2006, Grossberg et al., 2010). 
Moreover, in the murine hypothalamus, CNTF induces proliferation of cells that show 
functional phenotypes relevant for energy-balance control, including a capacity for leptin-
induced phosphorylation of STAT3 (Kokoeva et al., 2005). CNTF has also been shown to 
suppress NPYergic signaling in the hypothalamus by direct action (parallel to leptin) on 
NPY neurons (Xu et al., 1998). In contrast, within the hypothalamic orexigenic NPY system, 
neither IL-1β nor TNF-α and IL-6 was able to alter NPY release from the hypothalamic slices 
(King et al., 2000). Similarly, in IL-1β-treated and pair-fed group rats, there were unchanged 
NPY concentrations in the ARC (McCarthy et al., 1995). Beyond these results, other studies 
have shown that NPY i.c.v. administration blocks and reverses IL-1β- or INF-α-induced 
anorexia (Sonti et al., 1996; Turrin et al., 1999). Therefore, the interactions between cytokines 
and orexigenic NPY system in the pathogenesis of inflammatory anorexia remain to be 
elucidated.   

4. The role of cytokines in the muscle catabolism  
Muscle wasting is another debilitating complication found in variety of cachectic states such 
as cancer, sepsis, chronic heart failure, chronic kidney disease, rheumatoid arthritis, COPD, 
and AIDS (Glass & Roubenoff, 2010). The primary cause of muscle wasting is the systemic 
inflammatory response that leads to accelerated muscle proteolysis, decreased muscle 
protein synthesis, impaired muscle progenitor cell proliferation, or increased apoptosis of 
muscle cells. Most research papers suggest that the main catabolic factors responsible for 
these pathological processes are cytokines. But which ones are the main candidates? What 
are the similarities and differences among their actions? What are the critical pathways that 
are affected? 
In the last decade skeletal muscle has been identified as an endocrine organ that produces 
and releases cytokines and other peptides, so-called “myokines” (Pedersen & Febbraio, 
2008). It is well established that these myokines modulate muscle cell viability, growth, 
differentiation and finally death as well as exert their effects in other organs of the body. 
They can be synthesized and released not only from immune cells infiltrating skeletal 
muscles (e.g. during exercise) but also by muscle fibers per se (Pajak et al., 2008). Among a 
wide group of myokines should be named pro-inflammatory cytokines such as TNF-α, 
IL-1β, IL-6, IL-8, IL-15, IFN-γ, CNTF, LIF, or TGF-β (Pajak et al., 2008; Hunt et al., 2011; 
Burks & Cohn, 2011; Stockli et al., 1989; Cheng et al., 2008; Pedersen & Febbraio, 2008). 
Cytokines act on skeletal muscle cells through the specific membrane receptors that may 
differ for each cytokine in their intracellular domains and thus mediate distinct cellular 
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responses. For instance, IL-1 has two unique receptors on target cells: The type I receptor 
(IL-1RI) transduces a signal, whereas the type II receptor (IL-1RII) binds IL-1 but does not 
transduce a signal and has been named a “decoy” receptor (Dinarello, 1996). Sarcolemma of 
the skeletal muscle was found to express very low levels of cytokine receptors under normal 
(resting) physiological conditions, but has a capacity for cytokine receptor induction and 
thereby amplification of cytokine actions in response to exercise and inflammatory stimuli 
such as endotoxin or increased level of cytokine itself. As for the inflammation, treatment of 
L6 myotubes with a combination of endotoxin, TNF-α, and IFN-γ for 24 h led to the 
increased mRNA expression of six pro-inflammatory cytokine receptors (IL-1RI, IL-1RII, 
IL-6 receptor (IL-6R), IFN receptor IFNR, TNF receptor (TNFR)I, TNFRII), whereas TNF 
alone induced expression of only IL-6R and TNFRII mRNAs (Y. Zhang et al., 2000). The 
TNF-α receptor TNFRI contains a cytoplasmic TNFR-associated death domain (TRADD), 
which is essential for activation of the caspase cascade and subsequently induction of 
apoptosis. However, TNFRI signaling provides also a mechanism to protect cells from an 
apoptotic response since TRADD can associate with TNFR-associated factor (TRAF)2, 
TRAF1 and receptor interacting protein (RIP) to activate the NF-κB and c-Jun N-terminal 
kinase (JNK) pathways, which protect cells from apoptosis. The second TNF-α receptor 
TNFRII misses the death domain and contains TRAF-interacting motifs (TIMs) in their 
cytoplasmic domain. Activation of TIM leads to the recruitment of TRAF family members 
and the subsequent activation of signal transduction pathways like NF-κB, JNK, p38, 
extracellular signal-related kinase (ERK) and phosphoinositide 3-kinase (PI3K) (Hehlgans & 
Pfeffer, 2005). The NF-κB is an essential mediator for protein degradation and expression of 
the ubiquitin-proteasome system, the major pathway for breakdown of muscle contractile 
proteins leading to muscle loss (Lecker et al., 1999; Y.P. Li & Reid, 2000). Likewise the 
activation of the ubiquitin-proteasome system is vital for ubiquitination and degradation of 
IκB, an inhibitory protein that binds the NF-κB and retains this factor in the cytoplasm 
where it cannot activate gene expression of a number of inflammatory peptides (Z.J. Chen, 
2005). The NF-κB-induced proteolysis in cachectic syndrome provides the energy supply for 
the stimulated immune system. The products of proteolysis amino acids are transported to 
the liver where they are an important substrate for gluconeogenesis, but also are consumed 
in synthesis of acute phase proteins such as C-reactive protein (CRP) and serum amyloid A 
(Morley et al., 2006). 
Among a variety of stimuli, TNF-α is one of the most potent activators of NF-κB (Pajak et al., 
2008). TNF-α has been shown to induce the ubiquitin-proteasome system dependent 
proteolysis after its acute intravenous administration in rats, or in vitro in isolated rat soleus 
muscle (Garcia-Martinez et al., 1993, 1994; Llovera et al., 1997). This direct effect of TNF-α on 
the muscle cell is mediated not only through the activation of NF-κB (Y.P. Li et al., 1998; Y.P. 
Li & Reid, 2000), but also various other signal transduction pathways. Sishi & Engelbrecht 
(2011) have reported that TNF-α strongly potentiated its proteolytic effects through certain 
mitogen-activated protein kinases (MAPKs), or PI3-K/Akt pathway resulting in decreased 
muscle fiber diameter. Furthermore, when differentiated L6 myotubes were subjected to 
increasing concentrations of recombinant TNF-α for 24 and 48 h, an up-regulated expression 
of E3 ubiquitin ligases MuRF-1 (muscle RING finger 1) and MAFbx (muscle atrophy F-box; 
also called artrogin-1) along with the transcription factors NF-κB and forkhead transcription 
factor (FKHR; also called forkhead box protein O1 (FOXO1)) were observed (Sishi & 
Engelbrecht; 2011). FKHR is the other principal factor involved in muscle atrophy and 
activation of ubiquitin-proteasome proteolytic pathway (Tisdale, 2007). The important role 
of TNF-α in muscle wasting has also been proved by the anti-TNF treatment in situation 

 
Cachexia – The Interplay Between the Immune System, Brain Control and Metabolism 

 

35 

when TNF production rises. In tumor-bearing rats or septic rats, the anti-TNF treatment 
powerfully inhibited muscle wasting by blocking the enhanced ubiquitin-proteasome 
dependent proteolysis (Costelli et al., 1993; Combaret et al., 2002).  
Besides influencing the activity of the ubiquitin-proteasome system and subsequently 
muscle proteolysis, TNF-α also affects muscle differentiation by interaction with MyoD gene 
expression. MyoD is a crucial transcriptional factor that is required for the differentiation of 
muscle stem cells, and it functions early in myogenesis to help stem cells proliferate in 
response to muscle injury (K. Zhang et al., 2010). It has been shown that TNF-induced 
activation of NF-κB in differentiating C2C12 myocytes inhibited skeletal muscle 
differentiation by suppressing MyoD mRNA at the posttranscriptional level. In 
differentiated myotubes, TNF plus IFN-γ signaling was required for NF-κB-dependent 
down-regulation of MyoD and dysfunction of skeletal myofibers. The same results have also 
been observed in mouse muscle in vivo (Guttridge et al., 2000). Additionally, increased 
TNF/IFN signaling repressed the expression of myosin heavy chain at the transcriptional 
level, possibly resulting from the cytokine-mediated inhibition of MyoD synthesis 
(Acharyya et al., 2004). TNF-α may also inhibit myogenesis through induction of the nitric 
oxide synthase gene (iNos). Increased nitric oxide conjugates with superoxide to form 
peroxynitrite, which is responsible for the down-regulation of MyoD mRNA. It appears that 
TNF-α exhibits a dual effect on myogenesis, stimulating it at low concentrations (0.05 
ng/ml), while inhibiting it at higher concentrations (0.5 and 5 ng/ml) (Tisdale, 2008).  
The next mechanism through which TNF-α promotes muscle wasting is depression of 
muscle protein synthesis. This depression is mediated at least in part by defects in the 
control of mRNA translation (Lang et al., 2002). Moreover, when TNF-α and IFN-γ were 
presented in the extracellular environment during C2C12 myoblast differentiation, they 
prevented the stimulatory action of insulin-like growth factors I (IGF-I) on protein synthesis. 
This effect of TNF-α and IFN-γ was associated with the decreased phosphorylation of 
serine/threonine protein kinases, protein kinase B (PKB/Akt) and p70S6 kinase, in C2C12 
myogenic cells (Grzelkowska-Kowalczyk & Wieteska-Skrzeczynska, 2010). Inhibition of 
muscle IGF-I production could be another mechanism contributing to the catabolic effect of 
TNF-α since an increase of this cytokine in muscle after LPS injection significantly inhibited 
local IGF-I expression (Fernandez-Celemin et al., 2002). 
Finally, exposure of C2C12 myotubes to TNF-alpha induces apoptosis characterized by 
enhanced caspase-3 activity, which results in poly(ADP-ribose) polymerase (PARP) cleavage 
and increased histone-associated-DNA fragmentation. Although IFN-γ was proposed as a 
pro-cachectic factor, it reversed the TNF-α-induced apoptotic activity (Tolosa et al., 2005).  In 
line with this finding, Cheng et al. (2008) have demonstrated that IFN-γ promotes muscle 
healing, in part, by stimulating formation of new muscle fibers. Administration of an IFN-γ 
receptor blocking antibody to wild-type mice impaired induction of IFN response factor-1, 
reduced cell proliferation, and decreased formation of regenerating fibers. Additionally, 
IFN-γ null mice showed similarly impaired muscle healing associated with impaired 
macrophage function and development of fibrosis (Cheng et al., 2008). In contrast, a 
transgenic mouse that constitutively overexpresses IFN-γ at the neuromuscular junction 
demonstrated an age-dependent necrotizing myopathy (Shelton et al., 1999). According to 
contradictory findings on functions of IFN-γ in skeletal muscle homeostasis, the possible 
therapeutic potential of IFN-γ targeting is still illusive. 
Other cytokines generally accepted as mediators of muscle proteolysis are IL-1 and IL-6 
(Zamir et al., 1992, 1993; Authier et al., 1997; Goodman, 1994). In vitro studies confirmed 
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responses. For instance, IL-1 has two unique receptors on target cells: The type I receptor 
(IL-1RI) transduces a signal, whereas the type II receptor (IL-1RII) binds IL-1 but does not 
transduce a signal and has been named a “decoy” receptor (Dinarello, 1996). Sarcolemma of 
the skeletal muscle was found to express very low levels of cytokine receptors under normal 
(resting) physiological conditions, but has a capacity for cytokine receptor induction and 
thereby amplification of cytokine actions in response to exercise and inflammatory stimuli 
such as endotoxin or increased level of cytokine itself. As for the inflammation, treatment of 
L6 myotubes with a combination of endotoxin, TNF-α, and IFN-γ for 24 h led to the 
increased mRNA expression of six pro-inflammatory cytokine receptors (IL-1RI, IL-1RII, 
IL-6 receptor (IL-6R), IFN receptor IFNR, TNF receptor (TNFR)I, TNFRII), whereas TNF 
alone induced expression of only IL-6R and TNFRII mRNAs (Y. Zhang et al., 2000). The 
TNF-α receptor TNFRI contains a cytoplasmic TNFR-associated death domain (TRADD), 
which is essential for activation of the caspase cascade and subsequently induction of 
apoptosis. However, TNFRI signaling provides also a mechanism to protect cells from an 
apoptotic response since TRADD can associate with TNFR-associated factor (TRAF)2, 
TRAF1 and receptor interacting protein (RIP) to activate the NF-κB and c-Jun N-terminal 
kinase (JNK) pathways, which protect cells from apoptosis. The second TNF-α receptor 
TNFRII misses the death domain and contains TRAF-interacting motifs (TIMs) in their 
cytoplasmic domain. Activation of TIM leads to the recruitment of TRAF family members 
and the subsequent activation of signal transduction pathways like NF-κB, JNK, p38, 
extracellular signal-related kinase (ERK) and phosphoinositide 3-kinase (PI3K) (Hehlgans & 
Pfeffer, 2005). The NF-κB is an essential mediator for protein degradation and expression of 
the ubiquitin-proteasome system, the major pathway for breakdown of muscle contractile 
proteins leading to muscle loss (Lecker et al., 1999; Y.P. Li & Reid, 2000). Likewise the 
activation of the ubiquitin-proteasome system is vital for ubiquitination and degradation of 
IκB, an inhibitory protein that binds the NF-κB and retains this factor in the cytoplasm 
where it cannot activate gene expression of a number of inflammatory peptides (Z.J. Chen, 
2005). The NF-κB-induced proteolysis in cachectic syndrome provides the energy supply for 
the stimulated immune system. The products of proteolysis amino acids are transported to 
the liver where they are an important substrate for gluconeogenesis, but also are consumed 
in synthesis of acute phase proteins such as C-reactive protein (CRP) and serum amyloid A 
(Morley et al., 2006). 
Among a variety of stimuli, TNF-α is one of the most potent activators of NF-κB (Pajak et al., 
2008). TNF-α has been shown to induce the ubiquitin-proteasome system dependent 
proteolysis after its acute intravenous administration in rats, or in vitro in isolated rat soleus 
muscle (Garcia-Martinez et al., 1993, 1994; Llovera et al., 1997). This direct effect of TNF-α on 
the muscle cell is mediated not only through the activation of NF-κB (Y.P. Li et al., 1998; Y.P. 
Li & Reid, 2000), but also various other signal transduction pathways. Sishi & Engelbrecht 
(2011) have reported that TNF-α strongly potentiated its proteolytic effects through certain 
mitogen-activated protein kinases (MAPKs), or PI3-K/Akt pathway resulting in decreased 
muscle fiber diameter. Furthermore, when differentiated L6 myotubes were subjected to 
increasing concentrations of recombinant TNF-α for 24 and 48 h, an up-regulated expression 
of E3 ubiquitin ligases MuRF-1 (muscle RING finger 1) and MAFbx (muscle atrophy F-box; 
also called artrogin-1) along with the transcription factors NF-κB and forkhead transcription 
factor (FKHR; also called forkhead box protein O1 (FOXO1)) were observed (Sishi & 
Engelbrecht; 2011). FKHR is the other principal factor involved in muscle atrophy and 
activation of ubiquitin-proteasome proteolytic pathway (Tisdale, 2007). The important role 
of TNF-α in muscle wasting has also been proved by the anti-TNF treatment in situation 
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when TNF production rises. In tumor-bearing rats or septic rats, the anti-TNF treatment 
powerfully inhibited muscle wasting by blocking the enhanced ubiquitin-proteasome 
dependent proteolysis (Costelli et al., 1993; Combaret et al., 2002).  
Besides influencing the activity of the ubiquitin-proteasome system and subsequently 
muscle proteolysis, TNF-α also affects muscle differentiation by interaction with MyoD gene 
expression. MyoD is a crucial transcriptional factor that is required for the differentiation of 
muscle stem cells, and it functions early in myogenesis to help stem cells proliferate in 
response to muscle injury (K. Zhang et al., 2010). It has been shown that TNF-induced 
activation of NF-κB in differentiating C2C12 myocytes inhibited skeletal muscle 
differentiation by suppressing MyoD mRNA at the posttranscriptional level. In 
differentiated myotubes, TNF plus IFN-γ signaling was required for NF-κB-dependent 
down-regulation of MyoD and dysfunction of skeletal myofibers. The same results have also 
been observed in mouse muscle in vivo (Guttridge et al., 2000). Additionally, increased 
TNF/IFN signaling repressed the expression of myosin heavy chain at the transcriptional 
level, possibly resulting from the cytokine-mediated inhibition of MyoD synthesis 
(Acharyya et al., 2004). TNF-α may also inhibit myogenesis through induction of the nitric 
oxide synthase gene (iNos). Increased nitric oxide conjugates with superoxide to form 
peroxynitrite, which is responsible for the down-regulation of MyoD mRNA. It appears that 
TNF-α exhibits a dual effect on myogenesis, stimulating it at low concentrations (0.05 
ng/ml), while inhibiting it at higher concentrations (0.5 and 5 ng/ml) (Tisdale, 2008).  
The next mechanism through which TNF-α promotes muscle wasting is depression of 
muscle protein synthesis. This depression is mediated at least in part by defects in the 
control of mRNA translation (Lang et al., 2002). Moreover, when TNF-α and IFN-γ were 
presented in the extracellular environment during C2C12 myoblast differentiation, they 
prevented the stimulatory action of insulin-like growth factors I (IGF-I) on protein synthesis. 
This effect of TNF-α and IFN-γ was associated with the decreased phosphorylation of 
serine/threonine protein kinases, protein kinase B (PKB/Akt) and p70S6 kinase, in C2C12 
myogenic cells (Grzelkowska-Kowalczyk & Wieteska-Skrzeczynska, 2010). Inhibition of 
muscle IGF-I production could be another mechanism contributing to the catabolic effect of 
TNF-α since an increase of this cytokine in muscle after LPS injection significantly inhibited 
local IGF-I expression (Fernandez-Celemin et al., 2002). 
Finally, exposure of C2C12 myotubes to TNF-alpha induces apoptosis characterized by 
enhanced caspase-3 activity, which results in poly(ADP-ribose) polymerase (PARP) cleavage 
and increased histone-associated-DNA fragmentation. Although IFN-γ was proposed as a 
pro-cachectic factor, it reversed the TNF-α-induced apoptotic activity (Tolosa et al., 2005).  In 
line with this finding, Cheng et al. (2008) have demonstrated that IFN-γ promotes muscle 
healing, in part, by stimulating formation of new muscle fibers. Administration of an IFN-γ 
receptor blocking antibody to wild-type mice impaired induction of IFN response factor-1, 
reduced cell proliferation, and decreased formation of regenerating fibers. Additionally, 
IFN-γ null mice showed similarly impaired muscle healing associated with impaired 
macrophage function and development of fibrosis (Cheng et al., 2008). In contrast, a 
transgenic mouse that constitutively overexpresses IFN-γ at the neuromuscular junction 
demonstrated an age-dependent necrotizing myopathy (Shelton et al., 1999). According to 
contradictory findings on functions of IFN-γ in skeletal muscle homeostasis, the possible 
therapeutic potential of IFN-γ targeting is still illusive. 
Other cytokines generally accepted as mediators of muscle proteolysis are IL-1 and IL-6 
(Zamir et al., 1992, 1993; Authier et al., 1997; Goodman, 1994). In vitro studies confirmed 
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that IL-1α and IL-1β are able to stimulate muscle catabolism via NF-κB signaling leading to 
an increased expression of atrogin-1/MAFbx and MuRF-1, and reduced myofibrillar protein 
content (W. Li et al., 2009). However, in vivo studies showed that catabolic effects of IL-1 are 
not as severe as those of TNF-α. Although the treatment with recombinant IL-1ra prevented 
muscle proteolysis induced by administration of IL-1, this treatment only reduced, but did 
not normalize, the increased muscle protein breakdown rates seen during sepsis in rats 
(Zamir et al., 1994). Further, an acute intravenous administration of 100 μg/kg body weight 
of human recombinant TNF-α resulted in an important increase in the levels of ubiquitin 
mRNAs in rat skeletal muscle, whereas administration of a similar amount of human 
recombinant IL-1β did not (Garcia-Martinez et al., 1995). Also, administration of IL-1ra to 
tumor-bearing rats did not result in any improvement of cachexia, thus suggesting that the 
role of IL-1 in muscle cachexia may be secondary to the actions of other mediators (Argiles 
et al., 2005). Regarding IL-6, it was reported that IL-6 was the only pro-inflammatory 
cytokine of the six cytokines measured that was elevated in all terminally ill cancer patients 
with cachexia and its levels rise just before death (Iwase et al., 2004). Elevated circulating 
IL-6 level associated with reduced muscle oxidative capacity, mitochondria dynamics, and 
markers of oxidative stress in both oxidative and glycolytic muscles and with severe 
wasting have been found in Apc(Min/+) mice, a model of human colon cancer (White et al., 
2011). An increased atrogin-1/MAFbx, but not MuRF-1, gene and protein expression were 
also observed in these mice, and when they were exposed to IL-6 overexpression, 
atrogin-1/MAFbx mRNA and protein levels were up-regulated. However, atrogin-
1/MAFbx mRNA increased too little and did not translate to protein in wild-type non-
cachectic mice after IL-6 overexpression. Consistently, it was observed that without 
underlying disease IL-6 induces body mass or skeletal muscle mass loss only in 
supraphysiological doses. It is also possible, that IL-6 stimulates muscle cachexia indirectly 
as a lipolytic agent inducing a release of lipid from adipose tissue stores, and this state of 
hyperlipidemia is detrimental for skeletal muscle (Carson & Baltgalvis, 2010).  
The IL-6-related cytokine LIF may be involved in the pathogenesis of heart failure since it 
has been shown to reduce contractile function and to induce alterations in energy 
metabolism and insulin sensitivity in isolated cardiomyocytes. Moreover, the presence of 
this cytokine has been found in failing hearts (Florholmen at al., 2004, 2006). In skeletal 
muscle LIF has been shown to be a critical factor for TNF-α-induced inhibition of myoblast 
differentiation (Alter et al., 2008). 
Although most pro-inflammatory cytokines are negatively involved in muscle wasting 
during inflammatory diseases or cancer, IL-15 may be an example of compensatory effects 
of activated immune system on muscle homeostasis. IL-15 is a cytokine with structural 
similarity to IL-2 that exhibits a broad range of pro-inflammatory activities including 
induction of T and B cell proliferation, NK cell cytotoxicity and NK-cell-derived cytokines 
(IFN-γ, granulocyte-macrophage colony stimulating factor (GM-CSF), TNF-α), and may 
protect T cells and neutrophils from apoptosis (Argiles et al., 2009). Nevertheless, IL-15 is a 
cytokine which is highly expressed in skeletal muscle and has been shown to have anabolic 
effects. Quinn et al. (1995) have reported that IL-15 can stimulate differentiated myocytes 
and muscle fibers to accumulate increased amounts of contractile proteins. Furthermore, 
overexpression of IL-15 induced skeletal muscle hypertrophy accompanied by increased 
levels of sarcomeric myosin heavy chain and alpha-actin in the culture of differentiated 
myotubes. In contrast to well-known anabolic factor IGF-I, which only stimulates protein 
synthesis under these culture conditions, IL-15 stimulates protein synthesis as well as 
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inhibits protein degradation (Quinn et al., 2002). In vivo studies demonstrated that IL-15 
administration improves the pathophysiology of dystrophic muscle in mice (Harcourt  et al., 
2005) as well as cachectic muscle in rats bearing the Yoshida AH-130 ascites hepatoma 
(Carbo et al., 2000; Figueras et al., 2004). The possible mechanism through which IL-15 
mediates its anabolic effects is an inhibition of the ATP-ubiquitin-dependent proteolytic 
pathway as described Carbo et al. (2000), and/or a decrease in both TNF-alpha receptors 
TNFRI and TNFRII, and iNos protein levels as described Figueras et al. (2004). Recently 
Waldmann et al. (2011) performed a safety study in rhesus macaques that received 
recombinant human IL-15. Interestingly, IL-15 mediated neutrophil redistribution from the 
circulation to tissues, increased numbers of circulating NK and CD8 central and effector-
memory T cells. These findings suggest that IL-15 might represent a new 
immunomodulatory and anabolic tool for the treatment of cachexia associated with 
metastatic malignancies (Waldmann et al., 2011). However, the potential application of IL-15 
in other conditions associated with inflammatory cachexia syndrome should be carefully 
evaluated because IL-15 is also proposed as an important factor in pathogenesis of several 
chronic inflammatory diseases such as rheumatoid arthritis (Petrovic-Rackov & Pejnovic, 
2006). Contradictory findings have been obtained in possible involvement of IL-15 in 
sarcopenia, the degenerative loss of skeletal muscle mass and strength associated with 
aging, in rats. Though one study has shown that preservation of IL-15 signaling by caloric 
restriction is associated with mitigated loss of muscle mass (Marzetti et al., 2009), other 
study has described that treatment with IL-15 promotes apoptosis in skeletal muscle and 
decreases muscle mass in both young adult and aged rats (Pistilli & Alway, 2008). 
Other interesting anabolic cytokine could be anti-inflammatory IL-10 that restrains 
inflammatory responses in macrophages and T cells by inhibiting cytokine and chemokine 
synthesis and reducing expression of their receptors. This cytokine is able to prevent 
inflammatory muscle wasting since it suppresses the ability of exogenous IL-1β to inhibit 
IGF-I-induced myogenin and myosin heavy chain expression in myoblasts by specific 
reversal of IL-1β activation of the JNK kinase pathway. Thus IL-10 may be useful 
therapeutic approach to inhibit the IL-1β receptor-induced JNK kinase pathway resulting in 
IGF-I resistance (Strle et al., 2008). 

5. The role of cytokines in the insulin resistance and changes in intermediary 
metabolism 
Impaired insulin sensitivity is another symptom frequently present during cachexia in 
humans and animal models (Crossland et al., 2008; Smiechowska et al., 2010; Asp et al., 
2010; Doehner et al., 2010). This metabolic disorder also develops due to the excessive 
activation of inflammatory pathways. It is well established that TNF-α is a potent activator 
of JNK and I kappa beta kinase (IκK) that phosphorylates insulin receptor substrate (IRS) 
proteins at inhibitory serine (Ser) sites and thereby inactivates further transmission of the 
insulin signal (Hotamisligil, 2003). In fact, when five potential inhibitory Ser sites of IRS 
were mutated, the protection from the adverse effects of pro-inflammatory cytokines (IL-1β, 
TNF-α, and IFN-γ) and improvement of β-cell survival and function were observed 
(Gurevitch et al., 2010). Other inflammatory mediators that interact with IRS 
phosphorylation are suppressors of cytokine signaling (SOCS)-1 and SOCS-3 that decrease 
tyrosine (Tyr) phosphorylation of IRS, which is essential for transmission of insulin signal 
(Ueki et al., 2004). Importantly, IL-6 inhibits insulin action in liver, but not in muscle, by 
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that IL-1α and IL-1β are able to stimulate muscle catabolism via NF-κB signaling leading to 
an increased expression of atrogin-1/MAFbx and MuRF-1, and reduced myofibrillar protein 
content (W. Li et al., 2009). However, in vivo studies showed that catabolic effects of IL-1 are 
not as severe as those of TNF-α. Although the treatment with recombinant IL-1ra prevented 
muscle proteolysis induced by administration of IL-1, this treatment only reduced, but did 
not normalize, the increased muscle protein breakdown rates seen during sepsis in rats 
(Zamir et al., 1994). Further, an acute intravenous administration of 100 μg/kg body weight 
of human recombinant TNF-α resulted in an important increase in the levels of ubiquitin 
mRNAs in rat skeletal muscle, whereas administration of a similar amount of human 
recombinant IL-1β did not (Garcia-Martinez et al., 1995). Also, administration of IL-1ra to 
tumor-bearing rats did not result in any improvement of cachexia, thus suggesting that the 
role of IL-1 in muscle cachexia may be secondary to the actions of other mediators (Argiles 
et al., 2005). Regarding IL-6, it was reported that IL-6 was the only pro-inflammatory 
cytokine of the six cytokines measured that was elevated in all terminally ill cancer patients 
with cachexia and its levels rise just before death (Iwase et al., 2004). Elevated circulating 
IL-6 level associated with reduced muscle oxidative capacity, mitochondria dynamics, and 
markers of oxidative stress in both oxidative and glycolytic muscles and with severe 
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inhibits protein degradation (Quinn et al., 2002). In vivo studies demonstrated that IL-15 
administration improves the pathophysiology of dystrophic muscle in mice (Harcourt  et al., 
2005) as well as cachectic muscle in rats bearing the Yoshida AH-130 ascites hepatoma 
(Carbo et al., 2000; Figueras et al., 2004). The possible mechanism through which IL-15 
mediates its anabolic effects is an inhibition of the ATP-ubiquitin-dependent proteolytic 
pathway as described Carbo et al. (2000), and/or a decrease in both TNF-alpha receptors 
TNFRI and TNFRII, and iNos protein levels as described Figueras et al. (2004). Recently 
Waldmann et al. (2011) performed a safety study in rhesus macaques that received 
recombinant human IL-15. Interestingly, IL-15 mediated neutrophil redistribution from the 
circulation to tissues, increased numbers of circulating NK and CD8 central and effector-
memory T cells. These findings suggest that IL-15 might represent a new 
immunomodulatory and anabolic tool for the treatment of cachexia associated with 
metastatic malignancies (Waldmann et al., 2011). However, the potential application of IL-15 
in other conditions associated with inflammatory cachexia syndrome should be carefully 
evaluated because IL-15 is also proposed as an important factor in pathogenesis of several 
chronic inflammatory diseases such as rheumatoid arthritis (Petrovic-Rackov & Pejnovic, 
2006). Contradictory findings have been obtained in possible involvement of IL-15 in 
sarcopenia, the degenerative loss of skeletal muscle mass and strength associated with 
aging, in rats. Though one study has shown that preservation of IL-15 signaling by caloric 
restriction is associated with mitigated loss of muscle mass (Marzetti et al., 2009), other 
study has described that treatment with IL-15 promotes apoptosis in skeletal muscle and 
decreases muscle mass in both young adult and aged rats (Pistilli & Alway, 2008). 
Other interesting anabolic cytokine could be anti-inflammatory IL-10 that restrains 
inflammatory responses in macrophages and T cells by inhibiting cytokine and chemokine 
synthesis and reducing expression of their receptors. This cytokine is able to prevent 
inflammatory muscle wasting since it suppresses the ability of exogenous IL-1β to inhibit 
IGF-I-induced myogenin and myosin heavy chain expression in myoblasts by specific 
reversal of IL-1β activation of the JNK kinase pathway. Thus IL-10 may be useful 
therapeutic approach to inhibit the IL-1β receptor-induced JNK kinase pathway resulting in 
IGF-I resistance (Strle et al., 2008). 

5. The role of cytokines in the insulin resistance and changes in intermediary 
metabolism 
Impaired insulin sensitivity is another symptom frequently present during cachexia in 
humans and animal models (Crossland et al., 2008; Smiechowska et al., 2010; Asp et al., 
2010; Doehner et al., 2010). This metabolic disorder also develops due to the excessive 
activation of inflammatory pathways. It is well established that TNF-α is a potent activator 
of JNK and I kappa beta kinase (IκK) that phosphorylates insulin receptor substrate (IRS) 
proteins at inhibitory serine (Ser) sites and thereby inactivates further transmission of the 
insulin signal (Hotamisligil, 2003). In fact, when five potential inhibitory Ser sites of IRS 
were mutated, the protection from the adverse effects of pro-inflammatory cytokines (IL-1β, 
TNF-α, and IFN-γ) and improvement of β-cell survival and function were observed 
(Gurevitch et al., 2010). Other inflammatory mediators that interact with IRS 
phosphorylation are suppressors of cytokine signaling (SOCS)-1 and SOCS-3 that decrease 
tyrosine (Tyr) phosphorylation of IRS, which is essential for transmission of insulin signal 
(Ueki et al., 2004). Importantly, IL-6 inhibits insulin action in liver, but not in muscle, by 
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both phosphorylation of the inhibitory Ser site of IRS-1 and induction of SOCS-3 expression 
(Weigert et al., 2006). 
The key role of inflammation in the development of insulin resistance also demonstrate 
findings that the inhibition of TNF-α activity either chemically or genetically results in 
improved insulin sensitivity (Hotamisligil, 2003), and application of nonsteroidal anti-
inflammatory drugs enhances insulin sensitivity (Donath et al., 2005). 
It is important to note, that pro-inflammatory cytokines may blunt not only insulin signaling 
but also IGF-I signaling since IRS proteins are important substrates for IGF-I receptor as 
well. IGF-I increases muscle protein synthesis and activates functions of satellite cells, the 
quiescent stem cells in adult muscle, which act as a reserve population of cells, able to 
proliferate in response to injury and give rise to regenerated muscle (Morgan & Partridge, 
2003). With this regard, impaired IGF-I signaling leads to abnormal protein metabolism and 
promotes fibrosis in regenerating muscle as recently reported L. Zhang et al. (2010) in 
cachectic mice with chronic kidney disease. It seems that particularly relevant cytokine in 
impaired insulin/IGF-I signaling during chronic kidney disease could be IL-6 since 
cachectic response to angiotensin II was suppressed in IL-6-deficient mice. Indeed, 
angiotensin II promotes the release of IL-6 and serum amyloid A, and these two mediators 
act synergistically to impair insulin/IGF-I signaling in muscle that subsequently results in 
muscle proteolysis (L. Zhang et al., 2009).  
Because impaired insulin/IGF-I signaling decreases muscle protein synthesis, one cannot 
ignore the obvious implication, that insulin resistance may be a cause rather than a 
consequence of muscle cachexia. From this point of view, it has been shown that in mice 
with cachexia induced by colon-26 tumors, insulin resistance occurred before the onset of 
weight loss, and treatment with rosiglitazone, a peroxisome proliferator-activated receptor-
gamma (PPARγ) agonist and potent insulin action-enhancing agent, improved insulin 
sensitivity and also led to the reduction of early markers of cachexia and increase in body 
weight (Asp et al., 2010). These results suggest that correction of insulin resistance may 
provide a new therapeutic approach for cachexia and further research is needed to define 
the role of insulin resistance in variety of catabolic diseases.    
Besides the impact of cytokines on insulin resistance, free fatty acids (FFA) are other crucial 
mediators that contribute to this pathological condition (Boden, 2001). Noticeably, 
derangements in lipid metabolism are common features of many chronic diseases 
accompanied by cachexia (Grunfeld & Feingold, 1992; Vaziri & Norris, 2011; Elkan et al., 
2009; Rauchhaus et al., 2000). Although the most obvious cause of secondary dyslipidemia is 
a sedentary lifestyle with excessive dietary intake of saturated fat, cholesterol and trans fats, 
the corroborating evidence indicate that during cachexia the key players of the changes in 
lipid metabolism are inflammatory cytokines along with counter-regulatory hormones 
released in response to cytokine activity, such as glucocorticoids and catecholamines 
(Morley et al., 2006; Grunfeld & Feingold, 1992; Memon et al., 1993; Feingold et al., 1994; 
Rauchhaus et al., 2000). Approvingly, the response to LPS is associated with TNF- and IL-1-
induced increase in serum cholesterol and triglyceride levels as well as increase in hepatic 
hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase activity in mice (Memon et 
al., 1993). In mice, LPS also decreases the activity of lipoprotein lipase (LPL), the enzyme 
responsible for plasma triglyceride clearance, in both adipose and muscle tissue. This effect 
of LPS was suggested to be mediated by cytokines such as TNF, IL-1, LIF, IFN-α, and IFN-γ, 
depending upon type of tissue. In intact mice, all these cytokines down-regulated LPL 
activity in adipose tissue, while in skeletal and cardiac muscle only IL-1 and IFN-γ followed 
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this effect. However, inhibition of TNF or IL-1 activity did not affect the ability of LPS to 
decrease adipose tissue or muscle LPL activity, indicating that mechanisms underlying LPS 
actions on lipid homeostasis are complex and several inflammatory signals might be 
involved (Feingold et al., 1994).  
Furthermore, it has been shown that TNF-α stimulates synthesis of free fatty acids (FFA) de 
novo in the liver through raising levels of citrate and suppression of liver peroxisomal β-
oxidation by inhibiting the activity of peroxisomal fatty acyl-CoA. In adipose tissue TNF-α 
increases lipolysis and down-regulates the expression of fatty acid transport protein (FATP) 
and fatty acid translocase (FAT) (X. Chen et al., 2009).  
Another study highlighted that pro-inflammatory cytokines such as TNF, IL-1, and IL-6 
exert their effect directly on the hepatocytes and suppress transcriptional activity of PPAR 
and liver X receptor (LXR) by decreasing expression of nuclear hormone receptors: Retinoid 
X receptor alpha (RXRα), PPARα, PPARγ, liver X receptor alpha (LXRα), and coactivators 
PPARgamma coactivator 1alpha (PGC-1α), PGC-1β, and steroid receptor coactivator 1 
(SRC-1). These factors play major role in the regulation of the expression of proteins 
involved in lipid and lipoprotein metabolism, and thus their suppression contributes to the 
alterations in hepatic lipid metabolism that occurs during inflammation (Kim et al., 2007). 
Recently, Stienstra et al. (2010) have demonstrated important impact of Kupffer cells on the 
development of liver steatosis. Interestingly, Kupffer cells have been shown to promote 
hepatic triglyceride storage via IL-1β-dependent inhibition of PPARα expression and 
activity leading to decreased expression of PPARα target genes involved in mitochondrial 
and peroxisomal fatty acid oxidation. These findings point toward cross-talk between 
Kupffer cells and hepatocytes that may be implicated in the pathogenesis of fatty liver 
disease due to chronic inflammation (Stienstra et al., 2010). With regard to these findings, 
we observed elevated concentrations of liver triglycerides concomitantly with increased 
mRNA expression of IL-1β in the liver of cachectic rats with adjuvant arthritis that indicate 
impaired lipid metabolism caused by inflammation. Although these alterations were not 
associated with decreased insulin sensitivity (estimated by homeostatic model assessment 
(HOMA) index) (Stofkova et al., 2010), our other study showed down-regulation of insulin-
dependent glucose transporter GLUT4 in adipocyte membranes of arthritic rats (Jurcovicova 
et al., 2010). At this point it is important to note that chronic treatment with IL-1β slightly 
decreases the expression of GLUT4 and inhibits its translocation to the adipocyte plasma 
membrane in response to insulin. This inhibitory effect is due to a decreased amount of 
IRS-1 expression in adipocytes (Jager et al., 2007). Similarly, IL-6 and TNF-α exert long term 
inhibitory effects on the gene transcription of IRS-1, GLUT4, and PPARγ in 3T3-L1 
adipocytes (Rotter et al., 2003). 
In addition to disturbances in lipid homeostasis, pro-inflammatory cytokines have also been 
reported to affect glucose metabolism. In several studies, chronic elevation in TNF-α, IL-1β, 
or IL-6 levels as well as acute exposure to LPS were associated with reduced blood glucose 
concentrations without affecting insulin secretion (Metzger et al., 1997a, 1997b, 2004; 
Grempler et al., 2004; del Rey et al., 2006; Raetzsch et al., 2009). Insulin independent 
cytokine-induced decrease in circulating glucose levels was accompanied by reduced 
expression and/or activity of gluconeogenic enzyme glucose-6-phosphatase (Metzger et al., 
1997a, 1997b, 2004; Grempler et al., 2004), down-regulation of the mRNA level for GLUT2, 
the major glucose transporter of the liver, enhanced 2-deoxy-glucose uptake by peripheral 
tissues (Metzger et al., 2004), or decreased liver glycogen content (Metzger et al., 1997b). 
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both phosphorylation of the inhibitory Ser site of IRS-1 and induction of SOCS-3 expression 
(Weigert et al., 2006). 
The key role of inflammation in the development of insulin resistance also demonstrate 
findings that the inhibition of TNF-α activity either chemically or genetically results in 
improved insulin sensitivity (Hotamisligil, 2003), and application of nonsteroidal anti-
inflammatory drugs enhances insulin sensitivity (Donath et al., 2005). 
It is important to note, that pro-inflammatory cytokines may blunt not only insulin signaling 
but also IGF-I signaling since IRS proteins are important substrates for IGF-I receptor as 
well. IGF-I increases muscle protein synthesis and activates functions of satellite cells, the 
quiescent stem cells in adult muscle, which act as a reserve population of cells, able to 
proliferate in response to injury and give rise to regenerated muscle (Morgan & Partridge, 
2003). With this regard, impaired IGF-I signaling leads to abnormal protein metabolism and 
promotes fibrosis in regenerating muscle as recently reported L. Zhang et al. (2010) in 
cachectic mice with chronic kidney disease. It seems that particularly relevant cytokine in 
impaired insulin/IGF-I signaling during chronic kidney disease could be IL-6 since 
cachectic response to angiotensin II was suppressed in IL-6-deficient mice. Indeed, 
angiotensin II promotes the release of IL-6 and serum amyloid A, and these two mediators 
act synergistically to impair insulin/IGF-I signaling in muscle that subsequently results in 
muscle proteolysis (L. Zhang et al., 2009).  
Because impaired insulin/IGF-I signaling decreases muscle protein synthesis, one cannot 
ignore the obvious implication, that insulin resistance may be a cause rather than a 
consequence of muscle cachexia. From this point of view, it has been shown that in mice 
with cachexia induced by colon-26 tumors, insulin resistance occurred before the onset of 
weight loss, and treatment with rosiglitazone, a peroxisome proliferator-activated receptor-
gamma (PPARγ) agonist and potent insulin action-enhancing agent, improved insulin 
sensitivity and also led to the reduction of early markers of cachexia and increase in body 
weight (Asp et al., 2010). These results suggest that correction of insulin resistance may 
provide a new therapeutic approach for cachexia and further research is needed to define 
the role of insulin resistance in variety of catabolic diseases.    
Besides the impact of cytokines on insulin resistance, free fatty acids (FFA) are other crucial 
mediators that contribute to this pathological condition (Boden, 2001). Noticeably, 
derangements in lipid metabolism are common features of many chronic diseases 
accompanied by cachexia (Grunfeld & Feingold, 1992; Vaziri & Norris, 2011; Elkan et al., 
2009; Rauchhaus et al., 2000). Although the most obvious cause of secondary dyslipidemia is 
a sedentary lifestyle with excessive dietary intake of saturated fat, cholesterol and trans fats, 
the corroborating evidence indicate that during cachexia the key players of the changes in 
lipid metabolism are inflammatory cytokines along with counter-regulatory hormones 
released in response to cytokine activity, such as glucocorticoids and catecholamines 
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Rauchhaus et al., 2000). Approvingly, the response to LPS is associated with TNF- and IL-1-
induced increase in serum cholesterol and triglyceride levels as well as increase in hepatic 
hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase activity in mice (Memon et 
al., 1993). In mice, LPS also decreases the activity of lipoprotein lipase (LPL), the enzyme 
responsible for plasma triglyceride clearance, in both adipose and muscle tissue. This effect 
of LPS was suggested to be mediated by cytokines such as TNF, IL-1, LIF, IFN-α, and IFN-γ, 
depending upon type of tissue. In intact mice, all these cytokines down-regulated LPL 
activity in adipose tissue, while in skeletal and cardiac muscle only IL-1 and IFN-γ followed 
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this effect. However, inhibition of TNF or IL-1 activity did not affect the ability of LPS to 
decrease adipose tissue or muscle LPL activity, indicating that mechanisms underlying LPS 
actions on lipid homeostasis are complex and several inflammatory signals might be 
involved (Feingold et al., 1994).  
Furthermore, it has been shown that TNF-α stimulates synthesis of free fatty acids (FFA) de 
novo in the liver through raising levels of citrate and suppression of liver peroxisomal β-
oxidation by inhibiting the activity of peroxisomal fatty acyl-CoA. In adipose tissue TNF-α 
increases lipolysis and down-regulates the expression of fatty acid transport protein (FATP) 
and fatty acid translocase (FAT) (X. Chen et al., 2009).  
Another study highlighted that pro-inflammatory cytokines such as TNF, IL-1, and IL-6 
exert their effect directly on the hepatocytes and suppress transcriptional activity of PPAR 
and liver X receptor (LXR) by decreasing expression of nuclear hormone receptors: Retinoid 
X receptor alpha (RXRα), PPARα, PPARγ, liver X receptor alpha (LXRα), and coactivators 
PPARgamma coactivator 1alpha (PGC-1α), PGC-1β, and steroid receptor coactivator 1 
(SRC-1). These factors play major role in the regulation of the expression of proteins 
involved in lipid and lipoprotein metabolism, and thus their suppression contributes to the 
alterations in hepatic lipid metabolism that occurs during inflammation (Kim et al., 2007). 
Recently, Stienstra et al. (2010) have demonstrated important impact of Kupffer cells on the 
development of liver steatosis. Interestingly, Kupffer cells have been shown to promote 
hepatic triglyceride storage via IL-1β-dependent inhibition of PPARα expression and 
activity leading to decreased expression of PPARα target genes involved in mitochondrial 
and peroxisomal fatty acid oxidation. These findings point toward cross-talk between 
Kupffer cells and hepatocytes that may be implicated in the pathogenesis of fatty liver 
disease due to chronic inflammation (Stienstra et al., 2010). With regard to these findings, 
we observed elevated concentrations of liver triglycerides concomitantly with increased 
mRNA expression of IL-1β in the liver of cachectic rats with adjuvant arthritis that indicate 
impaired lipid metabolism caused by inflammation. Although these alterations were not 
associated with decreased insulin sensitivity (estimated by homeostatic model assessment 
(HOMA) index) (Stofkova et al., 2010), our other study showed down-regulation of insulin-
dependent glucose transporter GLUT4 in adipocyte membranes of arthritic rats (Jurcovicova 
et al., 2010). At this point it is important to note that chronic treatment with IL-1β slightly 
decreases the expression of GLUT4 and inhibits its translocation to the adipocyte plasma 
membrane in response to insulin. This inhibitory effect is due to a decreased amount of 
IRS-1 expression in adipocytes (Jager et al., 2007). Similarly, IL-6 and TNF-α exert long term 
inhibitory effects on the gene transcription of IRS-1, GLUT4, and PPARγ in 3T3-L1 
adipocytes (Rotter et al., 2003). 
In addition to disturbances in lipid homeostasis, pro-inflammatory cytokines have also been 
reported to affect glucose metabolism. In several studies, chronic elevation in TNF-α, IL-1β, 
or IL-6 levels as well as acute exposure to LPS were associated with reduced blood glucose 
concentrations without affecting insulin secretion (Metzger et al., 1997a, 1997b, 2004; 
Grempler et al., 2004; del Rey et al., 2006; Raetzsch et al., 2009). Insulin independent 
cytokine-induced decrease in circulating glucose levels was accompanied by reduced 
expression and/or activity of gluconeogenic enzyme glucose-6-phosphatase (Metzger et al., 
1997a, 1997b, 2004; Grempler et al., 2004), down-regulation of the mRNA level for GLUT2, 
the major glucose transporter of the liver, enhanced 2-deoxy-glucose uptake by peripheral 
tissues (Metzger et al., 2004), or decreased liver glycogen content (Metzger et al., 1997b). 
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Notably, increased IL-1β levels are able to block D-fructose intestinal uptake through 
inhibition of GLUT5 intrinsic activity by induction of NO signaling pathways. This effect of 
IL-1β importantly contributes to hypoglycemia (Garcia-Barrios et al., 2010). Nevertheless, 
besides the above mentioned peripheral mechanisms, hypoglycemic effect of IL-1β also 
involves mechanisms integrated in the brain since blockade of IL-1 receptors in the brain 
partially counteracted IL-1-induced hypoglycemia (del Rey et al., 2006).  
Another cytokine that controls carbohydrate metabolism is macrophage migration 
inhibitory factor (MIF). Addition of MIF to differentiated L6 rat myotubes increased 
synthesis of fructose 2,6-bisphosphate (F2,6BP), a positive allosteric regulator of glycolysis. 
The same effect, followed by decreased serum glucose level, was found when TNF-α was 
administered to mice. However, pretreatment with a neutralizing anti-MIF mAb completely 
inhibited this effect. Moreover, anti-MIF also prevented hypoglycemia and increased muscle 
F2,6BP levels in TNF-α-knockout mice after LPS administration (Benigni et al., 2000).  
The cytokine-induced decline in plasma glucose levels may be an important initiating event 
that promotes the hydrolysis of triglycerides in adipose tissue and the proteolysis in muscles 
to provide gluconeogenic precursors. These results suggest that pro-inflammatory cytokines 
may cause metabolic disturbances through several direct and/or indirect mechanisms. 

6. Cytokines and cachexia-related chronic diseases 
Cachexia syndrome is characterized by an excessive expression of pro-inflammatory 
cytokines which is proposed as a consequence of an imbalance between apoptosis (pro-
inflammatory) and wound healing (anti-inflammatory) properties of immune cell responses 
(Khatami, 2008, 2009, 2011). This disturbance and the relationship between pro-
inflammatory cytokines, wasting, and mortality is a common denominator of multiple 
cachexia-related chronic diseases. Cachectic patients with chronic heart failure have 
markedly increased plasma levels of TNF-α, IL-6 and IL-1 compared to non-cachectic 
patients with chronic heart failure having near-normal levels (Filippatos et al., 2005). Indeed, 
circulating levels of IL-6 and TNF-α increase in patients as their functional heart failure 
classification deteriorates (Torre-Amione et al., 1996). Elevated levels of pro-inflammatory 
cytokines IL-1, IL-2, IL-6, IFN-γ, and TNF-α have also been observed in HIV patients with 
severe weight loss (Gelato et al., 2007). In patients with chronic kidney disease, increased 
serum CRP level positively correlating with IL-6 is associated with a higher cardiovascular 
disease risk. Moreover, particularly IL-6, whose level is dependent on stimulation of TNF-α 
and IL-1, predicts mortality in patients with end-stage renal disease (Cheung et al., 2010). In 
patients with rheumatoid arthritis, the overproduction of TNF-α and IL-1β is associated 
with hypermetabolism and reduced body cell mass, and serum concentrations of these 
cytokines as well as IL-6, IL-15, IL-18, and IL-12 correlate strongly with disease severity 
(Roubenoff et al., 1994; Petrovic-Rackov & Pejnovic, 2006; de Paz et al., 2010). Patients with 
COPD also exhibit an increase in resting energy expenditure and a decrease in free-fat mass, 
and these patients have markedly increased acute phase reactant proteins and inflammatory 
factors (IL-8, soluble TNF receptors: sTNF-R55 and sTNF-R75) in their serum (Schols et al., 
1996). Furthermore, TNF-α, IL-1β and IL-6 blood levels are significantly elevated in patients 
with COPD compared to those in healthy subjects, and that may contribute to a shift toward 
catabolism and development of cachexia in these patients (Debigare et al., 2003; von 
Heahling et al., 2009; Singh et al., 2010). The pathophysiology of cancer cachexia is 
associated with number of pro-inflammatory, pro-cachectic and apoptotic factors (e.g. 
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Cytokine Proposed functions in the pathogenesis of cachexia Chronic disease 

TNF-α Anorectic effect (↑synthesis of IL-1α/β in the brain); 
↑muscle protein degradation (activation of ubiquitin-
proteasome system and muscle-specific E3 ubiquitin ligases 
(MuRF-1 and atrogin-1/MAFbx) via NF-κB, FOXO1, 
MAPKs or PI3-K/Akt pathways); ↓muscle protein 
synthesis (negatively interferes with mRNA translation, 
and inhibits expression and effect of IGF-I); ↓myogenic 
differentiation (MyoD destabilization in a NF-κB-
dependent manner); ↑apoptosis of differentiated myotubes; 
↑insulin resistance (phosphorylation of IRS at inhibitory Ser 
sites); ↑triglyceride and cholesterol plasma levels; 
hypoglycemic effect (insulin independent) 

Cancer 
COPD 
HIV/AIDS 
Heart failure 
Renal failure 
Rheumatoid 
arthritis 
Sepsis 

IL-1α 
and/or 
IL-1β 

Anorectic effect (central melanocortin system activation); 
↓gastric emptying; ↑muscle protein degradation 
(↑expression of atrogin-1/MAFbx and MuRF-1 via p38 
MAPK and NF-κB signaling, ↑TNF-α expression in skeletal 
and cardiac muscle); ↑insulin resistance (phosphorylation 
of IRS at inhibitory Ser sites, ↓IRS-1 expression in 
adipocytes, ↓GLUT4 expression and translocation to the 
plasma membrane, ↓liver PPARα expression and activity); 
↑triglyceride and cholesterol plasma levels; hypoglycemic 
effect (insulin independent) 

Cancer 
COPD 
HIV/AIDS 
Heart failure 
Renal failure 
Rheumatoid 
arthritis 
Sepsis 

IL-6 Anorectic effect (only after central administration or co-
administration with IL-1β); predominantly ↑adipose tissue 
loss (↑lipolysis) than skeletal muscle loss; ↑insulin 
resistance (phosphorylation of IRS at inhibitory Ser sites 
and ↑SOCS-3 expression in liver, ↓IRS-1, GLUT4 and 
PPARγ gene expression in adipocytes); ↑triglyceride and 
cholesterol plasma levels; hypoglycemic effect (insulin 
independent) 

Cancer 
COPD 
HIV/AIDS 
Heart failure 
Renal failure 
Rheumatoid 
arthritis 
Sepsis 

IFNs Anorectic effect (depression of neuronal electrical activity 
in the lateral hypothalamus); ↑muscle wasting (synergize 
TNF-α effect); ↑insulin resistance (phosphorylation of IRS at 
inhibitory Ser sites) 

Cancer 
HIV/AIDS 

CNTF Long-term anorectic effect (suppression of NPYergic 
signaling in the hypothalamus, gp130-mediated activation 
of POMC neurons) 

Cancer 

LIF Anorectic effect (gp130-mediated activation of POMC 
neurons in ARC); promotes inhibition of myoblast 
differentiation mediated by TNF-α; ↓contractile functions of 
cardiomyocytes; ↑insulin resistance in cardiomyocytes 

Cancer 
Heart failure 

Table 1. Selected key cytokines involved in cachexia-related chronic diseases 
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Notably, increased IL-1β levels are able to block D-fructose intestinal uptake through 
inhibition of GLUT5 intrinsic activity by induction of NO signaling pathways. This effect of 
IL-1β importantly contributes to hypoglycemia (Garcia-Barrios et al., 2010). Nevertheless, 
besides the above mentioned peripheral mechanisms, hypoglycemic effect of IL-1β also 
involves mechanisms integrated in the brain since blockade of IL-1 receptors in the brain 
partially counteracted IL-1-induced hypoglycemia (del Rey et al., 2006).  
Another cytokine that controls carbohydrate metabolism is macrophage migration 
inhibitory factor (MIF). Addition of MIF to differentiated L6 rat myotubes increased 
synthesis of fructose 2,6-bisphosphate (F2,6BP), a positive allosteric regulator of glycolysis. 
The same effect, followed by decreased serum glucose level, was found when TNF-α was 
administered to mice. However, pretreatment with a neutralizing anti-MIF mAb completely 
inhibited this effect. Moreover, anti-MIF also prevented hypoglycemia and increased muscle 
F2,6BP levels in TNF-α-knockout mice after LPS administration (Benigni et al., 2000).  
The cytokine-induced decline in plasma glucose levels may be an important initiating event 
that promotes the hydrolysis of triglycerides in adipose tissue and the proteolysis in muscles 
to provide gluconeogenic precursors. These results suggest that pro-inflammatory cytokines 
may cause metabolic disturbances through several direct and/or indirect mechanisms. 

6. Cytokines and cachexia-related chronic diseases 
Cachexia syndrome is characterized by an excessive expression of pro-inflammatory 
cytokines which is proposed as a consequence of an imbalance between apoptosis (pro-
inflammatory) and wound healing (anti-inflammatory) properties of immune cell responses 
(Khatami, 2008, 2009, 2011). This disturbance and the relationship between pro-
inflammatory cytokines, wasting, and mortality is a common denominator of multiple 
cachexia-related chronic diseases. Cachectic patients with chronic heart failure have 
markedly increased plasma levels of TNF-α, IL-6 and IL-1 compared to non-cachectic 
patients with chronic heart failure having near-normal levels (Filippatos et al., 2005). Indeed, 
circulating levels of IL-6 and TNF-α increase in patients as their functional heart failure 
classification deteriorates (Torre-Amione et al., 1996). Elevated levels of pro-inflammatory 
cytokines IL-1, IL-2, IL-6, IFN-γ, and TNF-α have also been observed in HIV patients with 
severe weight loss (Gelato et al., 2007). In patients with chronic kidney disease, increased 
serum CRP level positively correlating with IL-6 is associated with a higher cardiovascular 
disease risk. Moreover, particularly IL-6, whose level is dependent on stimulation of TNF-α 
and IL-1, predicts mortality in patients with end-stage renal disease (Cheung et al., 2010). In 
patients with rheumatoid arthritis, the overproduction of TNF-α and IL-1β is associated 
with hypermetabolism and reduced body cell mass, and serum concentrations of these 
cytokines as well as IL-6, IL-15, IL-18, and IL-12 correlate strongly with disease severity 
(Roubenoff et al., 1994; Petrovic-Rackov & Pejnovic, 2006; de Paz et al., 2010). Patients with 
COPD also exhibit an increase in resting energy expenditure and a decrease in free-fat mass, 
and these patients have markedly increased acute phase reactant proteins and inflammatory 
factors (IL-8, soluble TNF receptors: sTNF-R55 and sTNF-R75) in their serum (Schols et al., 
1996). Furthermore, TNF-α, IL-1β and IL-6 blood levels are significantly elevated in patients 
with COPD compared to those in healthy subjects, and that may contribute to a shift toward 
catabolism and development of cachexia in these patients (Debigare et al., 2003; von 
Heahling et al., 2009; Singh et al., 2010). The pathophysiology of cancer cachexia is 
associated with number of pro-inflammatory, pro-cachectic and apoptotic factors (e.g. 
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Cytokine Proposed functions in the pathogenesis of cachexia Chronic disease 

TNF-α Anorectic effect (↑synthesis of IL-1α/β in the brain); 
↑muscle protein degradation (activation of ubiquitin-
proteasome system and muscle-specific E3 ubiquitin ligases 
(MuRF-1 and atrogin-1/MAFbx) via NF-κB, FOXO1, 
MAPKs or PI3-K/Akt pathways); ↓muscle protein 
synthesis (negatively interferes with mRNA translation, 
and inhibits expression and effect of IGF-I); ↓myogenic 
differentiation (MyoD destabilization in a NF-κB-
dependent manner); ↑apoptosis of differentiated myotubes; 
↑insulin resistance (phosphorylation of IRS at inhibitory Ser 
sites); ↑triglyceride and cholesterol plasma levels; 
hypoglycemic effect (insulin independent) 

Cancer 
COPD 
HIV/AIDS 
Heart failure 
Renal failure 
Rheumatoid 
arthritis 
Sepsis 

IL-1α 
and/or 
IL-1β 

Anorectic effect (central melanocortin system activation); 
↓gastric emptying; ↑muscle protein degradation 
(↑expression of atrogin-1/MAFbx and MuRF-1 via p38 
MAPK and NF-κB signaling, ↑TNF-α expression in skeletal 
and cardiac muscle); ↑insulin resistance (phosphorylation 
of IRS at inhibitory Ser sites, ↓IRS-1 expression in 
adipocytes, ↓GLUT4 expression and translocation to the 
plasma membrane, ↓liver PPARα expression and activity); 
↑triglyceride and cholesterol plasma levels; hypoglycemic 
effect (insulin independent) 

Cancer 
COPD 
HIV/AIDS 
Heart failure 
Renal failure 
Rheumatoid 
arthritis 
Sepsis 

IL-6 Anorectic effect (only after central administration or co-
administration with IL-1β); predominantly ↑adipose tissue 
loss (↑lipolysis) than skeletal muscle loss; ↑insulin 
resistance (phosphorylation of IRS at inhibitory Ser sites 
and ↑SOCS-3 expression in liver, ↓IRS-1, GLUT4 and 
PPARγ gene expression in adipocytes); ↑triglyceride and 
cholesterol plasma levels; hypoglycemic effect (insulin 
independent) 

Cancer 
COPD 
HIV/AIDS 
Heart failure 
Renal failure 
Rheumatoid 
arthritis 
Sepsis 

IFNs Anorectic effect (depression of neuronal electrical activity 
in the lateral hypothalamus); ↑muscle wasting (synergize 
TNF-α effect); ↑insulin resistance (phosphorylation of IRS at 
inhibitory Ser sites) 

Cancer 
HIV/AIDS 

CNTF Long-term anorectic effect (suppression of NPYergic 
signaling in the hypothalamus, gp130-mediated activation 
of POMC neurons) 

Cancer 

LIF Anorectic effect (gp130-mediated activation of POMC 
neurons in ARC); promotes inhibition of myoblast 
differentiation mediated by TNF-α; ↓contractile functions of 
cardiomyocytes; ↑insulin resistance in cardiomyocytes 

Cancer 
Heart failure 

Table 1. Selected key cytokines involved in cachexia-related chronic diseases 
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TNF-α, IL-1, IL-6, IFN-γ, LIF, and CNTF) that can be produced not only by the host's 
immune response but also by tumor cells. Prolonged excessive production of these 
mediators is causally related with the decreased quality of life and survival time of the 
patients (Argiles et al., 2005). Inflammatory cytokines such as TNF-α, IL-1, IL-6, and INF-γ 
are also implicated in anorexia, weight loss and whole body inflammation in patients with 
sepsis. However, sepsis shows a biphasic immunological pattern characterized by an early 
hyperinflammatory phase and a late anti-inflammatory phase which may lead to 
immunodeficiency. Therefore clinical trials aimed at down-regulating inflammatory mediators 
were not successful consistently (Kox et al., 2000). The potential contribution of key pro-
inflammatory cytokines to anorexia-cachexia syndrome in chronic diseases shows Table 1. 

7. Conclusion 
Our understanding how inflammatory cytokines disrupt physiological mechanisms 
regulating food intake, muscle homeostasis and insulin sensitivity, and how these 
disruptions affect disease severity and quality of life in patients with cachexia enhanced 
majorly over the past decade. At the present time, sufficient evidence is available to indicate 
that cytokines are able to: (1) Enter the brain and interact with neuronal circuits involved in 
the control of energy balance, resulting in anorexia; (2) Accumulate in the skeletal or cardiac 
muscle and accelerate muscle catabolism (the effect on cardiac muscle contributes to the 
increased risk of heart failure); (3) Interact with insulin signaling (directly or through altered 
lipid metabolism), causing insulin resistance and promoting muscle wasting; and (4) 
Generate dyslipidemia, the most important risk factor for atherosclerosis. Currently, despite 
their key role in the pathogenesis of cachexia, anti-cytokine strategies for the treatment of 
cachexia brought controversial results. Regarding a fact that cytokines act in a complex 
harmony of interactions, rather than as isolated triggers of their own, blocking a single 
cytokine cannot prevent cachexia. Therefore, there is a need for research focusing on 
pharmacological treatment not against a single cytokine but rather against multiple 
cytokines or transcriptional factors common for a set of crucial cytokines. 
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1. Introduction 
Immune system plays an important role in the development of systemic as well as 
compartmentalized inflammation though it may arise due to the various causes i.e. 
infection, trauma, burns, hemorrhagic pancreatitis and immune-mediated tissue injury. 
Pathogenic as well as commensal microorganisms evoke an immune response if they, or 
their constituents, pass the barrier between the external and internal environment. After 
recognition of the bacteria or their products, body launches an attack, kills the bacteria, and 
repairs putative damage. This sequence of events is highly regulated, enabling the body to 
combat infection by a tailor-made mechanism that is potent enough to eradicate the 
pathogen but not so potent as to cause unnecessary damage to the body. But, when this 
regulated immune mediated defense mechanism against the invading pathogenic bacteria 
gets deregulated then it causes harm to the body’s own organs and leads to the 
development of the particular organ specific damage (compartmentalized inflammation) or 
the development of systemic inflammatory response syndrome (SIRS) or the sepsis. 
Accordingly, acute inflammation is a self resolving property of immune mediated reaction and 
is a highly regulated cascade of events (Khatami, 2011). These events were recently described 
as ‘Yin’ (i.e. apoptosis, pro-inflammatory molecules etc.) and ‘Yang’ (i.e. wound healing, anti-
inflammatory, resolution phase etc.) phenomenon with an intimate involvement of vascular 
components (Khatami, 2008; Khatami, 2009). For example, in severe acute inflammatory 
conditions like sepsis, which is mediated by cytokine storm or pneumonia the causative agents 
bypass normal host immune response activated in the form of acute inflammation by first 
damaging the blood vascular system integrity and then gain access to different compartments 
of the body and induce excess production of pro-apoptotic as well as tissue damaging 
molecules (i.e. TNF-α, various interleukins, and free radicals) (Khatami, 2011). These molecules 
are potent enough for damaging and shutting down the immune-tissue interaction leading to 
enhanced tissue damage and in case of sepsis, development of multi organ failure, septic shock 
and ultimately death of the patient (Khatami, 2011).  
According to the nomenclature, SIRS associated with a documented infection is sepsis. To 
date, most studies of the etiology and outcome of SIRS have focused on severely ill patients 
treated at intensive care units (Davis and Wenzel, 1995; Rixen et al., 1996; Headley et al., 
1997; and Bonten et al., 1997). Sepsis/SIRS and septic shock originated due to gram negative 
or gram positive bacterial infection or caused by other pathogens like fungi, parasites or 
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and ultimately death of the patient (Khatami, 2011).  
According to the nomenclature, SIRS associated with a documented infection is sepsis. To 
date, most studies of the etiology and outcome of SIRS have focused on severely ill patients 
treated at intensive care units (Davis and Wenzel, 1995; Rixen et al., 1996; Headley et al., 
1997; and Bonten et al., 1997). Sepsis/SIRS and septic shock originated due to gram negative 
or gram positive bacterial infection or caused by other pathogens like fungi, parasites or 
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viruses have become increasingly important over the past decades due to increased 
incidence of their occurrence as well as increased mortality and morbidity associated with 
sepsis in both developing as well as developed world (Glauser et al., 1991). For example, in 
the United States alone, the rate of septicemia got more than doubled between 1979 and 
1987 causing up to 250,000 deaths annually (Perillo, 1993; Opal and Cohen, 1999). However, 
more than 18 million people are affected by sepsis worldwide and has an expected 1% 
increase annually in intensive care units (ICUs) (Ulloa and Tracey, 2005). It accounts for 
about 9.3% of overall deaths occurring annually in USA (Chen et al., 2005).  
For example, it affects 600,000 people annually in United States with a mortality rate varying 
from 20-60% despite extensive use of antibiotics and other advanced supportive therapies 
(i.e. Use of ventilator assisted respiration, drugs for reversing high blood pressure and 
continuous cardiac monitoring) (Ward, 2004). The management of septic patients and their 
treatment, costs approximately $ 17 billion annually only in United States (Angus et al., 
2001). This data makes the sepsis 3rd leading cause of death in developed and industrialized 
world and deaths associated with sepsis equals the death associated with myocardial 
infarction in these countries (Martin et al., 2003). Sepsis is characterized by overwhelming 
stimulation of innate immune cells (i.e. Macrophages, Neutrophils, Mast cells and Dendritic 
(DCs) cells etc.) in response to pathogens and their products [i.e, Lipopolysaccharide (LPS), 
Lipoteichoic acid (LTA) or Peptidoglycan (PGN)], which leads to exaggerated release of pro-
inflammatory mediators [i.e. cytokines (TNF-α, IL-1, IL-6, IL-18, MIP, IL-12 etc.)] responsible 
for the development sepsis and SIRS. Initially these mediators are released by these innate 
immune cells to contain the infection and to warn the body against invading pathogen or 
danger signal. But increased synthesis and release of these mediators in an uncontrolled 
manner due to overstimulation of the innate immune system instead of protecting the host 
leads to the development of SIRS. This SIRS, in turn becomes detrimental to host and causes 
capillary leakage, tissue injury, multiple organ failure, disseminated intravascular 
coagulation (DSIC), leading to development of septic shock and ultimate death of the 
patient (Cohen, 2002). 
Earlier immunotherapeutic approaches like use of monoclonal antibodies against TNF-α, IL-
receptor antagonists and TNF receptor perfusion proteins proved effective in combating 
various other inflammatory disorders like Crohn’s diseases (CD), Inflammatory Bowel 
Disease (IBD), Rheumatoid Arthritis (RA) and showed modest effect in clinical trials and 
failed to receive US FDA approval for their use as therapeutic agents in sepsis management 
(Kumar and Sharma, 2008). Thus, the agents effective in treating other inflammatory 
disorders failed to treat sepsis or SIRS like conditions. This failure compelled us to 
understand the role of innate immune system in the immunopathogenesis of sepsis or SIRS 
associated with gram negative or gram positive bacterial infections, for designing better 
immunomodulatory therapeutic agents, which will be able to only modify the pathogenic 
immune response leaving the protective immune response intact.  
In the present review (Chapter) an in depth attempt has been made to understand the role of 
innate immune system in the pathogenesis of sepsis or SIRS and exploration of various 
innate immune system targets to be used as future immunomodulatory strategies for sepsis 
management. 

2. Sepsis in its clinical presentation  
The clinical symptoms of sepsis were already known to Hippocrates (460-377 BC), and he 
introduced the term ‘wound putrefication’. Additionally, the Persian ‘father of modern 
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medicine,’ Ibna Sina (AD 980-1037) observed that septicemia was usually accompanied by 
fever (Rittirsch et al., 2008). However, the modern concept of sepsis or severe inflammatory 
response syndrome entered into daily practice of medicine by Roger Bone and colleagues, 
who defined the sepsis as SIRS that can occur during infection (Bone et al., 1992). Sepsis or 
its more severe form called systemic inflammatory response syndrome (SIRS) or septic 
shock can be described as a very complex clinical presentation of array of pathological 
symptoms occurring as a result of exaggerated activation of host’s innate immune system 
against infectious agents or to other stimuli like trauma, burns, hemorrhagic pancreatitis as 
well as immune mediated tissue injury (Bone et al., 1992). However, clinically onset of sepsis 
in a patient can be determined by the presence of bacteria in blood, hypothermia (<360C) or 
hyperthermia (>380C) tachycardia (>90 beats/min), tachypnea (>20 breaths per minute or 
P<32mm Hg) and leukocytopenia (<4 x 109 cells/L) or leukocytosis (>12 x 109 cells/L) 
(Kumar and Sharma, 2008). SIRS can be diagnosed in patients when they do not have 
bacteria in their blood or their blood culture reports are negative for bacteria but are 
showing two or more above mentioned symptoms. This observation is true for about 50% 
patients with the above mentioned signs and symptoms. However, SIRS is accompanied by 
signs of damage to vital organs (i.e. lungs, kidneys, liver, heart and brain etc.) like 
development of hypoxia, oliguria, lactic acidosis, elevated levels of hepatic enzymes (i.e. 
Aminotransferases i.e. Aspartate aminotransferase (AST or SGOT) or Alanine 
aminotransferase (ALT or SGPT) and altered cerebral function along with bacterial growth 
(Matot and Sprung, 2001; Angus et al., 2001). While, severe sepsis is sepsis associated with 
hypotension (a systolic blood pressure <90 mmHg or a reduction of ≥40 mmHg from base-
line in the absence of other causes of hypotension), hypoperfusion or organ dysfunction. 
Septic shock is hypotension despite adequate fluid resuscitation with the presence of organ 
perfusion abnormalities (Takala et al., 1999). 
The cost of treatment and management of sepsis in the USA alone is around $ 16.7 Billion 
per year (Abraham et al., 2000). More than 500,000 patients develop sepsis in the USA alone 
with an incidence rising ~ 1.5% per year (Abraham et al., 2000) and more than 210,000 
people in USA alone die with sepsis (Deans et al., 2005). Therefore, it has become very 
important for researchers involved in sepsis research to correctly understand the 
immunopathogenesis of sepsis or SIRS so that better therapeutic targets for sepsis can be 
revealed.  

3. Immunopathogenesis of sepsis  
The molecular bacterial motifs which are recognized by host’s innate immune system are 
described as pathogen-associated molecular patterns (PAMPs) or more accurately 
microorganism-associated molecular patterns as it is not clear how the innate immune 
system distinguishes signals from pathogenic organisms and commensal microbes. PAMPs 
include components of the cell wall i.e. lipopolysaccharide (LPS) from Gram-negative 
bacteria, and lipoteichoic acid (LTA) from Gram-positive bacteria as well as CpG DNA 
(bacterial DNA rich in cytosine-phosphate diesterguanosine), bacterial flagellins and 
double-stranded RNAs (dsRNA) from viruses (Alexopoulou et al., 2001). On the other hand, 
immunological recognition of damaged tissue is mediated by intracellular proteins or 
mediators which are released from dying cells. These proteins are known as ‘alarmins’ (Box 
1) and, together with PAMPs, are referred to as damage-associated molecular patterns 
(DAMPs) (Bianchi et al., 2007; Yang et al., 2009) 
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(DCs) cells etc.) in response to pathogens and their products [i.e, Lipopolysaccharide (LPS), 
Lipoteichoic acid (LTA) or Peptidoglycan (PGN)], which leads to exaggerated release of pro-
inflammatory mediators [i.e. cytokines (TNF-α, IL-1, IL-6, IL-18, MIP, IL-12 etc.)] responsible 
for the development sepsis and SIRS. Initially these mediators are released by these innate 
immune cells to contain the infection and to warn the body against invading pathogen or 
danger signal. But increased synthesis and release of these mediators in an uncontrolled 
manner due to overstimulation of the innate immune system instead of protecting the host 
leads to the development of SIRS. This SIRS, in turn becomes detrimental to host and causes 
capillary leakage, tissue injury, multiple organ failure, disseminated intravascular 
coagulation (DSIC), leading to development of septic shock and ultimate death of the 
patient (Cohen, 2002). 
Earlier immunotherapeutic approaches like use of monoclonal antibodies against TNF-α, IL-
receptor antagonists and TNF receptor perfusion proteins proved effective in combating 
various other inflammatory disorders like Crohn’s diseases (CD), Inflammatory Bowel 
Disease (IBD), Rheumatoid Arthritis (RA) and showed modest effect in clinical trials and 
failed to receive US FDA approval for their use as therapeutic agents in sepsis management 
(Kumar and Sharma, 2008). Thus, the agents effective in treating other inflammatory 
disorders failed to treat sepsis or SIRS like conditions. This failure compelled us to 
understand the role of innate immune system in the immunopathogenesis of sepsis or SIRS 
associated with gram negative or gram positive bacterial infections, for designing better 
immunomodulatory therapeutic agents, which will be able to only modify the pathogenic 
immune response leaving the protective immune response intact.  
In the present review (Chapter) an in depth attempt has been made to understand the role of 
innate immune system in the pathogenesis of sepsis or SIRS and exploration of various 
innate immune system targets to be used as future immunomodulatory strategies for sepsis 
management. 

2. Sepsis in its clinical presentation  
The clinical symptoms of sepsis were already known to Hippocrates (460-377 BC), and he 
introduced the term ‘wound putrefication’. Additionally, the Persian ‘father of modern 
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medicine,’ Ibna Sina (AD 980-1037) observed that septicemia was usually accompanied by 
fever (Rittirsch et al., 2008). However, the modern concept of sepsis or severe inflammatory 
response syndrome entered into daily practice of medicine by Roger Bone and colleagues, 
who defined the sepsis as SIRS that can occur during infection (Bone et al., 1992). Sepsis or 
its more severe form called systemic inflammatory response syndrome (SIRS) or septic 
shock can be described as a very complex clinical presentation of array of pathological 
symptoms occurring as a result of exaggerated activation of host’s innate immune system 
against infectious agents or to other stimuli like trauma, burns, hemorrhagic pancreatitis as 
well as immune mediated tissue injury (Bone et al., 1992). However, clinically onset of sepsis 
in a patient can be determined by the presence of bacteria in blood, hypothermia (<360C) or 
hyperthermia (>380C) tachycardia (>90 beats/min), tachypnea (>20 breaths per minute or 
P<32mm Hg) and leukocytopenia (<4 x 109 cells/L) or leukocytosis (>12 x 109 cells/L) 
(Kumar and Sharma, 2008). SIRS can be diagnosed in patients when they do not have 
bacteria in their blood or their blood culture reports are negative for bacteria but are 
showing two or more above mentioned symptoms. This observation is true for about 50% 
patients with the above mentioned signs and symptoms. However, SIRS is accompanied by 
signs of damage to vital organs (i.e. lungs, kidneys, liver, heart and brain etc.) like 
development of hypoxia, oliguria, lactic acidosis, elevated levels of hepatic enzymes (i.e. 
Aminotransferases i.e. Aspartate aminotransferase (AST or SGOT) or Alanine 
aminotransferase (ALT or SGPT) and altered cerebral function along with bacterial growth 
(Matot and Sprung, 2001; Angus et al., 2001). While, severe sepsis is sepsis associated with 
hypotension (a systolic blood pressure <90 mmHg or a reduction of ≥40 mmHg from base-
line in the absence of other causes of hypotension), hypoperfusion or organ dysfunction. 
Septic shock is hypotension despite adequate fluid resuscitation with the presence of organ 
perfusion abnormalities (Takala et al., 1999). 
The cost of treatment and management of sepsis in the USA alone is around $ 16.7 Billion 
per year (Abraham et al., 2000). More than 500,000 patients develop sepsis in the USA alone 
with an incidence rising ~ 1.5% per year (Abraham et al., 2000) and more than 210,000 
people in USA alone die with sepsis (Deans et al., 2005). Therefore, it has become very 
important for researchers involved in sepsis research to correctly understand the 
immunopathogenesis of sepsis or SIRS so that better therapeutic targets for sepsis can be 
revealed.  

3. Immunopathogenesis of sepsis  
The molecular bacterial motifs which are recognized by host’s innate immune system are 
described as pathogen-associated molecular patterns (PAMPs) or more accurately 
microorganism-associated molecular patterns as it is not clear how the innate immune 
system distinguishes signals from pathogenic organisms and commensal microbes. PAMPs 
include components of the cell wall i.e. lipopolysaccharide (LPS) from Gram-negative 
bacteria, and lipoteichoic acid (LTA) from Gram-positive bacteria as well as CpG DNA 
(bacterial DNA rich in cytosine-phosphate diesterguanosine), bacterial flagellins and 
double-stranded RNAs (dsRNA) from viruses (Alexopoulou et al., 2001). On the other hand, 
immunological recognition of damaged tissue is mediated by intracellular proteins or 
mediators which are released from dying cells. These proteins are known as ‘alarmins’ (Box 
1) and, together with PAMPs, are referred to as damage-associated molecular patterns 
(DAMPs) (Bianchi et al., 2007; Yang et al., 2009) 



 
Inflammatory Diseases – Immunopathology, Clinical and Pharmacological Bases 60

 
Fig. 1. Role of TLRs in sepsis pathogenesis and their inhibition of its management. 

In Gram-negative bacteria (i.e. Pseudomanas aeruginosa, Escherichia coli, Klebsiella pneumoniae 
etc.), LPS plays a major role by acting as a microbial associated molecular pattern. Having 
withstanding or by tolerating the host’s local immune defense these gram negative bacteria 
enter the blood stream. Once the LPS gets released from the bacteria into the blood it binds 
to LPS-binding protein (LPB), which then delivers it to CD14 (a 55kDa cell-surface molecule) 
present on cells of myeloid origin i.e. monocytes and macrophages (Wright et al., 1990). 
CD14 is linked to glycosylphosphatidylinositol (GPI) on the cell surface and is not bound by 
transmembrane domains. Therefore, it requires formation of trimolecular receptor cluster 
with Toll-like receptor 4 (TLR-4) and the accessory protein MD-2 (Shimazu et al., 1999), for 
transmitting signal to innate immune cells leading to hyperactivation of innate immune 
response (Akashi et al., 2000) (Fig. 1). But several studies have also shown the CD14 
independent activation of TLR4 receptors on innate immune cells by LPS (Lynn et al., 1993; 
Triantafilou et al., 2000) and that the monoclonal antibodies blocking CD14 do not inhibit 
LPS-induced TNF-α secretion, which confirms the existence of some alternative pathways of 
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LPS recognition by TLR4 (Gessani et al., 1993). Recently, a study by Brown et al (2011) has 
shown that Platelet cells (do not express CD14 but express TLR-4 receptors) are activated by 
LPS stimulation and release pro-inflammatory IL-1β rich microparticles, which also 
contributes to exaggerated immune response observed during sepsis and promotes 
endothelial cells activation. This accumulating evidence suggests that the CD14-MD2-TLR4 
model of LPS recognition is an oversimplified presentation of LPS recognition by innate 
immune cells. Thus, various pattern recognition receptors (PRRs) are involved in LPS 
recognition and in activation of overwhelming innate immune response. The various PRRs 
involved in pathogenesis of sepsis are listed in Table 1. 
 
Receptors Immune cells

CD14 Monocytes and macrophages (Wright et al., 1990) 

TLR4 Monocytes, macrophages, mast cells, neutrophils, endothelial cells, 
regulatory cells, platelets (Horenf et al., 2003; Giardin et al., 2003) 

TLR2  
Myeloid cells, epithelial cell, surface membranes and phagolysomes, mast 
cells, NK cells, mature DCs and T cells (Giardin et al., 2003; McCurdy et 
al., 2003; Kumai-Koma et al., 2004) 

CD11b/CD18 Monocytes, macrophages, NK cells and neutrophils (Wright et al., 1986) 

CD55 Leukocytes (Heine et al., 2001) 

TREM-1 Neutrophils, monocytes (Nathan and Ding, 2001)) 

RP105 B cells (Ogata et al., 2000) 

CXCR4 Monocytes, macrophages, neutrophils, T, B, NK, and dendritic cells 
(DCs), astrocytes and endothelial cells (Triantafilou et al., 2001) 

MDL-1 Neutrophils, monocytes and macrophages (Liu et al., 2001; methe et al., 
2005) 

NOD1 and NOD2 All immune cells (Bouchan et al., 2001; Giardin et al., 2003) 

CCR4  Dendritic cells (DCs), macrophages, NK cells, Platelets, Basophils, T cells 
(Giardin et al., 2003) 

Table 1. Pattern recognition receptors involved in sepsis development. 

3.1 Role of Toll like receptors in sepsis pathogenesis 
Toll-like receptors are evolutionary conserved proteins expressed by innate immune cells in 
vertebrate immune system. Toll is a transmembrane receptor, which was first identified as 
an essential component in dorsal-ventral embryonic development in Drosophila (Gobert et 
al., 2003). Until now, 11 TLRs have been identified in mammals (Zhang et al., 2004) but only 
10 are found in humans and have highly conserved intracellular TIR domain playing an 
important role in protein-protein interaction and signaling activation. The extracellular 
domains of TLRs which are involved in recognition of PAMPs contain leucine-rich repeats 
(LRRs). Although LRRs vary, and how they recognize differences between different PAMPs 
is not clear.  
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LPS recognition by TLR4 (Gessani et al., 1993). Recently, a study by Brown et al (2011) has 
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LPS stimulation and release pro-inflammatory IL-1β rich microparticles, which also 
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endothelial cells activation. This accumulating evidence suggests that the CD14-MD2-TLR4 
model of LPS recognition is an oversimplified presentation of LPS recognition by innate 
immune cells. Thus, various pattern recognition receptors (PRRs) are involved in LPS 
recognition and in activation of overwhelming innate immune response. The various PRRs 
involved in pathogenesis of sepsis are listed in Table 1. 
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Myeloid cells, epithelial cell, surface membranes and phagolysomes, mast 
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MDL-1 Neutrophils, monocytes and macrophages (Liu et al., 2001; methe et al., 
2005) 

NOD1 and NOD2 All immune cells (Bouchan et al., 2001; Giardin et al., 2003) 

CCR4  Dendritic cells (DCs), macrophages, NK cells, Platelets, Basophils, T cells 
(Giardin et al., 2003) 

Table 1. Pattern recognition receptors involved in sepsis development. 

3.1 Role of Toll like receptors in sepsis pathogenesis 
Toll-like receptors are evolutionary conserved proteins expressed by innate immune cells in 
vertebrate immune system. Toll is a transmembrane receptor, which was first identified as 
an essential component in dorsal-ventral embryonic development in Drosophila (Gobert et 
al., 2003). Until now, 11 TLRs have been identified in mammals (Zhang et al., 2004) but only 
10 are found in humans and have highly conserved intracellular TIR domain playing an 
important role in protein-protein interaction and signaling activation. The extracellular 
domains of TLRs which are involved in recognition of PAMPs contain leucine-rich repeats 
(LRRs). Although LRRs vary, and how they recognize differences between different PAMPs 
is not clear.  
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TLR-4 plays a key role in the onset of sepsis syndrome. Initial studies in C3H/HeJ and 
C57BL/10ScCr mice have shown that these strains are resistant to sepsis development as 
they have mutated TLR4 genes. This is further confirmed clinically where individuals 
exhibiting the missense mutations (Asp299Gly and Thr399Ile) affecting extracellular 
domains of TLR4 are resistant to sepsis development (Arbour et al., 2000; Lorenz et al., 2001; 
Schwartz et al., 2002). Thus, these studies prove importance of TLR-4 activation in sepsis 
development. Once the CD14-MD2 TLR-4 complex is formed, the stimulatory signals are 
transmitted from cell membrane to the cell’s internal environment through MyD88 (O’Neil, 
2000). This MyD88 pathway leads to recruitment of IL-receptor (IL-R) associated kinase 
(IRAK) isoforms i.e. IRAK4 (Suzuki et al., 2002), tumor necrosis factor (TNF) receptor-
associated factor-6 (TRAF-6) and transforming growth factor-activated kinase-1 (TAK-1) 
(Zhang et al., 1999; Lomaga et al; 1999; Lee et al., 2000). These events activate signalosome 
(MEMO/IKKα/IKKβ complex) and subsequently allow the entry of nuclear factor-κB (NF-
κB) into the nucleus and transcription of various pro-inflammatory cytokine genes (i.e. TNF-
α, IL-1, IL-6 and IL-8 etc.) (Fig.1). But ligation of TLR-4 also recruits an additional adaptor 
molecule called TIR domain-containing adapter-inducing interferon-β (IFN-β; TRIF) 
(Yamamoto et al., 2003; Hoebe et al., 2003). Thus, this pathway further synergizes the earlier 
pathway and leads to the release of pro-inflammatory cytokines (i.e TNF-α, IL-1, IL-6 and 
IL-8 etc.) along with interferon-β (IFN-β) and up regulates IFN-β dependent genes i.e. IFN-
inducible protein 10 (IP-10) and inducible nitric oxide synthase (iNOS).  
Yamamoto et al (2003) showed that TLR-4 recruits another adaptor molecule called TRIF-
related adaptor molecule (TRAM) which is involved in MyD88 independent pathway. Thus, 
involvement of specific adaptor molecules in the TLR4 pathway made this innate immune 
response more specific to particular PAMP. Together with Gram-negative sepsis, the 
incidence of Gram-positive bacterial sepsis (i.e. Staphylococcus aureus) has also been 
increased. The PAMPs associated with these bacteria are lipoproteins, lipoteichoic acid (LA), 
and peptidoglycan (PGN) which, act as a ligand for TLR2. The binding of LA or PGN to 
TLR2 leads to activation of TIRAP and subsequently MyD88 which follows the downstream 
pathway of pro-inflammatory cytokine release similar to TLR4 (Fig.1). Werts et al (2001) 
have shown that LPS from Leptospira interrogans stimulates innate immune cells and hence 
the release of pro-inflammatory cytokines via binding to TLR2. However, TLRs act as 
essential innate immune receptors which sense the presence of foreign invading bodies and 
send signals to the immune system about the presence of dangers but their increased and 
uncontrolled activation leads to development of sepsis syndrome (Fig. 1). 

4. Host factors beyond TLRS responsible for recognizing and responding to 
bacterial components 
Why the pathogenesis of sepsis is so complicated can be understood by the observation that 
TLRs are not the only mediators of this overwhelming immune response but some other 
host factors are also involved in its pathogenesis which make sepsis development pathway 
more complex and devastating to the host. For example, peptidoglycan-recognition proteins 
(PGRPs) were first discovered in moths and this led to their subsequent discovery in 
Drosophila (Werner et al., 2000) and humans (Liu et al., 2001). Triggering receptors 
expressed on myeloid cells (TREM-1) and myeloid DAP-12 associated lectin (MDL-1) are 
newly recognized and are expressed on human neutrophils and monocytes. TREM-1 shows 
enhanced expression in the presence of different microorganisms and upon LPS exposure 
(Bouchan et al., 2000). Thus, it plays an important role in inflammatory response to LPS 
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during sepsis development. A study by Bouchan et al (2001) has shown that TREM-1 Ig Fc 
fusion protein competes for TREM-1 ligand and results in lowering of serum TNF-α and IL-
1, protecting LPS-exposed mice from death. Hence, this blocking of TREM-1 stimulated pro-
inflammatory cytokine release is an important immunomodulatory therapeutic approach if 
these findings can be reproduced in clinical settings.  
Nod-like receptors (NLRs) are intracellular microbial sensing proteins and the first NLRs 
discovered for their role in recognizing pathogens intracellularly were NOD1 and NOD2. 
NOD1 and NOD2 are cytosolic receptors, which recognize D-γglutamyl-meso-DAP (mDAP) 
and muramyl dipeptide (MDP), both are the subcomponents of peptidoglycan (PGN) as 
well as LPS of gram negative bacteria (Giardin et al., 2003). More specifically, NOD2 
recognizes a minimal motif of muramyl dipeptide (MDP) called GlcNAc-Mur-NAc-
dipeptide that is found in all PGNs, while NOD1 recognizes muropeptides (iE-DAPs) or 
unique diaminopimelate-containing N-acetylglucosamine-N-acetylmuramic acid (GlcNAc-
MurNAc) which are found in the PGN of gram negative bacteria and only some gram 
positive bacteria (Inohara et al., 2001; Giardin et al., 2003; Elinav et al., 2011). N-glycosyl 
muramyl dipeptide from mycobatceria and viral ssRNA also act as additional ligands for 
NOD2 (Coulombe et al., 2009; Sabbah et al., 2009.)  
Structurally, NOD1 and NOD2 are tripartite domain containing molecules which comprised 
of: (1) N-terminal pyrin domain (PYD) or caspase recruitment domain (CARD) and regulate 
homotypic or heterotypic binding. (2) the nucleotide-binding domain (NBD) which follows the 
effector domain (3) the c-terminus, comprising of a series of leucine-rich repeats (LRR) and 
binds to bacterial LPS or PGN in a similar manner to CD14 and TLRs (Tschopp et al., 2003), 
thus playing an important role in ligand binding and autoregulation (Chamillard et al., 2003). 
NOD1 and NOD2 activate NF-κB through the recruitment and oligomerization of receptor-
interacting protein (RIP) 2 or RIP-like interacting CLARP kinase (RICK) and CARD-containing 
ICE-associated kinase (CARDIAK), which results in activation of IκB kinase complex (Bertin et 
al., 1999; Ogura et al., 2001). Recently, Cartwright et al (2007) have also shown that NOD1 
agonist FK 565 causes shock and organ dysfunction even in TLR4–/–, 154TLR2–/– , or MyD88–/– 
mice, emphasizing the importance of NOD1 in sepsis development. Hence, NLRs, especially 
NOD1 and NOD2, are emerging as intracellular PRRs which sense bacteria and bacterial 
products intracellularly and synergize TLRs in an overwhelming and uncontrolled innate 
immune response which leads to the development of sepsis. 
Many studies have shown that ligands of NOD1 and NOD2 synergize with many TLR 
ligands, which also include TLR2 ligands for the release of TNF-α and IL-12 p40 42-44. 
However, analysis of IL-12 production by human DCs revealed that NOD and TLR can also 
act in an antagonistic manner since combined stimulation of NOD2 and TLR2 resulted in 
decreased production of IL12p70, whereas NOD2 activation increased IL12p70 production 
along with stimulation of other TLRs i.e. TLR7 and TLR 8. Watanabe et al (2004) have also 
shown an increased production of cytokines by TLR2 ligands, whereas other TLR ligands 
failed to produce inflammatory cytokines in mice deficient in NOD2 as compared to wild-
type mice. Thus, much work is required to elucidate proper molecular signaling pathways 
involved in TLR2 and NOD2 interaction leading to development of exaggerated systemic 
inflammatory immune response during sepsis.  

5. Complement system and sepsis 
The complement system is another part of the innate immune system which acts as a potent 
protective factor against invading pathogens leading to increased production of C5a, which 
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can actually cause an impaired immune response. The complement system was first 
discovered or recognized by famous microbiologists and Immunologists namely, Paul 
Ehrlich, Jules Bordet and George Nuttall, when they found the bactericidal function of blood 
component against Anthrax bacilli (Nuttall 1888; Bordet, 1895; Bordet, 1898; Ehrlich and 
Morgenroth, 1899). These workers found that bactericidal function of that component of 
blood was inhibited when blood was heated up to 550C or kept at room temperature, and 
they called that component “alexin”. However, in 1899 Paul Ehrlich renamed alexin as 
complement and pronounced it as the heat-stable substance, amboceptor (Ehrlich and 
Morgenroth, 1899). The complement system has three different amplification pathways 
through which it acts: 1) classical, 2) alternative, and 3) lectin-binding pathway. All three 
pathways converge at the level of complement factor called C3 and lead to synthesis of 
cleavage products i.e. C3a, C3b, C5a, C5b and C5b-C9 or membrane attack complex (MAC). 
The complement system plays an important role in sepsis development and multiorgan 
dysfunction syndrome (MODS) associated with sepsis (Bangston and Heidman, 1988; de 
Boer et al., 1993; Nakae et al., 1994; Fierl et al., 2006). The classical pathway is activated by 
antigen-antibody complexes (Reid and Porter, 1988; Muller-Eberhard, 1988), but it is also 
observed that C-reactive protein (CRP), viral proteins, beta amyloid proteins, polyanions 
(bacterial lipopolysaccharides, DNA and RNA) as well as mitochondrial fragments, 
necrotic/apoptotic cells and amyloid P are also able to activate classical pathway (Gewurz et 
al., 1993; Barrington et al., 2001; Gasque, 2004; Thurman and Holers, 2006). While, the 
alternative pathway comes in action by surface sugars and endotoxin molecules of bacteria 
along with protein A, C-reactive protein (CRP), cobra venom factor and damaged tissue 
(Reid and Porter, 1988; Muller-Eberhard, 1988; Gasque, 2004; Ganter et al., 2007). The 
“mannan binding lectin” pathway also recognizes Gram-negative bacterial oligosaccharides 
or lipopolysaccharides (LPS) and activates the complement pathway (Fujita, 2002). Zhao et 
al (2002) have shown that the O-antigen region of LPS activates the complement pathway 
via the lectin pathway and contributes to sepsis. However, Dahlke et al (2011) have shown 
an important role of alternative complement pathway in the contribution of host’s innate 
immune response during sepsis when it is compared to classical complement pathway. This 
is because they found that despite normal bacterial clearance capacity early during the onset 
of sepsis, alternative complement knockout (fd-/-) mice showed increased inflammatory 
cytokine levels and neutrophil recruitment into the lungs and blood when compared with 
wild type (WT) control of classical (C1q-/-) mice. Thus, alternative complement pathway also 
plays an important role in sepsis pathogenesis.  

6. C5A in sepsis immunopathogenesis 
The increased levels of C5a are now considered as “too much of a good thing”(Gerard, 2003) 
and “the dark side in sepsis” (Ward, 2004). The higher concentration of C5a is found both in 
experimentally induced sepsis in animals as well as in humans suffering from sepsis 
(Bangston and Heidman, 1988; Smedegard et al., 1989; de Boer et al., 1993; Nakae et al., 1994; 
Huber-Lang et al., 2001; Ward, 2010). C5a is not only generated from systemic activation of 
the complement system but may also be produced by serine proteases produced by 
activated macrophages and neutrophils, which directly cleaves the C5 into C5a (Sacks et al., 
1978; Huber-Lang et al., 2002). Upon its release into circulation, C5a binds to its 
corresponding receptors, i.e. C5aR (CD88) and decoy receptor (C5L2), and exerts its pro-
inflammatory and tissue damaging effects (Shin et al., 1968; Goldstein et al., 1974). C5a 
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receptor expression on neutrophils and in lungs, liver, kidneys and heart increases during 
sepsis and contributes to multiple organ failure during sepsis (Hoesel et al., 2007; Ward, 
2008). However, activated C5a may also lead to immune paralysis along with thymocyte 
apoptosis (Guo, 2000; Riedemann et al., 2002) (Fig.2). Recent findings have suggested that 
the decoy receptor C5L2 can also mediate the biological action of C5a and C3a via mitogen 
activated protein kinase (MAPKs) activation (Chen et al., 2007) and the loss of C5L2 in blood 
neutrophils mediates sepsis-induced lethality (Rittrisch et al., 2008) (Fig.2).  

 
Fig. 2. Role of complement factor C5a in sepsis pathogenesis and its inhibition. HMGB1 is a 
late stage inflammatory mediator of sepsis pathogenesis and its inhibition (i.e. Ethyl 
Puruvate and Nicotine) helps in decreasing the sepsis associated mortality during 
experimental sepsis.  

Rittirsch et al (2008) showed that C5aR and C5L2 in cooperation with each other provide an 
important role in the pathogenesis of sepsis. This is because they have found a finding that 
C5aR and C5L2 gene knockout mice have an enhanced survival rate compared to wild type 
mice challenged with cecal ligation and puncture (CLP)-induced sepsis (Rittirsch et al., 
2008). They have also shown a link between C5L2 and high-mobility group box-1 protein 
(HMG-B1) and proved that the release of HMGB1 from dying cells during sepsis requires 
the active participation of C5L2 (Fig.2). While, binding of C5A to C5AR leads to release of 
macrophage migration inhibition factor (MIF) from phagocytes (i.e. Neutrophils) 
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can actually cause an impaired immune response. The complement system was first 
discovered or recognized by famous microbiologists and Immunologists namely, Paul 
Ehrlich, Jules Bordet and George Nuttall, when they found the bactericidal function of blood 
component against Anthrax bacilli (Nuttall 1888; Bordet, 1895; Bordet, 1898; Ehrlich and 
Morgenroth, 1899). These workers found that bactericidal function of that component of 
blood was inhibited when blood was heated up to 550C or kept at room temperature, and 
they called that component “alexin”. However, in 1899 Paul Ehrlich renamed alexin as 
complement and pronounced it as the heat-stable substance, amboceptor (Ehrlich and 
Morgenroth, 1899). The complement system has three different amplification pathways 
through which it acts: 1) classical, 2) alternative, and 3) lectin-binding pathway. All three 
pathways converge at the level of complement factor called C3 and lead to synthesis of 
cleavage products i.e. C3a, C3b, C5a, C5b and C5b-C9 or membrane attack complex (MAC). 
The complement system plays an important role in sepsis development and multiorgan 
dysfunction syndrome (MODS) associated with sepsis (Bangston and Heidman, 1988; de 
Boer et al., 1993; Nakae et al., 1994; Fierl et al., 2006). The classical pathway is activated by 
antigen-antibody complexes (Reid and Porter, 1988; Muller-Eberhard, 1988), but it is also 
observed that C-reactive protein (CRP), viral proteins, beta amyloid proteins, polyanions 
(bacterial lipopolysaccharides, DNA and RNA) as well as mitochondrial fragments, 
necrotic/apoptotic cells and amyloid P are also able to activate classical pathway (Gewurz et 
al., 1993; Barrington et al., 2001; Gasque, 2004; Thurman and Holers, 2006). While, the 
alternative pathway comes in action by surface sugars and endotoxin molecules of bacteria 
along with protein A, C-reactive protein (CRP), cobra venom factor and damaged tissue 
(Reid and Porter, 1988; Muller-Eberhard, 1988; Gasque, 2004; Ganter et al., 2007). The 
“mannan binding lectin” pathway also recognizes Gram-negative bacterial oligosaccharides 
or lipopolysaccharides (LPS) and activates the complement pathway (Fujita, 2002). Zhao et 
al (2002) have shown that the O-antigen region of LPS activates the complement pathway 
via the lectin pathway and contributes to sepsis. However, Dahlke et al (2011) have shown 
an important role of alternative complement pathway in the contribution of host’s innate 
immune response during sepsis when it is compared to classical complement pathway. This 
is because they found that despite normal bacterial clearance capacity early during the onset 
of sepsis, alternative complement knockout (fd-/-) mice showed increased inflammatory 
cytokine levels and neutrophil recruitment into the lungs and blood when compared with 
wild type (WT) control of classical (C1q-/-) mice. Thus, alternative complement pathway also 
plays an important role in sepsis pathogenesis.  

6. C5A in sepsis immunopathogenesis 
The increased levels of C5a are now considered as “too much of a good thing”(Gerard, 2003) 
and “the dark side in sepsis” (Ward, 2004). The higher concentration of C5a is found both in 
experimentally induced sepsis in animals as well as in humans suffering from sepsis 
(Bangston and Heidman, 1988; Smedegard et al., 1989; de Boer et al., 1993; Nakae et al., 1994; 
Huber-Lang et al., 2001; Ward, 2010). C5a is not only generated from systemic activation of 
the complement system but may also be produced by serine proteases produced by 
activated macrophages and neutrophils, which directly cleaves the C5 into C5a (Sacks et al., 
1978; Huber-Lang et al., 2002). Upon its release into circulation, C5a binds to its 
corresponding receptors, i.e. C5aR (CD88) and decoy receptor (C5L2), and exerts its pro-
inflammatory and tissue damaging effects (Shin et al., 1968; Goldstein et al., 1974). C5a 
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receptor expression on neutrophils and in lungs, liver, kidneys and heart increases during 
sepsis and contributes to multiple organ failure during sepsis (Hoesel et al., 2007; Ward, 
2008). However, activated C5a may also lead to immune paralysis along with thymocyte 
apoptosis (Guo, 2000; Riedemann et al., 2002) (Fig.2). Recent findings have suggested that 
the decoy receptor C5L2 can also mediate the biological action of C5a and C3a via mitogen 
activated protein kinase (MAPKs) activation (Chen et al., 2007) and the loss of C5L2 in blood 
neutrophils mediates sepsis-induced lethality (Rittrisch et al., 2008) (Fig.2).  

 
Fig. 2. Role of complement factor C5a in sepsis pathogenesis and its inhibition. HMGB1 is a 
late stage inflammatory mediator of sepsis pathogenesis and its inhibition (i.e. Ethyl 
Puruvate and Nicotine) helps in decreasing the sepsis associated mortality during 
experimental sepsis.  

Rittirsch et al (2008) showed that C5aR and C5L2 in cooperation with each other provide an 
important role in the pathogenesis of sepsis. This is because they have found a finding that 
C5aR and C5L2 gene knockout mice have an enhanced survival rate compared to wild type 
mice challenged with cecal ligation and puncture (CLP)-induced sepsis (Rittirsch et al., 
2008). They have also shown a link between C5L2 and high-mobility group box-1 protein 
(HMG-B1) and proved that the release of HMGB1 from dying cells during sepsis requires 
the active participation of C5L2 (Fig.2). While, binding of C5A to C5AR leads to release of 
macrophage migration inhibition factor (MIF) from phagocytes (i.e. Neutrophils) 
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(Riedemann et al., 2004). C5a activates endothelial cells and induces the expression of 
adhesion molecules (i.e. ICAM, VCAM) causing vasodilaton (Schumacher et al., 1991). In 
addition C5a leads to increased production of TNF-α, IL-1β, IL-6, IL-8 (Strieter et al., 1992; 
Hopken et al., 1996) from human leukocytes and in synergy with LPS it also stimulates 
production of macrophage inflammatory protein-2 (MIP-2), cytokine induced neutrophil 
chemoatractant-1 (CINC-1), in addition to other pro-inflammatory cytokines (Guo et al., 
2004). C5a also increases the coagulation cascade by increasing the tissue factor expression 
on endothelial cells and monocytes, thus contributing the induction of disseminated 
intravascular coagulation during sepsis pathogenesis (Muhlfelder et al., 1979; Carson et al., 
1990; Ikeda et al., 1997). C5a also plays a major role in the septic cardiomyopathy 
(Niederbichler et al., 2006) (Fig.2).  
Inhibition of C5a activity by anti-C5a antibody in the rat model of sepsis ameliorated the 
coagulation or fibrinolytic protein changes as well as disseminated intravascular 
coagulation (Laudes et al., 2002). Also Flierl et al (2008) found that in the absence of either 
C3 or C5 very low levels of pro-inflammatory mediators were observed in experimental 
animals challenged with sepsis. This data suggests that complement system activation plays 
an important role in the pathogenesis of sepsis and sepsis related induction of MODS. 
However, no clinical data is available for the use of C5a antagonistic antibody in clinical 
trials for the management of sepsis in septic patient. But the blockade of C5a activity in 
experimental set up has provided beneficiary effect to septic animals and increased their 
survival (Guo and Ward, 2006), so more studies are required for designing better molecules 
for targeting exaggerated tissue damaging activity of C5a. 

7. Toll like receptor and complement system corss talk in sepsis pathogensis 
To respond efficiently against pathogens or some other danger signals host’s complement 
system uses both pattern recognition receptors (PRRs) and missing self recognition 
strategies (Hajishengalis and Lambris, 2010). For example, complement system coordinates 
innate immune system with TLRs to curtain the infection and spread of infectious agent by 
augmenting coagulation (Markiewski et al., 20007). Both complement and TLRs get swiftly 
activated in response to pathogens or their pathogenic components (i.e. LPS, PGN or 
microbial CpG DNA) (Ricklin et al., 2010). Complement system synergizes the TLR-induced 
production of pro-inflammatory cytokines (TNF-α, IL-1β and IL-6) in vitro and in vivo 
through C3aR, and more profoundly through C5aR signaling, thus, leading to more 
pronounced inflammatory immune response observed during sepsis (Zhang et al., 2007). 
TLR-4, TLR-2 and TLR-9 all are involved in potential crosstalk with complement system and 
converge at the level of anaphylatoxin signaling through the signaling molecules called 
mitogen activated protein Kinases (MAPKs) more specifically Erk1/2 and Jnk (Zhang et al., 
2007). That may explain, why inhibiting C5a signaling protects animals from sepsis, induced 
by high doses of LPS or CLP (Guo et al., 2004). 
C5a and TLR crosstalk involves C5aR as well as G- protein–independent C5L2, which may 
have both regulatory and pro-inflammatory roles (Chen et al., 2007; Hajishengalis and 
Lambris, 2008; Rittrisch et al., 2008). C5L2 induces HMGB1 release and contributes 
synergistically with C5aR to exaggerated inflammatory damage in CLP induced sepsis 
(Rittrisch et al., 2008). According to an in vitro study, induction of HMGB1 by C5a or LPS (or 
with their combination) is diminished in C5l2−/− but not C5ar−/− macrophages (Rittrisch 
et al., 2008). These studies suggest that, cooperation of C5L2 and TLR-4 crosstalk involves 
MAPK and phosphatidylinositol-3 pathways. C5L2 and TLR4 might also cooperate in the 
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induction of HMGB1 (Rittrisch et al., 2008). Alternatively, C5L2 also act as a co-receptor for 
TLR4 activation (Ricklin et al., 2010). A previous study has also indicated that complement 
derived C5a anaphylatoxin negatively regulates LPS-induced production of IL-12 family 
cytokines by macrophages, along with decrease in Th1 mediated immune response 
(Hawlisch et al., 2005). Mice deficient in C5a receptor showed resistance against Leishmania 
major infection (Hawlisch et al., 2005). C5a augments the release IL-6 from LPS-stimulated 
neutrophils in vitro while, blockade of C5a reduced IL-6 levels in septic rats (Riedemann et 
al., 2004). In addition to LPS, lipoteichoic acid (LTA), a TLR-2 agonist also induced 
complement activation with C5a generation in the human lung (Hoogerwerf et al., 2008). 
While, zymosan, a fungal TLR-2 agonist activated the complement system in vivo in an 
experimental septic peritonitis rat model (Mizumo et al., 2009). Another study by Zhang et 
al (2007) has also showed that complement activation augmented the pro-inflammatory 
cytokine mediated immune response to various TLR agonists in mice. Recently, 
Kaczorowski et al., (2010) showed the LPS and Poly I:C both up regulated the expression of 
factor B, a component of the alternative complement pathway. Thus, microbial metabolites 
and their products have a capability to induce exaggerated inflammatory cascade via 
activating cross talk between complement system and pattern recognition receptors (PRRs).  

8. Cytokines in sepsis pathogensis 
Pro-inflammatory cytokines released due to activation of PRRs during sepsis serve as 
molecular messengers and result in the development of a constellation of clinical signs and 
symptoms characterizing the onset of sepsis. For example, TNF-α is a prototype mediator of 
sepsis and septic shock as its increased concentration in the bloodstream results in 
cardiovascular collapse (Van der Poll and Lowry, 1995). TNF-α is an important mediator of 
sepsis and multiorgan dysfunction syndrome which develop during sepsis as 
administration of TNF-α causes shock, hypotension, intravascular coagulation, hemorrhagic 
necrosis and organ failure in sepsis (Tracey and Cerami., 1994; Hotchkiss and Karl., 2003) 
(Figures 1 and 2). IL-1 is another pro-inflammatory cytokine which binds to IL-1R and 
results in activation of NF-κ B and thus causes further increased release of pro-inflammatory 
cytokines during sepsis (Matsuda et al., 2006) 
High-mobility group box 1 protein (HMGB1) has recently been identified as a late 
mediator of sepsis (Wang et al., 1999; Yang et al., 2001). It is known as late mediator of sepsis 
as macrophages release HMGB1 ~20 hour after activation and serum HMGB1 levels can 
become detectable 20-72 hours after sepsis development (Ombrellino et al., 1999; Czura et 
al., 2003). HMGBI reaches the extracellular environment by its passive release after necrotic 
cell death or by active secretion from activated innate immune cells (Gardella et al., 2002; 
Rendon Mitchell et al., 2003; Erlandsson et al., 2004). The active secretion of HMGB1 from 
monocytes and macrophages occurs in response to inflammatory stimuli like LPS and TNF-
α, IL-1β and IFN-γ. Membrane bound HMGB1 binds to receptor for advanced glycation end 
product (RAGE) with a very high affinity. RAGE promotes leukocyte migration to inflamed 
tissue and its deletion in murine model of sepsis prevented the septic animals from lethality 
(Chavakis et al., 2003; Liliensiek et al., 2004). Along with these cytokines macrophage 
migration inhibitory factor (MIF) also plays an important role in the pathogenesis of sepsis 
and studies have indicated that mice with disrupted MIF gene are resistant to sepsis 
induced by LPS (Bozza et al., 1999). It was the first cytokine to be discovered for having a 
potential role in the pathogenesis of systemic as well as local inflammatory immune 
response (Calandra and Rogers., 2003). MIF also plays an important role in the pathogenesis 
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(Riedemann et al., 2004). C5a activates endothelial cells and induces the expression of 
adhesion molecules (i.e. ICAM, VCAM) causing vasodilaton (Schumacher et al., 1991). In 
addition C5a leads to increased production of TNF-α, IL-1β, IL-6, IL-8 (Strieter et al., 1992; 
Hopken et al., 1996) from human leukocytes and in synergy with LPS it also stimulates 
production of macrophage inflammatory protein-2 (MIP-2), cytokine induced neutrophil 
chemoatractant-1 (CINC-1), in addition to other pro-inflammatory cytokines (Guo et al., 
2004). C5a also increases the coagulation cascade by increasing the tissue factor expression 
on endothelial cells and monocytes, thus contributing the induction of disseminated 
intravascular coagulation during sepsis pathogenesis (Muhlfelder et al., 1979; Carson et al., 
1990; Ikeda et al., 1997). C5a also plays a major role in the septic cardiomyopathy 
(Niederbichler et al., 2006) (Fig.2).  
Inhibition of C5a activity by anti-C5a antibody in the rat model of sepsis ameliorated the 
coagulation or fibrinolytic protein changes as well as disseminated intravascular 
coagulation (Laudes et al., 2002). Also Flierl et al (2008) found that in the absence of either 
C3 or C5 very low levels of pro-inflammatory mediators were observed in experimental 
animals challenged with sepsis. This data suggests that complement system activation plays 
an important role in the pathogenesis of sepsis and sepsis related induction of MODS. 
However, no clinical data is available for the use of C5a antagonistic antibody in clinical 
trials for the management of sepsis in septic patient. But the blockade of C5a activity in 
experimental set up has provided beneficiary effect to septic animals and increased their 
survival (Guo and Ward, 2006), so more studies are required for designing better molecules 
for targeting exaggerated tissue damaging activity of C5a. 

7. Toll like receptor and complement system corss talk in sepsis pathogensis 
To respond efficiently against pathogens or some other danger signals host’s complement 
system uses both pattern recognition receptors (PRRs) and missing self recognition 
strategies (Hajishengalis and Lambris, 2010). For example, complement system coordinates 
innate immune system with TLRs to curtain the infection and spread of infectious agent by 
augmenting coagulation (Markiewski et al., 20007). Both complement and TLRs get swiftly 
activated in response to pathogens or their pathogenic components (i.e. LPS, PGN or 
microbial CpG DNA) (Ricklin et al., 2010). Complement system synergizes the TLR-induced 
production of pro-inflammatory cytokines (TNF-α, IL-1β and IL-6) in vitro and in vivo 
through C3aR, and more profoundly through C5aR signaling, thus, leading to more 
pronounced inflammatory immune response observed during sepsis (Zhang et al., 2007). 
TLR-4, TLR-2 and TLR-9 all are involved in potential crosstalk with complement system and 
converge at the level of anaphylatoxin signaling through the signaling molecules called 
mitogen activated protein Kinases (MAPKs) more specifically Erk1/2 and Jnk (Zhang et al., 
2007). That may explain, why inhibiting C5a signaling protects animals from sepsis, induced 
by high doses of LPS or CLP (Guo et al., 2004). 
C5a and TLR crosstalk involves C5aR as well as G- protein–independent C5L2, which may 
have both regulatory and pro-inflammatory roles (Chen et al., 2007; Hajishengalis and 
Lambris, 2008; Rittrisch et al., 2008). C5L2 induces HMGB1 release and contributes 
synergistically with C5aR to exaggerated inflammatory damage in CLP induced sepsis 
(Rittrisch et al., 2008). According to an in vitro study, induction of HMGB1 by C5a or LPS (or 
with their combination) is diminished in C5l2−/− but not C5ar−/− macrophages (Rittrisch 
et al., 2008). These studies suggest that, cooperation of C5L2 and TLR-4 crosstalk involves 
MAPK and phosphatidylinositol-3 pathways. C5L2 and TLR4 might also cooperate in the 
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induction of HMGB1 (Rittrisch et al., 2008). Alternatively, C5L2 also act as a co-receptor for 
TLR4 activation (Ricklin et al., 2010). A previous study has also indicated that complement 
derived C5a anaphylatoxin negatively regulates LPS-induced production of IL-12 family 
cytokines by macrophages, along with decrease in Th1 mediated immune response 
(Hawlisch et al., 2005). Mice deficient in C5a receptor showed resistance against Leishmania 
major infection (Hawlisch et al., 2005). C5a augments the release IL-6 from LPS-stimulated 
neutrophils in vitro while, blockade of C5a reduced IL-6 levels in septic rats (Riedemann et 
al., 2004). In addition to LPS, lipoteichoic acid (LTA), a TLR-2 agonist also induced 
complement activation with C5a generation in the human lung (Hoogerwerf et al., 2008). 
While, zymosan, a fungal TLR-2 agonist activated the complement system in vivo in an 
experimental septic peritonitis rat model (Mizumo et al., 2009). Another study by Zhang et 
al (2007) has also showed that complement activation augmented the pro-inflammatory 
cytokine mediated immune response to various TLR agonists in mice. Recently, 
Kaczorowski et al., (2010) showed the LPS and Poly I:C both up regulated the expression of 
factor B, a component of the alternative complement pathway. Thus, microbial metabolites 
and their products have a capability to induce exaggerated inflammatory cascade via 
activating cross talk between complement system and pattern recognition receptors (PRRs).  

8. Cytokines in sepsis pathogensis 
Pro-inflammatory cytokines released due to activation of PRRs during sepsis serve as 
molecular messengers and result in the development of a constellation of clinical signs and 
symptoms characterizing the onset of sepsis. For example, TNF-α is a prototype mediator of 
sepsis and septic shock as its increased concentration in the bloodstream results in 
cardiovascular collapse (Van der Poll and Lowry, 1995). TNF-α is an important mediator of 
sepsis and multiorgan dysfunction syndrome which develop during sepsis as 
administration of TNF-α causes shock, hypotension, intravascular coagulation, hemorrhagic 
necrosis and organ failure in sepsis (Tracey and Cerami., 1994; Hotchkiss and Karl., 2003) 
(Figures 1 and 2). IL-1 is another pro-inflammatory cytokine which binds to IL-1R and 
results in activation of NF-κ B and thus causes further increased release of pro-inflammatory 
cytokines during sepsis (Matsuda et al., 2006) 
High-mobility group box 1 protein (HMGB1) has recently been identified as a late 
mediator of sepsis (Wang et al., 1999; Yang et al., 2001). It is known as late mediator of sepsis 
as macrophages release HMGB1 ~20 hour after activation and serum HMGB1 levels can 
become detectable 20-72 hours after sepsis development (Ombrellino et al., 1999; Czura et 
al., 2003). HMGBI reaches the extracellular environment by its passive release after necrotic 
cell death or by active secretion from activated innate immune cells (Gardella et al., 2002; 
Rendon Mitchell et al., 2003; Erlandsson et al., 2004). The active secretion of HMGB1 from 
monocytes and macrophages occurs in response to inflammatory stimuli like LPS and TNF-
α, IL-1β and IFN-γ. Membrane bound HMGB1 binds to receptor for advanced glycation end 
product (RAGE) with a very high affinity. RAGE promotes leukocyte migration to inflamed 
tissue and its deletion in murine model of sepsis prevented the septic animals from lethality 
(Chavakis et al., 2003; Liliensiek et al., 2004). Along with these cytokines macrophage 
migration inhibitory factor (MIF) also plays an important role in the pathogenesis of sepsis 
and studies have indicated that mice with disrupted MIF gene are resistant to sepsis 
induced by LPS (Bozza et al., 1999). It was the first cytokine to be discovered for having a 
potential role in the pathogenesis of systemic as well as local inflammatory immune 
response (Calandra and Rogers., 2003). MIF also plays an important role in the pathogenesis 
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of Gram positive bacteria mediated sepsis i.e. toxic shock syndrome associated with 
Staphylococcus aureus (Calandra et al., 1998). Along with bacterial endo- and exotoxins other 
pro-inflammatory molecules like TNF-α, IFN-γ and C5a are potent stimulators for the 
release of MIF from leukocytes or Immune cells (Calandra and Rogers., 2003; Riedemann et 
al., 2004). However, the pro-inflammatory activity of MIF is mediated by its tautomerase 
activity (i.e. ability to induce tautomerization), which is encoded by a domain containing an 
evolutionarily conserved catalytic site (Lubetsky et al., 2002). In addition to this it also 
amplifies the inflammation by stimulating the secretion of other pro-inflammatory 
cytokines, up regulating the expression of TLR-4 on immunological cells playing active role 
in the pathogenesis of sepsis along with suppressing the p53-dependent apoptosis of 
activated macrophages leading to sustained systemic inflammation at its higher 
concentration (Calandra and Rogers., 2003). Thus, targeting MIF can prove as an effective 
immunomodulatory target for sepsis management. 

8.1 Earlier approaches for sepsis management 
Corticosteroids were one of the most earliest used drugs of choice among patients suffering 
from sepsis and acute respiratory distress syndrome. However, several follow up clinical 
trials did not show any significant benefit in patients suffering from sepsis (Lefering et al., 
1995), although a decrease in serum TNF-α and IL-6 levels of patients was observed those 
taking methylprednisolone. Thus, both the timing and doses of corticosteroid treatment are 
important for successful treatment of sepsis. LPS also plays a major role in the pathogenesis 
of sepsis but the clinical trial with anti-LPS antibody failed (Cohen, 1999). TNF-α is major 
cytokine involved in sepsis development but clinical trials comprising molecules inhibiting 
TNF-α failed and were not beneficial in the treatment of human sepsis (Reinhart et al., 2001). 
IL-1R inactivation with a recombinant IL-1R antagonist reduced mortality in an animal model 
of sepsis (Ohlsson et al., 1990) but the first human clinical trial of this IL-1R antagonist failed 
and did not show beneficial effects in human cases of sepsis (Opal et al., 1997). 
Besides these, other anti-inflammatory therapies used in sepsis comprise platelet-activated 
factor (PAF) inhibitors, inhibitors of arachidonic acid metabolism pathway, and bradykinin 
pathway etc. For example, clinical trial for synthetic antagonists of PAF receptors (i.e. BN52021 
(Ginkgolide B), TCV-309 and BB-882 (Lexipafant) was perofromed among 1,279 patients and a 
non significant decrease in mortality among septic patients was recorded (Placebo 51-5% and 
PAF receptor antagonists, 48.4%) (Dhainaut et al., 1994; Froon et al., 1996; Dhainaut et al., 1998; 
Poeze et al., 2000; Supottamongkol et al., 2000; Vincent et al., 2000). Interferon-γ (IFN-γ) and 
granulocyte colony stimulating factor (GCSF) have also been given to septic patients with little 
success in terms of survival (Vincent et al., 2001). To date drotorecogin alpha (recombinant 
activated Protein C) is the only drug which has been approved by the US FDA for treatment of 
patients with sepsis and associated high risk of death (Reidman et al., 2003) 

8.2 Targeting Innate Immune system as a future Immunomodulatory approach for 
sepsis management 
The picture presented above shows that current approaches to the treatment of sepsis have 
not worked effectively. Also, the inexorable rise of antibiotic resistance among bacterial 
species causing sepsis accompanied by a decrease in new antibiotic discoveries have made 
our healthcare system very helpless in terms of sepsis treatment. Thus, there is no doubt that 
we need effective drug targets and treatment opportunities to overcome these limitations. 
The development of sepsis is a consequence of increased and deleterious response of the 
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innate immune system against invading pathogens, this indicates that the innate immune 
system has evolved to contend with pathogens and not to develop sepsis. As a clinical 
problem, sepsis reflects an unusual situation in which the intolerable burden of bacterial 
pathogens causes increased activation of the innate immune system and damages the host. 
Thus, modulation of the innate immune response during sepsis in the proper direction 
could be used as a novel target for sepsis treatment and represents an important approach to 
the development of future sepsis therapeutics.  
Cationic antimicrobial peptides are a class of anti infective modulators, which function 
independently of TLRs. These peptides have potent antimicrobial activity against pathogens 
with a potent tendency to modulate the innate immune system (Hancock et al., 2006). For 
example, antimicrobial peptide LL-37 neutralizes LPS both in vitro as well as in vivo leading 
to protection in animals against development of endotoxemia (Gough et al., 1996; Marra et 
al., 1990). Earlier, it was assumed that LL-37 directly binds to LPS and neutralizes. However, 
it is not true as it binds to CD14 and prevents development of sepsis (Nagoka et al., 2001). 
Bactericidal/permeability increasing protein (BPI) is another antimicrobial peptide which is 
effective against Gram-negative bacteria as well and also inhibits LPS-induced pro-
inflammatory cytokine release (Weiss et al., 1984; Marra et al., 1990). Recombinant BPI21 or 
rBPI21 is effective in the treatment of sepsis in various murine and rat models (Jiang et al., 
1998: Jiang et al., 1999). The initial phase I and II clinical trials of rBPI21 conducted in 
pediatric patients suffering from meningococcal sepsis indicate that it can be used in 
pediatric sepsis patients (Bowdish et al., 2005). In phase III clinical trial, it also proved 
beneficial and has moderately improved the mortality rate with patients showing moderate 
improvement and requiring fewer amputations (Levin et al., 2000). Thus, rBPI21 can be used 
as an adjunct therapy with standard antibiotic therapies during sepsis treatment to prevent 
sepsis-induced organ damage and amputation. In collaboration with investigators at 
University of Texas Southwestern medical Center, XOMA Ltd. is currently conducting a 
clinical trial of rBPI21 for the treatment of patients with severe burn injury and sepsis (Hirsch 
et al., 2008). However, data regarding the levels of host defense peptides in human sepsis is 
very scarce. For example, Book et al (2007) reported a threefold increase in systemic plasma 
levels of human β defensin 2 in septic patients as compared with healthy control subjects. So 
more study is required in this field of host defense peptides and sepsis pathogenesis.  
TLR4 plays a major role in recognition of LPS and downstream signaling leading to 
development of sepsis. Thus, decreasing or antagonizing the activity of TLR4 may be 
helpful in decreasing mortality associated with sepsis (Figure 1). Eritoran (E 5564) is a TLR4 
specific antagonist and has been shown to be effective in human volunteers with sepsis 
(Lynn et al., 2003; Savov et al., 2005). This antagonist is now under phase II clinical trial 
(115). Ethyl (6R)-6-[N-(2-chloro-4-fluorophenyl) sulfamoyl] cyclohex-1-ene-1-carboxylate 
(TAK-242) inhibited TLR4-mediated cytokine production through suppression of 
intracellular signaling and is under preclinical investigation (Ii et al., 2006). 
Statins are a class of drugs which, inhibit 3-hydroxy- 3-methylglutaryl coenzyme (HMG-
CoA) and are used to treat hypercholesterolemia but they also show immunomodulatory 
properties. Methe et al (2005) have shown that these agents decrease the TLR4 receptor 
expression on CD14+ monocytes and macrophages and thus, the downstream signaling 
involved in sepsis. Pahan et al (1997) have shown the inhibitory effect of statin therapy on 
the release of TNF-α and IL-1 from macrophages and microglial cells. In addition, statins 
modify leukocyte-endothelial cell interactions by down regulating the expression of 
leukocyte function-associated antigen (LFA-1), CD11a and CD18. They also alter the binding 
capacity of LFA1 to ICAM-1 (Lee et al., 1999; Greenwood et al., 2006). Recently, a 
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of Gram positive bacteria mediated sepsis i.e. toxic shock syndrome associated with 
Staphylococcus aureus (Calandra et al., 1998). Along with bacterial endo- and exotoxins other 
pro-inflammatory molecules like TNF-α, IFN-γ and C5a are potent stimulators for the 
release of MIF from leukocytes or Immune cells (Calandra and Rogers., 2003; Riedemann et 
al., 2004). However, the pro-inflammatory activity of MIF is mediated by its tautomerase 
activity (i.e. ability to induce tautomerization), which is encoded by a domain containing an 
evolutionarily conserved catalytic site (Lubetsky et al., 2002). In addition to this it also 
amplifies the inflammation by stimulating the secretion of other pro-inflammatory 
cytokines, up regulating the expression of TLR-4 on immunological cells playing active role 
in the pathogenesis of sepsis along with suppressing the p53-dependent apoptosis of 
activated macrophages leading to sustained systemic inflammation at its higher 
concentration (Calandra and Rogers., 2003). Thus, targeting MIF can prove as an effective 
immunomodulatory target for sepsis management. 

8.1 Earlier approaches for sepsis management 
Corticosteroids were one of the most earliest used drugs of choice among patients suffering 
from sepsis and acute respiratory distress syndrome. However, several follow up clinical 
trials did not show any significant benefit in patients suffering from sepsis (Lefering et al., 
1995), although a decrease in serum TNF-α and IL-6 levels of patients was observed those 
taking methylprednisolone. Thus, both the timing and doses of corticosteroid treatment are 
important for successful treatment of sepsis. LPS also plays a major role in the pathogenesis 
of sepsis but the clinical trial with anti-LPS antibody failed (Cohen, 1999). TNF-α is major 
cytokine involved in sepsis development but clinical trials comprising molecules inhibiting 
TNF-α failed and were not beneficial in the treatment of human sepsis (Reinhart et al., 2001). 
IL-1R inactivation with a recombinant IL-1R antagonist reduced mortality in an animal model 
of sepsis (Ohlsson et al., 1990) but the first human clinical trial of this IL-1R antagonist failed 
and did not show beneficial effects in human cases of sepsis (Opal et al., 1997). 
Besides these, other anti-inflammatory therapies used in sepsis comprise platelet-activated 
factor (PAF) inhibitors, inhibitors of arachidonic acid metabolism pathway, and bradykinin 
pathway etc. For example, clinical trial for synthetic antagonists of PAF receptors (i.e. BN52021 
(Ginkgolide B), TCV-309 and BB-882 (Lexipafant) was perofromed among 1,279 patients and a 
non significant decrease in mortality among septic patients was recorded (Placebo 51-5% and 
PAF receptor antagonists, 48.4%) (Dhainaut et al., 1994; Froon et al., 1996; Dhainaut et al., 1998; 
Poeze et al., 2000; Supottamongkol et al., 2000; Vincent et al., 2000). Interferon-γ (IFN-γ) and 
granulocyte colony stimulating factor (GCSF) have also been given to septic patients with little 
success in terms of survival (Vincent et al., 2001). To date drotorecogin alpha (recombinant 
activated Protein C) is the only drug which has been approved by the US FDA for treatment of 
patients with sepsis and associated high risk of death (Reidman et al., 2003) 

8.2 Targeting Innate Immune system as a future Immunomodulatory approach for 
sepsis management 
The picture presented above shows that current approaches to the treatment of sepsis have 
not worked effectively. Also, the inexorable rise of antibiotic resistance among bacterial 
species causing sepsis accompanied by a decrease in new antibiotic discoveries have made 
our healthcare system very helpless in terms of sepsis treatment. Thus, there is no doubt that 
we need effective drug targets and treatment opportunities to overcome these limitations. 
The development of sepsis is a consequence of increased and deleterious response of the 
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innate immune system against invading pathogens, this indicates that the innate immune 
system has evolved to contend with pathogens and not to develop sepsis. As a clinical 
problem, sepsis reflects an unusual situation in which the intolerable burden of bacterial 
pathogens causes increased activation of the innate immune system and damages the host. 
Thus, modulation of the innate immune response during sepsis in the proper direction 
could be used as a novel target for sepsis treatment and represents an important approach to 
the development of future sepsis therapeutics.  
Cationic antimicrobial peptides are a class of anti infective modulators, which function 
independently of TLRs. These peptides have potent antimicrobial activity against pathogens 
with a potent tendency to modulate the innate immune system (Hancock et al., 2006). For 
example, antimicrobial peptide LL-37 neutralizes LPS both in vitro as well as in vivo leading 
to protection in animals against development of endotoxemia (Gough et al., 1996; Marra et 
al., 1990). Earlier, it was assumed that LL-37 directly binds to LPS and neutralizes. However, 
it is not true as it binds to CD14 and prevents development of sepsis (Nagoka et al., 2001). 
Bactericidal/permeability increasing protein (BPI) is another antimicrobial peptide which is 
effective against Gram-negative bacteria as well and also inhibits LPS-induced pro-
inflammatory cytokine release (Weiss et al., 1984; Marra et al., 1990). Recombinant BPI21 or 
rBPI21 is effective in the treatment of sepsis in various murine and rat models (Jiang et al., 
1998: Jiang et al., 1999). The initial phase I and II clinical trials of rBPI21 conducted in 
pediatric patients suffering from meningococcal sepsis indicate that it can be used in 
pediatric sepsis patients (Bowdish et al., 2005). In phase III clinical trial, it also proved 
beneficial and has moderately improved the mortality rate with patients showing moderate 
improvement and requiring fewer amputations (Levin et al., 2000). Thus, rBPI21 can be used 
as an adjunct therapy with standard antibiotic therapies during sepsis treatment to prevent 
sepsis-induced organ damage and amputation. In collaboration with investigators at 
University of Texas Southwestern medical Center, XOMA Ltd. is currently conducting a 
clinical trial of rBPI21 for the treatment of patients with severe burn injury and sepsis (Hirsch 
et al., 2008). However, data regarding the levels of host defense peptides in human sepsis is 
very scarce. For example, Book et al (2007) reported a threefold increase in systemic plasma 
levels of human β defensin 2 in septic patients as compared with healthy control subjects. So 
more study is required in this field of host defense peptides and sepsis pathogenesis.  
TLR4 plays a major role in recognition of LPS and downstream signaling leading to 
development of sepsis. Thus, decreasing or antagonizing the activity of TLR4 may be 
helpful in decreasing mortality associated with sepsis (Figure 1). Eritoran (E 5564) is a TLR4 
specific antagonist and has been shown to be effective in human volunteers with sepsis 
(Lynn et al., 2003; Savov et al., 2005). This antagonist is now under phase II clinical trial 
(115). Ethyl (6R)-6-[N-(2-chloro-4-fluorophenyl) sulfamoyl] cyclohex-1-ene-1-carboxylate 
(TAK-242) inhibited TLR4-mediated cytokine production through suppression of 
intracellular signaling and is under preclinical investigation (Ii et al., 2006). 
Statins are a class of drugs which, inhibit 3-hydroxy- 3-methylglutaryl coenzyme (HMG-
CoA) and are used to treat hypercholesterolemia but they also show immunomodulatory 
properties. Methe et al (2005) have shown that these agents decrease the TLR4 receptor 
expression on CD14+ monocytes and macrophages and thus, the downstream signaling 
involved in sepsis. Pahan et al (1997) have shown the inhibitory effect of statin therapy on 
the release of TNF-α and IL-1 from macrophages and microglial cells. In addition, statins 
modify leukocyte-endothelial cell interactions by down regulating the expression of 
leukocyte function-associated antigen (LFA-1), CD11a and CD18. They also alter the binding 
capacity of LFA1 to ICAM-1 (Lee et al., 1999; Greenwood et al., 2006). Recently, a 
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randomized controlled trial for statin therapy is also done in patients with presumed 
infections (Kruger et al., 2011). Thus, statin therapy is capable of preventing both cytokine 
and neutrophil-induced tissue damage observed in sepsis and can be used as an adjuvant in 
the treatment of sepsis.  
NF-κB is a major nuclear transcription factor, which is associated with the synthesis and 
release of various pro-inflammatory cytokines along with the expression of various 
adhesion molecules. Therefore, pharmacological inhibitors of NF-κB have been evaluated in 
murine and rodent models of sepsis and endotoxemia. Matsuda et al (2006) tested decoy 
oligonucleotides (ODNs) directed against NF-κB on inflammatory gene over expression and 
pulmonary derangements in mice with sepsis and they found an improved outcome with 
significant reduction in sepsis mediated acute lung injury (ALI). Pretreatment of septic 
animals with Pyrrolidine dithiocarbamate also prevented LPS-induced increased TNF-α, 
COX-II and adhesion molecules involved in neutrophil sequestration to various organs and 
decreased the mortality among septic animals. Pharmacological inhibition or genetic 
deletion of glycogen synthase kinase-3β down regulated the NF-κB DNA binding and 
expression of NF-κB dependent genes (Demarchi et al., 2003; Takada et al., 2004). GSK-3β 
inhibitors (i.e. TDZD-8, SB216763 and SB415286) proved beneficial to experimental animal 
model of sepsis (Dugo et al., 2005).  
Since HMGBI is a late mediator of sepsis, targeting HMGB1 after the onset of sepsis can be a 
useful treatment option. This can be explained as experimental studies have shown that 
other anti-inflammatory strategies worked only when they were administered very early or 
at the initial stages of sepsis development. Thus, drugs inhibiting HMGB1 may be a better 
option for treating patients with advanced and later stages of sepsis. Ethyl pyruvate is an 
important inhibitor of HMGB1 and improved the survival of mice when administered 24 
hours after the onset of sepsis (Ulloa et al., 2002). Nicotine, by acting as cholinergic receptor 
agonist, inhibited HMGB1 release in an experimental murine model of sepsis and hence 
increased their survival (wang et al., 2004). Steroyl lysophosphatidylcholine (LPC) also 
inhibits HMGB1 in endotoxemic and septic mice, even when administered 10 hours after 
sepsis development. Steroyl LPC conferred protection against animals suffering from 
experimental sepsis partly by facilitating the elimination of the causative organism and 
partly by inhibiting HMGB1 activity (Yan et al., 2004). HMGBI antagonists (i.e. anti-HMGB1 
antibodies, recombinant A box) also proved beneficial in experimental models of sepsis 
(Yang et al., 2001), thus, HMGB1 inhibition promises as a future immunomodulatory 
therapy in clinical cases of sepsis.  
MIF levels increase significantly during sepsis and play an important role in its pathogenesis 
and severity. Blockade of MIF for as long as 8 hours after experimental sepsis improved the 
survival rate of septic mice and its administration increased mortality of mice treated with 
LPS (Calandra et al., 2000). MIF also regulates TLR4 expression in macrophages (Roger et 
al., 2001). Thus MIF may be a potential therapeutic target in human sepsis. 
Pepducins are newly synthesized lipidated (i.e. palmitic acid) cell-penetrating peptides that 
act by targeting either individual or multiple chemokine receptors. The hydrophobic group 
of the lipid group helps the peptide to get inside the lipid bilayer and allows the peptide to 
interact with receptor at intracellular surface of the plasma membrane (Lomas-Neira et al., 
2005). Neutrophils are major innate immune cells and their increased activity during sepsis 
plays a major role in multiorgan dysfunction (Brown et al., 2006). IL-8 levels during sepsis 
rise abnormally and activate neutrophils and other inflammatory cells via binding to CXCR2 
and CXCR1, thus causing increased infiltration of vital organs neutrophils, which correlates 
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with shock, lung injury and high rate of mortality (Reutershan et al., 2006). Kanieder et al 
(2005) have shown that pepducins by blocking the CXR2 and CXCR1 prevented neutrophil 
infiltration and related organ damage. Pepducins prevented the mortality among septic 
mice when given eight hours after cecal ligation and puncture (CLP). As pepducins 
treatment does not suppress leukocyte trafficking towards other cytokines, its effect can be 
considered immunomodulatory instead of immunosuppressive. Thus, in the future 
Pepducins can be used as innate immune system modulators for the treatment of sepsis.  

8.3 Future perspective 
Despite extensive developments in the understanding of the sepsis pathogenesis, it remains 
one of the leading causes of mortality and morbidity in intensive care units worldwide and 
presents a major challenge for biomedical scientists involved in sepsis research. The earlier 
immunosuppressive agents targeting specific pro-inflammatory cytokines have 
controversial effects as they showed good results in preclinical studies but failed during 
clinical trials (Fisher et al., 1994; Abraham et al., 2001). Thus it has become important to 
understand more precisely the basic immunopathogenesis behind sepsis development so as 
to design better immunomodulatory agents which can be used as future sepsis therapy. The 
US FDA approval of drotrecogin alpha (recombinant activated protein C) as an antisepsis 
molecule has boosted a great interest in pharmaceutical and biotechnology companies to 
investigate the major factors involved in sepsis immunopathogenesis. With great efforts in 
that short period of time various new targets (i.e. TLR-4, CD14, MyD88, IRAK-1, HMGB1, 
NF-κB, MIF and C5a) for sepsis management have been discovered. However, inhibitors of 
these targets worked well in preclinical studies as well as in different phases of clinical trials. 
Recently, Ramos et al (2010) have also shown that mast cell stabilization provides 
therapeutic benefits during sepsis by inhibiting the extracellular release of HMGBI from 
apoptotic cells and increased the survival of septic animals. Also as at later phase of sepsis 
there is immune cell depletion due to extensive apoptosis so another potential strategy may 
involve use of anti-apoptotic cytokines (i.e. IL-7 and IL-15), which have immunostimulatory 
properties (Opal, 2010). IL-7 has the potential to restore lymphocyte effector function and 
improves lymphocyte trafficking through increased integrin expression. Thus, this innate 
immune system based immunomodulatory approach will prove great as innate immune 
system is the major culprit behind the immunopathogenesis of sepsis and sepsis associated 
mortality. Thus, a better understanding of innate immune system function in the 
pathogenesis of sepsis can lead us to identify some novel targets for treating sepsis. But one 
thing should be kept in mind that innate immune system is a very complex system so 
precaution (i.e. system biology and translational approach) is needed when modulating or 
targeting this complex system, to prevent deleterious side effects.  
Abbreviations: IL-1 Interleukin 1; IL-10 Interleukin 10; TNF-α Tumor Necrosis Factor-α; 
CCR2 Chemokine receptor 2; CCR4 chemokine receptor 4; CXCR4 chemokine receptor 4; 
MIF Macrophage migration inhibitory factor; TLR2 Toll like receptor 2; TLR4 Toll like 
receptor 4; TREM-1Triggering receptor expressed on myeloid cells; SIRS Systemic 
Inflammatory Response Syndrome; PAMPs Pathogen Associated Molecular Patterns; PRRs 
Pattern Recognition Receptors; LPS Lipopolysaccharide; LTA Lipoteichoic acid; GSK-3 
Glycogen Synthase Kinase-3 LFA-1Leukocyte function associated antigen-1; LRRs Leucine 
rich repeats; IFN, Interferon; CLP Cecal ligation and puncture; LBP Lipopolysaccharide 
binding protein; GPL Glycosylphosphatidylinositol; IRAK IL-1Receptor associated kinase; 
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randomized controlled trial for statin therapy is also done in patients with presumed 
infections (Kruger et al., 2011). Thus, statin therapy is capable of preventing both cytokine 
and neutrophil-induced tissue damage observed in sepsis and can be used as an adjuvant in 
the treatment of sepsis.  
NF-κB is a major nuclear transcription factor, which is associated with the synthesis and 
release of various pro-inflammatory cytokines along with the expression of various 
adhesion molecules. Therefore, pharmacological inhibitors of NF-κB have been evaluated in 
murine and rodent models of sepsis and endotoxemia. Matsuda et al (2006) tested decoy 
oligonucleotides (ODNs) directed against NF-κB on inflammatory gene over expression and 
pulmonary derangements in mice with sepsis and they found an improved outcome with 
significant reduction in sepsis mediated acute lung injury (ALI). Pretreatment of septic 
animals with Pyrrolidine dithiocarbamate also prevented LPS-induced increased TNF-α, 
COX-II and adhesion molecules involved in neutrophil sequestration to various organs and 
decreased the mortality among septic animals. Pharmacological inhibition or genetic 
deletion of glycogen synthase kinase-3β down regulated the NF-κB DNA binding and 
expression of NF-κB dependent genes (Demarchi et al., 2003; Takada et al., 2004). GSK-3β 
inhibitors (i.e. TDZD-8, SB216763 and SB415286) proved beneficial to experimental animal 
model of sepsis (Dugo et al., 2005).  
Since HMGBI is a late mediator of sepsis, targeting HMGB1 after the onset of sepsis can be a 
useful treatment option. This can be explained as experimental studies have shown that 
other anti-inflammatory strategies worked only when they were administered very early or 
at the initial stages of sepsis development. Thus, drugs inhibiting HMGB1 may be a better 
option for treating patients with advanced and later stages of sepsis. Ethyl pyruvate is an 
important inhibitor of HMGB1 and improved the survival of mice when administered 24 
hours after the onset of sepsis (Ulloa et al., 2002). Nicotine, by acting as cholinergic receptor 
agonist, inhibited HMGB1 release in an experimental murine model of sepsis and hence 
increased their survival (wang et al., 2004). Steroyl lysophosphatidylcholine (LPC) also 
inhibits HMGB1 in endotoxemic and septic mice, even when administered 10 hours after 
sepsis development. Steroyl LPC conferred protection against animals suffering from 
experimental sepsis partly by facilitating the elimination of the causative organism and 
partly by inhibiting HMGB1 activity (Yan et al., 2004). HMGBI antagonists (i.e. anti-HMGB1 
antibodies, recombinant A box) also proved beneficial in experimental models of sepsis 
(Yang et al., 2001), thus, HMGB1 inhibition promises as a future immunomodulatory 
therapy in clinical cases of sepsis.  
MIF levels increase significantly during sepsis and play an important role in its pathogenesis 
and severity. Blockade of MIF for as long as 8 hours after experimental sepsis improved the 
survival rate of septic mice and its administration increased mortality of mice treated with 
LPS (Calandra et al., 2000). MIF also regulates TLR4 expression in macrophages (Roger et 
al., 2001). Thus MIF may be a potential therapeutic target in human sepsis. 
Pepducins are newly synthesized lipidated (i.e. palmitic acid) cell-penetrating peptides that 
act by targeting either individual or multiple chemokine receptors. The hydrophobic group 
of the lipid group helps the peptide to get inside the lipid bilayer and allows the peptide to 
interact with receptor at intracellular surface of the plasma membrane (Lomas-Neira et al., 
2005). Neutrophils are major innate immune cells and their increased activity during sepsis 
plays a major role in multiorgan dysfunction (Brown et al., 2006). IL-8 levels during sepsis 
rise abnormally and activate neutrophils and other inflammatory cells via binding to CXCR2 
and CXCR1, thus causing increased infiltration of vital organs neutrophils, which correlates 
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with shock, lung injury and high rate of mortality (Reutershan et al., 2006). Kanieder et al 
(2005) have shown that pepducins by blocking the CXR2 and CXCR1 prevented neutrophil 
infiltration and related organ damage. Pepducins prevented the mortality among septic 
mice when given eight hours after cecal ligation and puncture (CLP). As pepducins 
treatment does not suppress leukocyte trafficking towards other cytokines, its effect can be 
considered immunomodulatory instead of immunosuppressive. Thus, in the future 
Pepducins can be used as innate immune system modulators for the treatment of sepsis.  

8.3 Future perspective 
Despite extensive developments in the understanding of the sepsis pathogenesis, it remains 
one of the leading causes of mortality and morbidity in intensive care units worldwide and 
presents a major challenge for biomedical scientists involved in sepsis research. The earlier 
immunosuppressive agents targeting specific pro-inflammatory cytokines have 
controversial effects as they showed good results in preclinical studies but failed during 
clinical trials (Fisher et al., 1994; Abraham et al., 2001). Thus it has become important to 
understand more precisely the basic immunopathogenesis behind sepsis development so as 
to design better immunomodulatory agents which can be used as future sepsis therapy. The 
US FDA approval of drotrecogin alpha (recombinant activated protein C) as an antisepsis 
molecule has boosted a great interest in pharmaceutical and biotechnology companies to 
investigate the major factors involved in sepsis immunopathogenesis. With great efforts in 
that short period of time various new targets (i.e. TLR-4, CD14, MyD88, IRAK-1, HMGB1, 
NF-κB, MIF and C5a) for sepsis management have been discovered. However, inhibitors of 
these targets worked well in preclinical studies as well as in different phases of clinical trials. 
Recently, Ramos et al (2010) have also shown that mast cell stabilization provides 
therapeutic benefits during sepsis by inhibiting the extracellular release of HMGBI from 
apoptotic cells and increased the survival of septic animals. Also as at later phase of sepsis 
there is immune cell depletion due to extensive apoptosis so another potential strategy may 
involve use of anti-apoptotic cytokines (i.e. IL-7 and IL-15), which have immunostimulatory 
properties (Opal, 2010). IL-7 has the potential to restore lymphocyte effector function and 
improves lymphocyte trafficking through increased integrin expression. Thus, this innate 
immune system based immunomodulatory approach will prove great as innate immune 
system is the major culprit behind the immunopathogenesis of sepsis and sepsis associated 
mortality. Thus, a better understanding of innate immune system function in the 
pathogenesis of sepsis can lead us to identify some novel targets for treating sepsis. But one 
thing should be kept in mind that innate immune system is a very complex system so 
precaution (i.e. system biology and translational approach) is needed when modulating or 
targeting this complex system, to prevent deleterious side effects.  
Abbreviations: IL-1 Interleukin 1; IL-10 Interleukin 10; TNF-α Tumor Necrosis Factor-α; 
CCR2 Chemokine receptor 2; CCR4 chemokine receptor 4; CXCR4 chemokine receptor 4; 
MIF Macrophage migration inhibitory factor; TLR2 Toll like receptor 2; TLR4 Toll like 
receptor 4; TREM-1Triggering receptor expressed on myeloid cells; SIRS Systemic 
Inflammatory Response Syndrome; PAMPs Pathogen Associated Molecular Patterns; PRRs 
Pattern Recognition Receptors; LPS Lipopolysaccharide; LTA Lipoteichoic acid; GSK-3 
Glycogen Synthase Kinase-3 LFA-1Leukocyte function associated antigen-1; LRRs Leucine 
rich repeats; IFN, Interferon; CLP Cecal ligation and puncture; LBP Lipopolysaccharide 
binding protein; GPL Glycosylphosphatidylinositol; IRAK IL-1Receptor associated kinase; 
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TAK-1 Transforming growth factor- associated kinase-1; HMG-B1 High mobility group box-
1; NF B Nuclear factor kappa B; RAGE Receptor for advanced glycation end products; BP1 
Bacterial permeability/Inhibitory protein 1; CARD Caspase recruitment domain; CARDIAK 
CARD associated ice-activated Kinase; HMG-CoA 3-Hydroxy-3-Methylglutaryl Coenzyme 
A; ICAM-1 Intercellular Adhesion Molecule-1; NOD Nucleotide-binding oligomerization 
domain; TIR Toll-interleukin-1 receptor; PGN Peptidoglycan; MDL-1 Myeloid DAP12-
associating lectin-1. 
 

Alarmins are structurally distinct endogenously releseased mediators which have a great 
potential to recruit and activate inflammatory cell as well as antigen-presenting cells 
(particularly dendritic cells) at the site of inflammation, and consequently possess the 
capacity to enhance innate and adaptive immune responses. These molecules are usually 
constitutively present in cells, such as leukocytes and epithelial cells (including 
keratinocytes), as a part of the cell component that can be either in granules, cytoplasm or 
nucleus. Most alarmins like cytokines can also be induced in response to pro-
inflammatory cytokines and pathogen-associated molecular patterns (PAMPs). Unlike 
cytokines, alarmins are rapidly released by degranulation and/or cell necrosis in 
response to infection or tissue injury. Alarmins are endogenous peptides that are released 
in host defense against danger signals. For example, α-defensins, Lactoferrin, 
Cathelicidins (i.e. LL-37), High Mobility Group Box-1 (HMG-B1), Granulysin, eosinophil-
associated ribonucleases (e.g. eosinophil-derived neurotoxin) are some the well known 
alarmins. 
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Alarmins are structurally distinct endogenously releseased mediators which have a great 
potential to recruit and activate inflammatory cell as well as antigen-presenting cells 
(particularly dendritic cells) at the site of inflammation, and consequently possess the 
capacity to enhance innate and adaptive immune responses. These molecules are usually 
constitutively present in cells, such as leukocytes and epithelial cells (including 
keratinocytes), as a part of the cell component that can be either in granules, cytoplasm or 
nucleus. Most alarmins like cytokines can also be induced in response to pro-
inflammatory cytokines and pathogen-associated molecular patterns (PAMPs). Unlike 
cytokines, alarmins are rapidly released by degranulation and/or cell necrosis in 
response to infection or tissue injury. Alarmins are endogenous peptides that are released 
in host defense against danger signals. For example, α-defensins, Lactoferrin, 
Cathelicidins (i.e. LL-37), High Mobility Group Box-1 (HMG-B1), Granulysin, eosinophil-
associated ribonucleases (e.g. eosinophil-derived neurotoxin) are some the well known 
alarmins. 
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1. Introduction 
The term "Diabetes mellitus" encompasses a heterogeneous group of disorders characterized 
by insulin hyposecretion and/or insensitivity. 
Type 1 DM is a chronic autoimmune disease associated with selective destruction of insulin-
producing pancreatic b-cells. A variety of gene loci have been studied to determine their 
association with type 1 DM. The early studies suggested that the B8 and B15 of HLA class I 
antigens were increased in frequency in the diabetics compared to the control group. 
However, more recently the focus has shifted to the class II HLA-DR locus. It was found that 
DR3 and DR4 were more prevalent than HLA-B in type 1.DM than HLA-B. The nature of 
autoantigen(s) responsible for the induction of type 1 DM is unknown. The identification of 
autoantigens in type 1 DM is essential both for diagnostic purposes and for potential 
immunotherapeutic intervention in the disease process. 
Type 2 DM has a greater genetic association than type 1 DM. The 100% concordance rate in 
identical twins is thought to be overestimated, due to a selection or reporting bias. A 
population based twin study in Finland has shown a concordance rate of 40%. 
Environmental effect may be a possible reason for the higher concordance rate for type 2 
DM than for type 1 DM. Perturbations in glucose metabolism due to insulin resistance are 
further exacerbated when insulin production is compromised.Insulin resistance is a 
characteristic feature of most patients with Type 2 diabetes mellitus.Several cross-sectional 
studies in non diabetic subjects on the general population or in individuals with impaired 
glucose tolerance (IGT)/impaired fasting glucose (IFG) have confirmed that acute-phase 
reactants such as CRP (and sometimes the cytokines IL-6 and TNF-α) are positively 
correlated with measures of insulin resistance/plasma insulin concentration, BMI/waist 
circumference, and circulating triglyceride and negatively correlated with HDL cholesterol 
concentration. In general, increasing components of the metabolic syndrome in individuals 
are associated with higher levels of inflammatory markers. 
In subjects with IGT or IFG, IL-6 but not TNF-α appears to be elevated compared with 
individuals with normal glucose tolerance and in one study, inflammatory markers were 
related to insulin resistance but not to insulin secretion . 
Psoriasis is a chronic inflammatory disease of the skin, scalp, nails, and sometimes  joints 
that affects 1-2 percent of the general population.Psoriasis is a clinical diagnosis. The disease 
is characterized by erythematous and indurate plaque which usually are covered by thick 
silvery white scales and can manifests as psoriatic arthritis (PsA), an inflammatory joint 
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disease resulting in extensive bone resorption and joint destruction. Although the clinical 
course of psoriasis is highly variable between individuals, the lesions are typically recurrent. 
The aim of this study is to define the linkage between psoriasis and diabetes.There has been 
performed a retrospective study (cross- sectional study). The data used in this study were 
obtained from the University Hospital Center “Mother Teresa” in Tirana. Being the only 
University Hospital Center, it admits as well patients from other districts of Albania. 
Clinical files of the patients from moderated to severe psoriasis, hospitalized in the 
dermatology clinic during the period 2000-2010, have been examined. Control group are 
been considered other hospitalized non psoriasis cases in this hospital center. Both groups 
had its glycemia values recorded..T-test (student test) was used to compare the continuous 
variables while the statistical analysis was performed by using SPSS software. 

2. Genetics of psoriasis 
Associations between psoriasis and particular HLA types have been recognized for nearly 
30 years. Henseler and Christophers defined type I psoriasis as having age of onset younger 
than 40 years, with strong HLA associations. Patients with type II disease were 
characterized by age of onset 40 years or older, and much weaker HLA associations Patients 
with type I disease showed a much stronger tendency for familial involvement.The risk ratio 
for first-degree relatives was approximately 10 for patients with type I psoriasis, but only 
about 1 to 2 for those with type II psoriasis.  
The HLA associations identified in the study of familial psoriasis by James T et al. are very 
similar to those identified in previous case-control studies of HLA association in psoriasis.In 
particular, strong associations with HLA-Cw6 and HLA-B57 were found. Approximately 
two thirds of the psoriatic patients in those earlier studies had a family history negative for 
psoriasis and could be assumed to represent sporadic cases. The similarity of the HLA 
associations obtained in pedigree and case-control studies implies that so-called sporadic 
psoriasis must also have a genetic basis. Because no other inflammatory disease manifests 
such a strong HLA-C association, it suspect that the MHC psoriasis gene is a disease-specific 
gene. 
The study of Houglin  Wang et al confirmed that a locus on chromosome 10,  drives the 
development of psoriasiform skin disease as well as arthritis in the presence of low 
expression of the common chain of β2 integrins (CD18).They show that a congenic strain 
containing the 9-cM PL/J element on chromosome 10 (D10mit126 to D10mit194), designated 
as chromosome 10B PSD1 congenic strain, on the resistant C57BL/6J CD18hypo background 
developed psoriasiform skin disease, and most notably also a severe arthritis of joints. The 
PL/J background in the presence of low CD18 expression drives the development of 
psoriasiform skin disease but rarely in combination with arthritis. 
In contrast, the two produced congenic strains harboring fragments telomeric and 
centromeric of the 9-cM PSD1 fragment (chromosomes 10A and 10D) did not develop the 
psoriasiform skin disease and/or arthritis within an observation period of 10 mo. These data 
indicate that a gene (or genes) within the PSD1 locus contribute(s) to pathogenic events 
common to the psoriasiform skin disease and arthritis in this context under the condition of 
low expression of CD18.  
Since the chromosome 10C mice, congenic for a larger fragment of the chromosome 10 
including the PSD1 locus, developed a phenotype identical to the PSD1 congenic 
(chromosome 10B),  they conclude that the PSD1 locus is the major locus within that region. 
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It is estimated that approximately 40% of individuals suffering from psoriasis or psoriatic 
arthritis   
(PsA) have a first-degree relative who has the disease. In addition, concordance rates as high 
as 70% have been reported among identical twins. Given the strong genetic component of 
psoriasis, patients who have psoriasis are often concerned about the heritability of the 
disease. Family studies indicate that if both parents have psoriasis then the offspring have a 
50% chance of developing the disease; if only one parent has psoriasis then the risk for a 
child to develop psoriasis is 16%. If neither parent is affected but a child develops psoriasis 
then his/her siblings have an 8% risk for developing the disease. Men have a higher risk for 
transmitting psoriasis to offspring than women, likely because of genomic imprinting, 
which is an epigenetic effect that causes differential expression of a gene depending on the 
gender of the transmitting parent .Because genetics are immutable, modifiable 
environmental risk factors for psoriasis are of special interest. Further efforts to identify the 
long –sought gene/genes involving in the pathogenesis of psoriasis continue. 

3. Risk factors 
There are several risk factors that may provide the environmental stimulus for T-cell 
proliferation leading to the development of psoriasis. They include psychological stress, 
certain medication such as antimalarial drugs, beta blockers , lithium  and non steroidal, 
anti-inflammatory drugs ,a history of skin infection, obesity ,smoking and alcohol 
consumption . 

3.1 Stessful like events (psychological stress) 
The recognition of psychological needs in patients  with psoriasis is critical for managing the 
condition. Psoriasis can have a substantial psychological and emotional impact on an 
individual, which is not always related to the extent of skin disease. There are elevated rates 
of various psychopathologies among patients with psoriasis including poor self-esteem, 
sexual dysfunction, anxiety, depression, and suicidal ideation.   
In different studies (most of them are retrospective ) from about one third to about three 
fourth of psoriatics believed that  there was a stress worsening of their psoriasis.The results  
of an other study do not indicate a major significance of stress  for plaque psoriasis patients. 
But  this was a small study. The clinical severity of psoriasis may not reflect the degree of 
emotional impact of the disease. Still it cannot be ruled out that stress may be an important 
factor for some psoriasis patients. 

3.2 Smoking 
An increased prevalence of smoking among patients with psoriasis has been observed in 
numerous countries including Finland, Italy, the United Kingdom, Norway, China, and the 
United States. Cigarette smoking has been shown to correlate with increased disease 
severity and increased mortality in causes of death related to smoking in patients with 
psoriasis. 
In a study, 35 patients who smoked more than 10 cigarettes per day had more severe 
psoriasis affecting both forearms, hands and feet compared with non smokers (all P<0.05). 
Studies have proposed different mechanisms that could link nicotine to psoriasis, including 
the enhancement of pro-inflammatory cytokines and altered morphology and functionality 
of leukocytes. 
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3.3 Alcohol consumption 
Multiple studies have shown that increased alcohol use, and  in some cases, abuse, are 
independent risk factors for psoriasis.A positive dose-response relationship between alcohol 
intake and psoriasis severity in women was seen in one prospective questionnaire-based 
study.  
Several studies have evaluated the link between psoriasis and alcoholism. However , further 
study is needed  to determine  whether  an increase in alcohol consumption  is a primary 
risk factor for the development of psoriasis ,or whether alcohol abuse is a secondary factor 
related to psychosocial  rejection that some psoriasis patients may experience. 

3.4 Obesity 
Over the last decade, studies showed a chronic condition of mild inflammation caused by 
obesity, with high levels of TNF-α, IL-6, and C-reactive protein associated with an increase 
of BMI. Obesity could play a role in the development of psoriasis, based on the pro-
inflammatorystate it provokes. Or perhaps it could be a consequence of psoriasis, caused by 
metabolic deregulations induced by the pro-inflammatory state, associated with a poor 
quality of life and inadequate food habits of the disease carrier. 

3.5 Medication 
Psoriasis and psoriasiform eruptions have also been associated with use of other 
antihypertensive such as angiotensin II (AT II) antagonists, calcium channel blockers (CCBs) 
or clonidine. 
Beta-blockers and ACE inhibitors are widely used drugs for the treatment of hypertension, a 
disease which has been associated with psoriasis, but there is no consensus on the 
mechanism by which beta-blockers might induce such a reaction. 

3.6 Infections 
Microorganisms have been associated to the development of psoriasis. β-hemolytic 
streptococcal infections are linked to the development of guttate psoriasis and intercurrent 
infections have been associated to pustular psoriasis flares. Streptococcal antigens have been 
reported, suggesting an autoimmune component in the disease. Protective immunity against 
streptococci is therefore likely to be dependent on both CD4+ and CD8+ T cells. It is of 
interest, in this context, that both CD4+ and CD8+ T cells isolated from psoriatic skin lesions 
have been shown to be respond to crude streptococcal antigens. 

4. Imuno-pathogenesis of psoriasis 
Despite its unknown etiology, there have been break throughs in the understanding of the 
immunopathogenesis of psoriasis in recent years. It is now almost certain that psoriasis is a 
T-lymphocyte mediated inflammatory dermatosis with hyper-proliferation of keratinocytes 
in genetically predisposed subjects.  
At the cellular level, psoriasis is characterized by markedly increased epidermal 
proliferation and incomplete differentiation; elongation, dilatation and “leakiness” of the 
superficial plexus of dermal capillaries; and a mixed inflammatory and immune cell 
infiltrate of the epidermis and papillary dermis. 
It is now believed that the clinical phenotype of psoriatic skin arises from the interplay 
between inflammatory cytokines and cells that make up the cutaneous microenvironment 
(ie, lymphocytes, antigen-presenting cells [APCs], endothelial cells, and keratinocytes).  
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Th1 lymphocytes have been identified as a primary source of inflammatory cytokine 
production in psoriatic skin; regulatory T cells, which normally suppress effector T-cell 
activity, are dysfunctional in the blood and skin of patients who have psoriasis; and recently 
identified Th17 cells produce the cytokine interleukin (IL)-17, which is critical to the 
establishment and maintenance of autoimmunity, and IL-22, which is primarily involved in 
the process of epidermal differentiation and hyperproliferation. APCs (ie, plasmacytoid and 
myeloid dendritic cells) and endothelial cells lining the dermal microvasculature have also 
been shown to play a role in psoriatic disease. In particular, dermal dendritic cells have been 
shown to contribute to the production of Th1 cytokines (such as IFN-α ,TNF-α and IL-2)and 
the recruitment of inflammatory cells into psoriatic plaques. The production of IL-20 and IL-
23 by myeloid dendritic cells has been reported to promote keratinocyte proliferation, up-
regulate inflammatory gene products, and stimulate T-cell activation, all of which contribute 
to psoriatic lesions. Endothelial cells play a critical role in recruiting inflammatory cells 
through their expression of E-selectin, which enhances the homing of cutaneous 
lymphocyte-associated antigen- positive T cells into the skin. Angiogenesis is stimulated by 
the inflammatory process and studies demonstrate that circulating levels of vascular 
endothelial growth factor correlate with psoriasis activity. 

5. Psoriasis and comorbidities 
The multiaspect nature of psoriasis as a systemic disease associated with numerous 
multiorgan abnormalities and complications has been recognized. 
Many epidemiologic studies with varies designs  link psoriasis to systemic metabolic co-
morbidities. Psoriasis and its comorbidities share a common etiological linkage, it is 
hypothesized that proinflammatory cytokines contribute to dyslipidemias, atherogenesis, 
peripheral insulin resistance, type II diabetes, hypertension etc. 

5.1 Cardiovascular risk in patients with psoriasis 
Several studies have demonstrated that cardiovascular diseases and their associated risk 
factors are more common in patients with psoriasis than in the general population. The 
cause of this elevated risk is unclear. Severe psoriasis is associated with an increased 
prevalence of metabolic syndrome. Metabolic syndrome is generally defined by the presence 
of or treatment for at least three of the following five criteria: hypertension, insulin 
resistance, decreased high-density lipoprotein, hypertriglyceridemia, and central obesity.  
Mallbris et al. performed a historical cohort study to assess the risk for cardiovascular 
mortality among psoriasis patients. These data suggest on the one side, that psoriasis 
patients with more severe disease have a substantially increased risk for cardiovascular 
death. On the other side, it can be argued that the available in-hospital treatment modalities 
contribute to this risk as well. 
The increased risk of MI and vaso-occlusive disease was attributed to the increased 
prevalence of risk factors in psoriatic patients including lifestyle factors such as smoking 
and alcohol abuse. Evolving research suggests that the chronic inflammatory nature of 
psoriasis itself may lead to adverse health outcomes, including coronary artery disease and 
myocardial infarction (MI). 
Several cytokines that have been identified as important mediators of psoriasis, such as 
interleukins 1, 4, 6, 8, 12 and tumor necrosis factor-α , have also been identified in metabolic 
syndrome, a chronic inflammatory state associated with obesity. Given the link between 
atherosclerosis  and inflammation ,the risk of cardiovascular disease is likely to be increased 
in patients with psoriasis. 
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Psoriasis and atherosclerosis may have certain common underlying pathogenic  
mechanisms.A separate prospective study demonstrated an increased relative risk for 
myocardial infarction compared to healthy controls; this increased risk was greater in 
younger patients with mild or severe psoriasis, compared to older patients with similar 
severity of disease. 
Epidemiologic studies show that atherosclerosis has a number of causal risk factors, several 
of which(Cigarette smoking, atherogenic lipids, hypertension, and hyperglycemia) involve 
cytokines, other bioactive substances, and cells characteristic of the inflammatory process. 
Gelfand JM, et al.54 had conducted a population-based cohort study using data collected by 
general practitioners participating in the General Practice Research Database in the United 
Kingdom from 1987- 2002. A total of 556,995 control patients and patients with mild (n = 
127,139) and severe psoriasis (n = 3,837) were studied, and controlled for traditional 
cardiovascular risk factors (diabetes mellitus, history of myocardial infarction (MI), 
hypertension, hyperlipidaemia, smoking). They found that the adjusted relative risks of MI 
are 1.54 (1.24–1.91) and 7.08 (3.06-16.36) respectively in mild and severe psoriasis as 
compared with controls. 
Diabetes and related metabolic diseases, such as hyperinsulinemia, insulin resistance, and 
central obesity, are recognized as major contributors to cardiovascular morbidity and 
mortality. Psoriasis is known to be associated with several lifestyle factors  such a smoking, 
obesity and diabetes that per se  may  increase the risk of cardiovascular morbidity. 

5.2 Obesity and diabetes in patients with psoriasis  
Psoriasis has a complex relationship with metabolic diseases such as obesity. 
Studies have shown that, compared with the general population , patients with psoriasis  
are more frequently overweight ( 25≤BMI<30) or obese (BMI>30). 
Adipose tissue, including adipocytes and resident macrophages, may serve as a significant 
source of TNF-α. TNFa is a pro-inflammatory cytokine that amplifies inflammation through 
several distinct pathways: facilitating entry of inflammatory cells into lesional skin through 
induction of adhesion molecules on vascular endothelial cells; stimulating keratinocyte 
production of other pro-inflammatory mediators. 
Risk for psoriasis has been shown to increase with increasing BMI (P=0.001). This pro-
inflammatory state in obesity may explain the association between psoriasis and obesity and 
these proinflammatory cytokines might also influence the course and presentation  of 
psoriasis. .In a study performed by Halla M. Ragab et al., with increase of the severity of the 
disease, these cytokines are significantly elevated in severe psoriasis patients than in mild to 
moderate one which is attributed to the role of these cytokines in the pathogenesis and 
progress of psoriasis and their elevation is responsible for the development, maintenance 
and resolution of psoriatic lesions. When patients with psoriasis are more likely to be obese 
that implies they will also have the comorbid conditions of those with obesity. The risks of 
diabetes, hypertension and dyslipidemia start to rise from a BMI of about 21.0 kg/m2 there 
by deteriorating the cardiovascular risk profile. 
Inflammation plays a role in the pathogenesis of some glucose disorders in adults.Obesity 
has genetic as well as environmental causes. It has a strong effect on the development of 
type 2 DM, as it is found in western countries and some ethnic groups such as Pima Indians. 
Obesity is more than just a risk factor, it has a causal effect in the development of type 2 DM 
against a genetic background. The evolution from obesity to type DM results from a 
succession of pathophysiological events: (a) augmentation of the adipose tissue mass, 
leading to increased lipid oxidation; (b) insulin resistance noted early in obesity, revealed by 
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euglycemic clamp, as a resistance to insulin mediated glucose storage and oxidation. 
Blocking the function of the glycogen cycle; (c) despite maintained insulin secretion, unused 
glycogen prevents further glucose storage leading to type 2 DM; (d) complete b-cell 
exhaustion appears later. 
Also, studies have reported a high prevalence of  diabetes among  patients with psoriasis. 
Joshua Barzilay (Tucker, GA) reviewed the association of markers of inflammation with 
diabetes.  Inflammation is strongly related to insulin resistance, although the question of 
whether treatment directed at the inflammatory process could lead to benefits, such as 
decreasing the development of diabetes, has yet to be answered.In a study of 200  patients 
with psoriasis  at an Italian clinic  reported  that  41.5% had diabetes compared with  24.3 % 
of controls ( n=280; P< 0.001). Of note,  36.7%  of psoriasis patients  younger  than  50 years  
of age (n=117) had diabetes (P< 0.001). Studies  have shown that patients with psoriasis  
have higher  rates of impaired glucose tolerance compared with  controls(all P<0.05). 

5.3 HTA in patients with psoriasis 
Several epidemiologic studies have shown that hypertension is a common comorbidity in 
patients with psoriasis. An increased risk of hypertension of 1.2- to 2-fold has been reported 
in cross-sectional studies. 
As mentioned above, psoriasis is a chronic inflammatory disease, and inflammation is a risk 
factor for hypertension. Systemic treatments in psoriasis reduce the cardiovascular risk by 
diminishing the inflammation, but it should be taken into account that most therapies also 
have adverse cardiovascular effects like dyslipidemia, hyperhomocysteinemia and 
hypertension. 

6. Results of the study 
This study covered 599 psoriatic patients  (3-80 yrs old) and 599 cases of control group ( 3-85 
yrs old). The age average for both groups varies in 49.64, with a SD value= 19.179 and 
median value of  M=53.00. (Tab.1,2,3) 
 

Grupi

599 50.0 50.0 50.0
599 50.0 50.0 100.0

1198 100.0 100.0

Kontroll
Psoriasis
Total

Valid
Frequency Percent Valid Percent

Cumulative
Percent

 
Table 1. Frequency 
 

Seksi

711 59.3 59.3 59.3
487 40.7 40.7 100.0

1198 100.0 100.0

M
F
Total

Valid
Frequency Percent Valid Percent

Cumulative
Percent

 
Table 2. Seksi 

The mean glycemia value for both groups was in the value 105.31 with a Standard Deviation 
value of 38.641 and median value of M= 96.00 
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euglycemic clamp, as a resistance to insulin mediated glucose storage and oxidation. 
Blocking the function of the glycogen cycle; (c) despite maintained insulin secretion, unused 
glycogen prevents further glucose storage leading to type 2 DM; (d) complete b-cell 
exhaustion appears later. 
Also, studies have reported a high prevalence of  diabetes among  patients with psoriasis. 
Joshua Barzilay (Tucker, GA) reviewed the association of markers of inflammation with 
diabetes.  Inflammation is strongly related to insulin resistance, although the question of 
whether treatment directed at the inflammatory process could lead to benefits, such as 
decreasing the development of diabetes, has yet to be answered.In a study of 200  patients 
with psoriasis  at an Italian clinic  reported  that  41.5% had diabetes compared with  24.3 % 
of controls ( n=280; P< 0.001). Of note,  36.7%  of psoriasis patients  younger  than  50 years  
of age (n=117) had diabetes (P< 0.001). Studies  have shown that patients with psoriasis  
have higher  rates of impaired glucose tolerance compared with  controls(all P<0.05). 

5.3 HTA in patients with psoriasis 
Several epidemiologic studies have shown that hypertension is a common comorbidity in 
patients with psoriasis. An increased risk of hypertension of 1.2- to 2-fold has been reported 
in cross-sectional studies. 
As mentioned above, psoriasis is a chronic inflammatory disease, and inflammation is a risk 
factor for hypertension. Systemic treatments in psoriasis reduce the cardiovascular risk by 
diminishing the inflammation, but it should be taken into account that most therapies also 
have adverse cardiovascular effects like dyslipidemia, hyperhomocysteinemia and 
hypertension. 

6. Results of the study 
This study covered 599 psoriatic patients  (3-80 yrs old) and 599 cases of control group ( 3-85 
yrs old). The age average for both groups varies in 49.64, with a SD value= 19.179 and 
median value of  M=53.00. (Tab.1,2,3) 
 

Grupi

599 50.0 50.0 50.0
599 50.0 50.0 100.0

1198 100.0 100.0

Kontroll
Psoriasis
Total

Valid
Frequency Percent Valid Percent

Cumulative
Percent

 
Table 1. Frequency 
 

Seksi

711 59.3 59.3 59.3
487 40.7 40.7 100.0

1198 100.0 100.0

M
F
Total

Valid
Frequency Percent Valid Percent

Cumulative
Percent

 
Table 2. Seksi 

The mean glycemia value for both groups was in the value 105.31 with a Standard Deviation 
value of 38.641 and median value of M= 96.00 
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Statistics

1198 1198
0 0

49.64 105.31
53.00 96.00

19.179 38.641

Valid
Missing

N

Mean
Median
Std. Deviation

Mosha Glicemia

 
Table 3. Statistic 

The outcome of the statistical analysis for both groups provided a mean value of glycemia in 
the control group of 106.98±41.700 and in the psoriasis group of 103.64±35.275 (Tab.4) 
 

Group Statistics

599 106.98 41.700 1.704
599 103.64 35.275 1.441

Grupi
Kontroll
Psoriasis

Glicemia
N Mean Std. Deviation

Std. Error
Mean

 
Table 4. Group Statistic 

T-Test equality outcome showed that there is no statistical significant difference 
(considerable) in glycemia  values between psoriatic group and control group (P=0.134). 
(Tab.5) 
 

Independent Samples Test

1.498 1196 .134 3.344 2.232 -1.034 7.722

1.498 1164.005 .134 3.344 2.232 -1.035 7.722

Equal variances
assumed
Equal variances
not assumed

Glicemia
t df Sig. (2-tailed)

Mean
Difference

Std. Error
Difference Lower Upper

95% Confidence
Interval of the

Difference

t-test for Equality of Means

 
Table 5. Independent Samples Test 

7. Discussion 
7.1 Are psoriasis and diabetes linked? 
Psoriasis and diabetes have a certain common underlying pathogenic mechanisms. Both 
have an inflammatory nature and both are associated with T-lymphocite –mediated 
adaptive immune events and mechanisms, involving innate immunity. Specifically, both 
psoriasis and diabetes are associated with T-helper. 
Th-1 inflammatory cytokines such as TNF-a  are elevated in the skin and blood of patients 
with psoriasis and diabetes .(table-.6) Similarly, TNF-a is secreted in adipose tissue and is an 
important feature of the chronic low level inflammation seen in obesity Insulin resistance, 
which is common to psoriasis and the metabolic syndrome, may be mediated in part 
through inflammatory cytokines such as TNF. 
The adipocyte is another important component of inflammation. Adipose tissue secretes 
inflammatory cytokines such as TNF-α and IL-6, and CRP levels increase with increasing 
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weight.A new conceptis that obesity leads to macrophage infiltration of adipose tissues, 
perhaps because of the action of factors produced by adipocytes themselves, with 
macrophages rather than adipocytes producing some of the typically measured 
inflammatory cytokines. In this view, macrophages may produce factors such as TNF-α, 
causing insulin resistance, while both macrophages and adipocytes produce factors that 
increase hepatic CRP synthesis, such as IL-6.9 (Table-6). 
Other cells and biologically active molecules (including cytokines, chemokines, adipokines) 
that are implicated in the pathogenesis of both psoriasis and diabetes are listed and 
referenced in Table 6. 
A major problem limiting our understanding of the genetic basis of type 2 diabetes is that 
many environmental and genetically based factors influence insulin sensitivity and insulin 
secretion: these include age, gender, ethnicity, physical fitness, diet, smoking obesity, and fat 
distribution.  
The prevalence of obesity, diabetes, and metabolic syndrome has been shown to be increased 
in psoriasis patients in the general population. At least one study has demonstrated a higher 
prevalence of diabetes in patients who have psoriasis independent of traditional diabetes risk 
factors such as age, gender, obesity, hypertension, and hyperlipidemia, indicating that the 
disease itself, or possibly its chronic treatments, may predispose to the development of 
diabetes.  
As early as 1950’s, there was epidemiological evidence suggesting a correlation between 
inflammation and insulin resistant states such as obesity, but the mechanistic links were 
unknown. In the last decade, however, it has become increasingly evident that obesity and 
the concomitant development of inflammation are major components of insulin resistance. 
Studies in human obesity and insulin resistance have revealed a clear association between 
the chronic activation of pro-inflammatory signaling pathways and decreased insulin 
sensitivity. For example, elevated levels of tumor necrosis factor-α (TNF), interleukin-6 (IL-
6) and interleukin (IL-8) have all been reported in various diabetic and insulin-resistant 
states . We noticed a non significant difference in the glycemia values of our study of the 
psoriasis group vs non-psoriasis group. However it has to be pointed out that this study has 
not taken into consideration other factors like for instance obesity, fat level, HTA which play 
an important role in insulin resistance. In a cross-sectional study (performed by Reynoso-
von Drateln et al. ) on lipids profile, insulin secretion  and insulin sensitivity  at psoriatic 
patients it resulted that : high – density lipoprotein cholesterol was significantly decreased 
in patients with psoriasis  (p=0.2) .There were no significant differences  in insulin secretion 
or sensitivity in patients with psoriasis compared with control patients. 
The relationship between systemic treatment of psoriasis and CVR factors has not been 
adequately studied; however, in rheumatoid arthritis and psoriasis, systemic treatment with 
methotrexate has been shown to decrease vascular risk.Methotrexate (MTX) is a frequently 
prescribed agent.MTX blocks DNA synthesis in; rapidly proliferating epidermal cells, T- and 
B-lymphocytes and disrupts cytokine secretion. 
In our psoriasis patient group, the most applied therapy has been the one with Methotrexate 
and UV phototherapy due to the fact that the psoriasis encountered cases has been between 
middle and high degree. 
UV irradiation induces a degree of systemic immunosuppress mediated via a number of 
mechanisms possibly including production of Th2 cytokines interleukin(IL-4) and (IL-10). 
UV-induced vitamin D production  may also reduce risks for atherosclerosis in several ways 
including augmentation of IL-10 and downregulation of TNF-α, C-reactive protein and IL-6 
production.  
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referenced in Table 6. 
A major problem limiting our understanding of the genetic basis of type 2 diabetes is that 
many environmental and genetically based factors influence insulin sensitivity and insulin 
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distribution.  
The prevalence of obesity, diabetes, and metabolic syndrome has been shown to be increased 
in psoriasis patients in the general population. At least one study has demonstrated a higher 
prevalence of diabetes in patients who have psoriasis independent of traditional diabetes risk 
factors such as age, gender, obesity, hypertension, and hyperlipidemia, indicating that the 
disease itself, or possibly its chronic treatments, may predispose to the development of 
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As early as 1950’s, there was epidemiological evidence suggesting a correlation between 
inflammation and insulin resistant states such as obesity, but the mechanistic links were 
unknown. In the last decade, however, it has become increasingly evident that obesity and 
the concomitant development of inflammation are major components of insulin resistance. 
Studies in human obesity and insulin resistance have revealed a clear association between 
the chronic activation of pro-inflammatory signaling pathways and decreased insulin 
sensitivity. For example, elevated levels of tumor necrosis factor-α (TNF), interleukin-6 (IL-
6) and interleukin (IL-8) have all been reported in various diabetic and insulin-resistant 
states . We noticed a non significant difference in the glycemia values of our study of the 
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not taken into consideration other factors like for instance obesity, fat level, HTA which play 
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patients it resulted that : high – density lipoprotein cholesterol was significantly decreased 
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production.  
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 Psoriasis Diabetes 
Cytokines  
IL-2 + + 
IL-1 (no) + 
IL-4 (no) + 
IL-5 (no) + 
IL-6 + + 
IL-10 (no) + 
IL-13 (no) + 
IL-15 + (no) 
IL-17 + (no) 
IL-18 + (no) 
IL-20 + (no) 
IL-23 + (no) 
IFN-α + + 
IFN-y + + 
TNF-α + + 
Chemokines  
IP-10 + + 
MCP-1 + + 
IL-8 + + 
Adipokines + + 
Resistin + + 
Leptin + + 
PAI-1 + + 
Adhesion and costimulatory molecules  
ICAM/LFA-1 + + 
VCAM-1/VLA-4 + + 
CD80,CD28 + (no) 
CD40/CD40L + (no) 
Leucocytes  
Th1 + + 
Th2 + + 
CD4 + + 
CD8 + + 
Monocytes/Macrophages + + 
Neutrophils + + 
Other molecules  
CRP + + 
iNOS + + 
Oxidized LDL + + 

CRP, C-reactive protein; IL interleukin; ICAM,intercellular adhesion molecule; IFN interferon; iNOS, 
inducible nitric oxide synthase; IP-10, interferon-inducible protein 10; LDL, low density lipoprotein; 
MCP-1 monocye chemotactic protein-1; PAI-1 plasminogen activator inhibitor type 1; TNF-α, tumour 
necrosis factor-alfa; Th1/Th2, T-helper 1 and T-helper 2; VCAM-1, vascular cell adhesion molecule-1 
Table 6. Major inflammatory mediators in psoriasis and diabetes 
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8. Conclusion 
Our study is just an observation. Psoriasis is a very complex pathology both from the 
pathogenesis it provides as well as the ongoing and the complications that could be 
encountered. Therefore it is more and more necessary to perform studies on it and on the 
risks it carries on. 
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Inflammation and Pulmonary Fibrosis 
Michael G. Crooks, Imran Aslam and Simon P. Hart   

Hull York Medical School and Hull and East Yorkshire Hospitals NHS Trust, 
United Kingdom 

1. Introduction 
The development of pulmonary fibrosis is the end point of a wide range of respiratory 
diseases including organic and inorganic dust exposure, pulmonary infection, acute lung 
injury, radiation, the idiopathic interstitial pneumonias (IIP), and connective tissue diseases. 
The most common fibrotic lung disorder is idiopathic pulmonary fibrosis (IPF), an IIP with 
the histological appearance of usual interstitial pneumonia (UIP). Formerly also known as 
cryptogenic fibrosing alveolitis (CFA), the definition of this disease has evolved in recent 
years to exclude fibrotic non-specific interstitial pneumonia (NSIP), a histological sub-type 
of IIP with more diffuse interstitial pulmonary fibrosis, a different clinical course and better 
prognosis than IPF. This change in definition must be considered when looking at historical 
studies that grouped UIP and NSIP under the same umbrella term.  
 

 
Fig. 1. Usual Interstitial Pneumonia (UIP) on Lung Biopsy, demonstrating patchy 
remodeling of lung architecture by fibrosis, fibroblastic foci, and a chronic inflammatory cell 
infiltrate interspersed with areas of normal lung (upper left). 

IPF carries a prognosis worse than many cancers with mean disease duration of 2.8 years 
from diagnosis to death (Bjoraker et al., 1998). It typically presents with gradually 
progressive shortness of breath with clinical signs including finger clubbing and fine 
inspiratory crackles at both lung bases on auscultation. This devastating interstitial lung 
disease leads to irreversible impairment of lung function with a restrictive defect on 
spirometry and reduced gas transfer causing debilitating symptoms of shortness of breath 
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1. Introduction 
The development of pulmonary fibrosis is the end point of a wide range of respiratory 
diseases including organic and inorganic dust exposure, pulmonary infection, acute lung 
injury, radiation, the idiopathic interstitial pneumonias (IIP), and connective tissue diseases. 
The most common fibrotic lung disorder is idiopathic pulmonary fibrosis (IPF), an IIP with 
the histological appearance of usual interstitial pneumonia (UIP). Formerly also known as 
cryptogenic fibrosing alveolitis (CFA), the definition of this disease has evolved in recent 
years to exclude fibrotic non-specific interstitial pneumonia (NSIP), a histological sub-type 
of IIP with more diffuse interstitial pulmonary fibrosis, a different clinical course and better 
prognosis than IPF. This change in definition must be considered when looking at historical 
studies that grouped UIP and NSIP under the same umbrella term.  
 

 
Fig. 1. Usual Interstitial Pneumonia (UIP) on Lung Biopsy, demonstrating patchy 
remodeling of lung architecture by fibrosis, fibroblastic foci, and a chronic inflammatory cell 
infiltrate interspersed with areas of normal lung (upper left). 

IPF carries a prognosis worse than many cancers with mean disease duration of 2.8 years 
from diagnosis to death (Bjoraker et al., 1998). It typically presents with gradually 
progressive shortness of breath with clinical signs including finger clubbing and fine 
inspiratory crackles at both lung bases on auscultation. This devastating interstitial lung 
disease leads to irreversible impairment of lung function with a restrictive defect on 
spirometry and reduced gas transfer causing debilitating symptoms of shortness of breath 



 
Inflammatory Diseases – Immunopathology, Clinical and Pharmacological Bases 

 

100 

and cough, progressing to respiratory failure and ultimately death. The diagnosis is 
multidisciplinary and is based on correlation of clinical and high resolution computed 
tomography (HRCT) findings with lung biopsy being required only when the clinico-
radiological diagnosis is unclear. However, despite advances in recent years the pathogenesis 
of IPF remains poorly understood with no established disease modifying treatment.  
 

 
Fig. 2. Thoracic HRCT slice from a patient with IPF demonstrating bilateral peripheral and 
basal fibrosis, with honeycomb cysts and traction bronchiectasis.  

Early studies of IPF led to the classic hypothesis that chronic inflammation preceded the 
development of fibrosis providing a window of opportunity for management with 
immunosuppressant therapies (Crystal et al., 1976); however, this has been called into 
question due to treatment regimens consisting of corticosteroids and other 
immunosuppressants proving largely ineffective in altering natural disease progression and 
subsequent mortality (Douglas et al., 2000). This has led to the development of a new 
hypothesis focusing on the role of epithelial and/or endothelial injury and subsequent 
aberrant wound healing/tissue repair independent of preceding inflammation (Strieter & 
Mehrad, 2009). This modern hypothesis suggests that initial lung injury leads to loss of the 
integrity of the alveolar-capillary basement membrane, failure of re-epithelialisation and re-
endothelialisation, and subsequent cytokine mediated fibroblast proliferation, activation 
and differentiation into myofibroblasts with associated collagen deposition (Strieter & 
Mehrad, 2009). Additionally, the origin of the fibroblast in IPF has been the subject of recent 
research with the discovery of epithelial-mesenchymal transformation (EMT) (Chilosi et al., 
2003) and bone marrow progenitor cells (fibrocytes) that migrate to the lung prior to 
differentiation into fibroblasts (Bucala et al., 1994).  
However, there remains debate whether this shift in hypothesis based on a lack of 
inflammation in the histological appearance of UIP and poor response to immunosuppressants 
results in the role of inflammation being unfairly dismissed. Despite IPF appearing to be 
rapidly progressive with early death it is important to consider that there may be a long 
asymptomatic stage of disease that goes unrecognized prior to clinical diagnosis. The majority 
of our understanding of IPF is based on animal models in which the aetiology is known or 
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in symptomatic patients who have UIP on lung biopsy. It is important to consider that this 
only represents a “snap shot” of the disease in time and therefore fails to address the natural 
progression of the disease from pre-symptomatic to end stage fibrosis and death. The pre-
symptomatic stage in which inflammation may play a central role is therefore neglected.  
Indeed, it has been suggested that NSIP in which ground-glass opacification (a radiological 
appearance suggested to correlate with inflammation) on HRCT is a prominent feature and 
inflammation is noted on biopsy is not a distinct entity but represents a different time period 
in the natural course of the disease with progression to UIP if left untreated. This is 
supported by the coexistence of UIP and NSIP in biopsies from different lobes of 26% of 
patients with IIP in a prospective study of histological variability in surgical lung biopsies 
form multiple lobes (Flaherty et al., 2001).  NSIP is believed to be more steroid responsive 
and have a better prognosis than UIP and it could be argued that this is because NSIP 
represents an earlier stage in the same disease process where inflammation has a role.   
Additionally, dismissing the role of inflammation based on poor response to steroids fails to 
recognize the possible deleterious effects that steroids can have on pulmonary epithelium 
including reduced alveolar cell proliferation and increased apoptosis potentially negating any 
benefit through reducing inflammation (Piguet, 2003). Indeed treatment with steroids has been 
demonstrated to worsen lung injury caused by hyperoxia (Barazzone-Argiroffo et al., 2001).  
It is therefore clear that the pathogenesis of IPF is incompletely understood and the role of 
inflammation not fully established. This chapter will discuss the role of inflammation in IPF 
exploring: inflammation in animal and human models of pulmonary fibrosis, the genetics of 
inflammation in IPF, markers of inflammation in IPF, the immunology of pulmonary 
fibrosis, pulmonary fibrosis and connective tissue disease, IPF and malignancy, and the role 
of inflammation in fibrosis in other organ systems.   

2. Models of inflammation and fibrosis 
Inflammation is classically followed by repair, during which injured tissue is replaced by a 
combination of regeneration of native cells and fibrosis (filling of the tissue defect with scar 
tissue). In animal models of wound healing following tissue injury, the initial acute 
inflammatory response is followed within 24-48h with initiation of healing. The healing 
process is characterised by formation of granulation tissue in which macrophages persist and 
there is proliferation of vascular endothelial cells and fibroblasts. Macrophages are key cells 
linking inflammation with repair and fibrosis, mediated by release of growth factors including 
epidermal growth factor (EGF), platelet-derived growth factor (PDGF), fibroblast growth 
factor (FGF), and transforming growth factor-beta (TGF-β). Some fibroblasts bear the 
hallmarks of activated, collagen-producing, contractile myofibroblasts. As healing progresses 
there is an increase in extracellular collagen and reduced numbers of inflammatory cells, 
regeneration of parenchymal cells, cell migration and proliferation, synthesis of matrix 
proteins, and matrix remodelling. 
A number of animal models of pulmonary fibrosis have been developed aiming to look at 
the mechanisms of fibrotic responses. These models have individually identified several key 
mediators, cells and processes involved in human fibrosis. A summary of a selection of 
inflammatory mediators implicated in animal models of pulmonary fibrosis and the 
resulting investigation in human disease are presented in Table 1. Moeller et al and more 
recently Moore et al have summarised the various advantages and disadvantages of murine 
models of pulmonary fibrosis (Moeller et al., 2006;Moore & Hogaboam, 2008).  
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2.1 Bleomycin 
Bleomycin induced lung fibrosis in mice is the most widely used animal model as it is well 
characterized, highly reproducible and easily accessible. Bleomycin is an antineoplastic 
antibiotic derived from Streptomyces verticillatus (Turner-Warwick & Doniach, 1965). It 
induces lung injury by causing DNA strand breakage (Lown & Sim, 1977) and can be 
administered by intraperitoneal, intravenous, subcutaneous or intratracheal routes. The 
fibrotic response depends on the route of administration, the dose and the strain of mice. 
Following intravenous administration of bleomycin the initial lesion appears in the 
pulmonary endothelium followed subsequently by epithelial damage (Adamson, 1976). The 
pathological response to this injury is in the form of damage to the alveolar epithelium, 
leakage of fluid and plasma proteins into the alveolar space, alveolar consolidation and the 
formation of hyaline membranes. In response to this injury there is focal necrosis of type I 
alveolar epithelial cells (pneumocytes) and metaplasia of type II alveolar epithelial cells with 
fibrosis developing in sub-pleural regions (Muggia et al., 1983). The advantage of 
intravenous administration of the drug is that it closely mimics the way humans are 
exposed to the drug regimen. The disadvantage of this model is that fibrosis does not 
develop in all animals and takes a longer period of time for the development of fibrosis. It is 
therefore not widely used. 
Intratracheal administration of bleomycin is by far the most commonly used model. A single 
dose of bleomycin when given via the intratracheal route produces lung injury and 
subsequent fibrosis (Phan et al., 1980;Snider et al., 1978;Thrall et al., 1979). The initial 
damage is to the alveolar epithelium followed by development of a neutrophilic and 
lymphocytic pan-alveolitis within the first week. The disadvantage of this model is that the 
fibrosis is patchy (depending on lung deposition of the instillate) and self-resolving beyond 
a certain period.  
While the development of fibrosis in response to bleomycin is T-cell independent (Helene et 
al., 1999;Szapiel et al., 1979), the development of fibrotic lesions is dependent on the release 
of chemokines (CCL2 or CCL12) and the recruitment of inflammatory cells including 
neutrophils, monocytes, and lymphocytes (Baran et al., 2007;Inoshima et al., 2004;Moore et 
al., 2001;Moore et al., 2006;Smith et al., 1995;Zhang et al., 1994). Pro-fibrotic cytokines (e.g. 
TGF-β), leukotrienes, and coagulation factors have also been implicated. Other mechanisms 
including altered epithelial-mesenchymal interactions, circulating mesenchymal precursors, 
epithelial mesenchymal transformation and their regulation by inflammatory mediators 
have recently been reviewed (Keane et al., 2005). 

2.2 Fluorescein isothiocyanate (FITC) 
The FITC induced pulmonary fibrosis model was originally described by Roberts et al. 
(Roberts et al., 1995) and further characterized by Christensen et al. (Christensen et al., 1999). 
Intratracheal instillation of FITC resulted in marked infiltration of mononuclear cells and 
neutrophils around respiratory bronchioles with focal evidence of oedema and alveolar 
epithelial cell hyperplasia. These findings suggest acute lung injury. Patchy focal areas of 
interstitial fibrosis were noted five months post FITC instillation. Presence of anti-FITC 
antibodies in treated mice indicated an immune response that may be important to the 
development of the disease. Christensen demonstrated that like bleomycin-induced fibrosis, 
the FITC model is T-cell independent. Recent investigations have implicated CCR2 signaling 
(Moore et al., 2001) and production of IL-13 in the fibrotic response to FITC (Korfhagen et 
al., 1994). 
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2.1 Bleomycin 
Bleomycin induced lung fibrosis in mice is the most widely used animal model as it is well 
characterized, highly reproducible and easily accessible. Bleomycin is an antineoplastic 
antibiotic derived from Streptomyces verticillatus (Turner-Warwick & Doniach, 1965). It 
induces lung injury by causing DNA strand breakage (Lown & Sim, 1977) and can be 
administered by intraperitoneal, intravenous, subcutaneous or intratracheal routes. The 
fibrotic response depends on the route of administration, the dose and the strain of mice. 
Following intravenous administration of bleomycin the initial lesion appears in the 
pulmonary endothelium followed subsequently by epithelial damage (Adamson, 1976). The 
pathological response to this injury is in the form of damage to the alveolar epithelium, 
leakage of fluid and plasma proteins into the alveolar space, alveolar consolidation and the 
formation of hyaline membranes. In response to this injury there is focal necrosis of type I 
alveolar epithelial cells (pneumocytes) and metaplasia of type II alveolar epithelial cells with 
fibrosis developing in sub-pleural regions (Muggia et al., 1983). The advantage of 
intravenous administration of the drug is that it closely mimics the way humans are 
exposed to the drug regimen. The disadvantage of this model is that fibrosis does not 
develop in all animals and takes a longer period of time for the development of fibrosis. It is 
therefore not widely used. 
Intratracheal administration of bleomycin is by far the most commonly used model. A single 
dose of bleomycin when given via the intratracheal route produces lung injury and 
subsequent fibrosis (Phan et al., 1980;Snider et al., 1978;Thrall et al., 1979). The initial 
damage is to the alveolar epithelium followed by development of a neutrophilic and 
lymphocytic pan-alveolitis within the first week. The disadvantage of this model is that the 
fibrosis is patchy (depending on lung deposition of the instillate) and self-resolving beyond 
a certain period.  
While the development of fibrosis in response to bleomycin is T-cell independent (Helene et 
al., 1999;Szapiel et al., 1979), the development of fibrotic lesions is dependent on the release 
of chemokines (CCL2 or CCL12) and the recruitment of inflammatory cells including 
neutrophils, monocytes, and lymphocytes (Baran et al., 2007;Inoshima et al., 2004;Moore et 
al., 2001;Moore et al., 2006;Smith et al., 1995;Zhang et al., 1994). Pro-fibrotic cytokines (e.g. 
TGF-β), leukotrienes, and coagulation factors have also been implicated. Other mechanisms 
including altered epithelial-mesenchymal interactions, circulating mesenchymal precursors, 
epithelial mesenchymal transformation and their regulation by inflammatory mediators 
have recently been reviewed (Keane et al., 2005). 

2.2 Fluorescein isothiocyanate (FITC) 
The FITC induced pulmonary fibrosis model was originally described by Roberts et al. 
(Roberts et al., 1995) and further characterized by Christensen et al. (Christensen et al., 1999). 
Intratracheal instillation of FITC resulted in marked infiltration of mononuclear cells and 
neutrophils around respiratory bronchioles with focal evidence of oedema and alveolar 
epithelial cell hyperplasia. These findings suggest acute lung injury. Patchy focal areas of 
interstitial fibrosis were noted five months post FITC instillation. Presence of anti-FITC 
antibodies in treated mice indicated an immune response that may be important to the 
development of the disease. Christensen demonstrated that like bleomycin-induced fibrosis, 
the FITC model is T-cell independent. Recent investigations have implicated CCR2 signaling 
(Moore et al., 2001) and production of IL-13 in the fibrotic response to FITC (Korfhagen et 
al., 1994). 
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The two advantages of the FITC model are: firstly, the areas where FITC has been 
deposited leading to fibrosis can be visualized using immunofluorescence imaging; and 
secondly, the fibrotic response to FITC seems to be persistent for at least 6 months and not 
self-limiting like the bleomycin model (Fisher et al., 2005), making it more suitable for 
long term studies. 

2.3 Radiation induced fibrosis 
Pulmonary fibrotic response to irradiation in mice depends on the dose of radiation and the 
genetic background of the mice. A single dose of 12-15 Gy of total body radiation can induce 
lung fibrosis as early as 20 weeks post exposure (McDonald et al., 1993). Several studies 
have lead to the hypothesis that chronic mononuclear cell recruitment and activation may be 
the key feature in radiation induced lung fibrosis (Johnston et al., 2002). Other factors 
implicated are TGF-β, tumour necrosis factor-alpha (TNF-α), bone marrow derived cells 
including  macrophages, and fibroblasts (Chiang et al., 2005;Epperly et al., 2003;Rube et al., 
2000). 

2.4 Silica 
Silica can be delivered to mice via aerosolization, intratracheal administration or via 
oropharyngeal aspiration. This leads to the development of fibrotic nodules that are similar 
to the lesions humans develop secondary to occupational dust exposure. The development 
of fibrosis in mice secondary to silica exposure is strain dependent and the fibrotic response 
is different in mice and rats (Barbarin et al., 2005). In rats exposure to silica induces a chronic 
and progressive inflammation that is accompanied by the over production of TNF-α. Anti-
inflammatory therapies are effective in blocking the fibrotic effect of silica in rats. 
Conversely, in mice there is very limited and transient inflammation with over expression of 
the anti-inflammatory cytokine IL-10. Hence, in this model anti-inflammatory therapy is 
ineffective. 
The advantage of the silica model is that the fibrotic response is persistent and the fibrosis is 
easily identified in fibrotic nodules. The disadvantage is that it can take up to 60 days for the 
development of fibrosis. 

2.5 Transgenic models of pulmonary fibrosis 
Another animal model for investigating pulmonary fibrosis is the transgenic modulation of 
tissue specific over expression of cytokines and growth factors leading to activation of 
specific cytokine pathways. The most widely used inducible transgenic system for the lung 
is based on the tetracycline-controlled transcriptional regulator controlling pneumocyte-
specific gene promoter sequences (Lee et al., 2004;Zhu et al., 2002). Transient transgenic 
models using adenoviral vector-mediated cytokine gene transfer to bronchial, bronchiolar 
and alveolar epithelium have been successfully developed and can be applied to all ages of 
rodents. 
Although a variety of factors including TNF-α, connective tissue growth factor (CTGF), 
PDGF, endothelin, IL-6, granulocyte-macrophage colony stimulating factor (GM-CSF), IL-
1b, IL-10 and IL-13 are thought to play a pivotal role in the pathogenesis of pulmonary 
fibrosis (Ask et al., 2006;Gauldie et al., 2002), transgenic models have shown TGF-β to be a 
major cytokine associated with development of pulmonary fibrosis (Sime et al., 1997). TGF-β 
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is produced by a variety of cell types including platelets, macrophages, lymphocytes, 
epithelial cells, endothelial cells and fibroblasts. TGF-β1 is implicated in progressive fibrosis 
and regulates other cytokines including EGF, FGF, PDGF, TNF-α and IL-1. 

2.6 Conclusion 
Animal models have provided valuable insight into the mechanisms of fibrogenesis 
facilitating human research in this area and identifying potential therapeutic targets. 
However, none of the described animal models truly mimics human disease and therefore 
conclusions must be drawn with care.   

3. Genetics of inflammation and IPF 
Case-control association studies have suggested important links between genes involved in 
inflammation and risk of developing IPF and/or disease severity. In these studies the 
prevalence of a particular genetic variant (single nucleotide polymorphism, SNP) is 
compared between a group of patients with IPF and a group of controls. Case control 
studies such as these are relatively straightforward to perform compared with other genetic 
research strategies such as family linkage analysis or genome wide association studies. It 
must be recognized however that a genetic association demonstrated in a case control study 
does not imply a causative role for that particular gene, and confirmation of association 
should be made using unrelated patient populations.  
Genes encoding the IL-1α (IL1A), IL-1β (IL1B) and the IL-1 receptor antagonist (IL1RN) are 
localized on chromosome 2q14. Carriage of the rarer IL1RN allele +2018C>T was associated 
with increased risk of developing IPF in two cohorts in one study (Whyte et al., 2000), but 
these results were not confirmed in other cohorts (Hutyrova et al., 2002). Polymorphisms in 
IL1A and IL1B do not seem to be associated with risk of developing IPF (Hutyrova et al., 
2002), but there may be associations between -889T IL1A and IPF severity (du Bois, 2002). In 
two small European studies polymorphisms of various cytokine genes including  IL-1α, IL-
1RA, IL-4, IL-4RA, and IL-12 were associated with IPF severity, but not risk of developing 
disease (Vasakova et al., 2007b;Vasakova et al., 2007a). 
Type II pneumocytes in lung tissue from patients with IPF express increased levels of TNF-α 
(Nash et al., 1993;Pan et al., 1996;Piguet, 1990). In three Caucasian populations there was an 
association between the TNF-α -308A allele and risk of IPF (Riha et al., 2004;Whyte et al., 
2000), although this was not confirmed in a fourth population (Pantelidis et al., 2001). No 
associations were demonstrated for other TNF-α polymorphisms, or polymorphisms in the 
genes encoding TNF-α receptor II or lymphotoxin-α (Renzoni et al., 2000). IL6 intron 4 A>G 
polymorphism was associated with severity of IPF, and co-carriage of TNFRII 1690C was 
associated with disease risk (Pantelidis et al., 2001). No association with IPF could be 
demonstrated with polymorphisms in genes encoding the anti-inflammatory cytokine IL-10 
(Whittington et al., 2003), the neutrophil chemoattractant IL-8 (Renzoni et al., 2000), IL12B, 
or IFN-γ (Latsi et al., 2003). 
A significantly increased prevalence of MHC class I chain-related gene A(MICA)*001 and 
MICA*001/*00201 genotype was seen in Mexican patients with IPF compared with the 
healthy controls (Aquino-Galvez et al., 2009). A polymorphism in the complement receptor 
1 (CR1) gene has been reported to be associated with low erythrocyte expression of CR1, 
which theoretically may lead to impaired clearance of immune complexes. In an Italian 
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1b, IL-10 and IL-13 are thought to play a pivotal role in the pathogenesis of pulmonary 
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and regulates other cytokines including EGF, FGF, PDGF, TNF-α and IL-1. 
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However, none of the described animal models truly mimics human disease and therefore 
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Case-control association studies have suggested important links between genes involved in 
inflammation and risk of developing IPF and/or disease severity. In these studies the 
prevalence of a particular genetic variant (single nucleotide polymorphism, SNP) is 
compared between a group of patients with IPF and a group of controls. Case control 
studies such as these are relatively straightforward to perform compared with other genetic 
research strategies such as family linkage analysis or genome wide association studies. It 
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should be made using unrelated patient populations.  
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2000), although this was not confirmed in a fourth population (Pantelidis et al., 2001). No 
associations were demonstrated for other TNF-α polymorphisms, or polymorphisms in the 
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demonstrated with polymorphisms in genes encoding the anti-inflammatory cytokine IL-10 
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A significantly increased prevalence of MHC class I chain-related gene A(MICA)*001 and 
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1 (CR1) gene has been reported to be associated with low erythrocyte expression of CR1, 
which theoretically may lead to impaired clearance of immune complexes. In an Italian 



 
Inflammatory Diseases – Immunopathology, Clinical and Pharmacological Bases 

 

106 

cohort a strong (OR6.2) association was reported between the CR1 C5507G allele and IPF 
(Zorzetto et al., 2003), but in three subsequent Caucasian cohorts there were no significant 
differences in distribution of CR1 C5507G variants between IPF patients and control groups 
(Hodgson et al., 2005;Kubistova et al., 2008). 
Immune complexes have been detected in blood and lung tissue of patients with IPF, and a 
role in pathogenesis is supported by the association of lung fibrosis with connective tissue 
diseases. Furthermore, pulmonary fibrosis in animal models can be induced by 
administration of immune complexes. Recently, Bournazos and colleagues have 
demonstrated that polymorphisms in the low affinity IgG receptors FcγRIIA and FcγRIIIB 
are associated with IPF. FCR3B copy number and carriage of the NA1 polymorphism were 
associated with increased risk of IPF (Bournazos et al., 2010;Bournazos et al., 2011), and the 
H allele of FcγRIIA (R131H) was associated with more severe disease at presentation and 
with progressive disease (Bournazos et al., 2010). In combination, these finding support an 
immunological/inflammatory hypothesis for IPF pathogenesis.  

4. Immunology of IPF 
4.1 Autoantibodies  
The role of auto-antibodies in IPF has been investigated with variable results. A case control 
study by Magro et al. identified patients with either UIP or NSIP on lung biopsy and 
observed evidence of microvascular injury in all samples with variable deposition of IgG, 
IgM and IgA. Antiphospholipid antibodies were present in 37 of the 40 patients studied 
with elevated factor VIII, a marker of endothelial cell activation, and C-reactive protein 
(CRP), a marker of inflammation (Magro et al., 2006). Two similar studies by Matsui et al. 
and Kakugawa et al. included 20 patients and 38 patients with IIP respectively and failed to 
demonstrate anti-endothelial antibodies in patients with UIP but did demonstrate them in 
patients with NSIP (Kakugawa et al., 2008;Matsui et al., 2008). Earlier studies have also 
demonstrated a range of non-organ specific autoantibodies in patients with cryptogenic 
fibrosing alveolitis prior to the distinction between the subtypes of IIP (Chapman et al., 
1984; Dobashi et al., 2000b; Meliconi et al., 1989; Turner-Warwick & Doniach, 1965).  
A study of antibodies against type II pneumocytes and Clara cells failed to demonstrate any 
difference between patients with IPF, pulmonary fibrosis secondary to connective tissue 
disease and healthy controls (Erlinger et al., 1991). However, this study only included 10 
patients with IPF with 93 patients in the other groups.  
Autoantibodies against native collagen have been demonstrated in 13 of 16 IPF patients 
studied with an inverse correlation between disease duration and antibody level (Nakos et 
al., 1993). This was significantly greater than the control arm of healthy age and sex matched 
controls and patients with fibrotic change following TB infection. The authors of this study 
concluded that measurement of anti-collagen antibodies could be used as a marker of 
disease activity, but cautioned that the role of autoantibodies in the pathogenesis of IPF 
remains unclear and may occur as a secondary event. 
The relatively small number of patients included in these studies and variable distinction 
between subtypes of IIP makes it difficult to draw firm conclusions however the role of 
autoantibodies in IPF warrants further investigation. 

4.2 Immune complexes and IPF 
Immune complexes have been described in the blood and lung tissue of patients with 
pulmonary fibrosis. However, their significance in IPF remains unclear. Historical studies 
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have described the presence of immune complexes in patients with idiopathic interstitial 
pneumonias using complement-binding assays (Dreisin et al., 1978;Haslam et al., 1979). 
However, these studies may not be directly applicable to IPF since both studies predated the 
modern classification of IIP and included patients with connective tissue disease. Indeed, 
increased levels of immune complexes were observed in patients with connective tissue 
disease and in patients with cellular pulmonary fibrosis on biopsy but not in those with 
advanced interstitial fibrosis with low cellularity.  
More recently, circulating cytokeratin 8:anti-cytokeritin 8 immune complexes have been 
demonstrated in patients with IPF (confirmed on open lung biopsy) and in pulmonary 
fibrosis in patients with known connective tissue disease (Dobashi et al., 2000b). 
Cytokeratin 8 demonstrates increased expression in bronchiolar epithelial cells in IPF 
compared to normal lung (Iyonaga et al., 1997) and it is suggested may be released 
following injury resulting in immune complex deposition perpetuating lung injury 
(Dobashi et al., 2000b). A similar study by the same authors also demonstrated cytokeratin 
18 immune complexes in IPF (Dobashi et al., 2000a). However, the role of immune 
complexes remains unclear and their significance in the pathogenesis of the IPF has not 
been explored.  

4.3 Immunoglobulins and IPF 
It has long been recognized that IPF is associated with raised serum concentrations of IgG, 
IgA, or IgM, reflecting polyclonal hypergammaglobulinaemia due to non-specific B-cell 
activation (DeRemee et al., 1972). This pattern of hypergammaglobulinaemia is similar to 
that described in chronic infectious diseases and in autoimmune disease, particularly SLE 
and Sjogren’s syndrome (Ehrenstein & Isenberg, 1992). The mechanisms underlying 
polyclonal B cell activation in IPF have not been studied. However, in infectious disease, 
postulated mechanisms include B cell stimulation by microbial molecules such as 
lipopolysaccharide (LPS) and increased responsiveness of B cells to stimulation by 
cytokines including IL-4 and IL-5 (Alarcon-Riquelme et al., 1991). Microbial polyclonal B 
cell stimulators produced by various viruses, bacteria, and parasites induce proliferation 
of multiple B cell clones and up-regulate surface molecules major histocompatibility 
complex (MHC) class II, CD69, CD25, CD80, and CD86 (Montes et al., 2007). The 
antibodies produced by indiscriminately activated B cells may recognize heterologous or 
homologous antigens, the latter including actin, myosin, and DNA (Montes et al., 2007). 
Microbial polyclonal B cell stimulators are typically molecular components of the cell 
wall, cytosol, or secretion products. Some examples derived from Trypanosoma cruzi 
include mitochondrial malate dehydrogenase, glutamate dehydrogenase, proline 
racemase, and trans-sialidase (Montes et al., 2007). Several other polyclonal B call 
stimulating proteins from Schistosoma japonicum, Leishmania major, and Plasmodium 
falciparum have been well characterized. Furthermore, the IgG-binding staphylococcal 
protein A has the potential to bind surface Ig and activate multiple B cell clones 
(Anderson et al., 2006). Non-protein B cell activators include LPS derived from Gram-
negative bacteria. Viral envelope glycoproteins and viral DNA or CpG-containing 
oligodeoxynucleotides (OXD) may also stimulate proliferation of naïve B cells (Montes et 
al., 2007). Whilst the precise molecular pathways have not been described for many of 
these molecules, the TLR-mediated mechanisms underlying LPS- and CpG-OXD have 
been extensively described, involving ligation of host cell surface CD14/TLR4 and TLR9 
respectively. This mechanism applies to B cells directly, but may also involve indirect 
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cohort a strong (OR6.2) association was reported between the CR1 C5507G allele and IPF 
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difference between patients with IPF, pulmonary fibrosis secondary to connective tissue 
disease and healthy controls (Erlinger et al., 1991). However, this study only included 10 
patients with IPF with 93 patients in the other groups.  
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have described the presence of immune complexes in patients with idiopathic interstitial 
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antibodies produced by indiscriminately activated B cells may recognize heterologous or 
homologous antigens, the latter including actin, myosin, and DNA (Montes et al., 2007). 
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wall, cytosol, or secretion products. Some examples derived from Trypanosoma cruzi 
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racemase, and trans-sialidase (Montes et al., 2007). Several other polyclonal B call 
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falciparum have been well characterized. Furthermore, the IgG-binding staphylococcal 
protein A has the potential to bind surface Ig and activate multiple B cell clones 
(Anderson et al., 2006). Non-protein B cell activators include LPS derived from Gram-
negative bacteria. Viral envelope glycoproteins and viral DNA or CpG-containing 
oligodeoxynucleotides (OXD) may also stimulate proliferation of naïve B cells (Montes et 
al., 2007). Whilst the precise molecular pathways have not been described for many of 
these molecules, the TLR-mediated mechanisms underlying LPS- and CpG-OXD have 
been extensively described, involving ligation of host cell surface CD14/TLR4 and TLR9 
respectively. This mechanism applies to B cells directly, but may also involve indirect 
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involvement of TLR-bearing macrophages and dendritic cells which respond by secreting 
IL-1, IL-6, and IL-15 (Kacani et al., 1999;Riva et al., 1996). Indeed, B cell responses were 
diminished in IL-6 deficient mice (Karupiah et al., 1998). None of the mechanisms 
described above require involvement of T lymphocytes, but some examples requiring T 
cell help have been described. For example, polyclonal B cell activation induced by 
murine gamma herpes virus 68 infection is dependent on CD4 T cells in vivo (Stevenson 
& Doherty, 1999). In addition, γδ T cells may play a role in the polyclonal B cells 
activation seen in parasitic infections. 
In many infections characterized by polyclonal B cell activation, expansion of CD5+ B-1 cells 
and marginal zone B cells is a notable feature and these populations are considered the 
principal sources of natural antibodies (Montes et al., 2007).  The biological significance of 
polyclonal B cell activation in infectious and autoimmune disease remains uncertain, despite 
the fact that this phenomenon has been relatively well-studied in these conditions. In 
pulmonary fibrosis, polyclonal hypergammaglobulinaemia is a notable feature in many 
patients, but like many biomarkers we can only postulate whether it represents cause or 
consequence of the fibrotic process in the lung. In favour of a causative role is the 
established strong association of pulmonary fibrosis with systemic autoimmune disease, 
particularly rheumatoid arthritis and systemic sclerosis, but also including systemic lupus 
erythematosis (SLE), Sjogren’s syndrome, and polymyositis. Precisely how polyclonal B cell 
activation and hypergammaglobulinaemia could predispose to pulmonary fibrosis remains 
to be determined. 
Antigen presentation to B lymphocytes usually occurs in lymph nodes, but development 
of organized lymphoid structures elsewhere may occur in infective and autoimmune 
disorders. Antigen is presented by follicular dendritic cells in association with CD57+ 
follicle centre Th cells. Immature B lymphocytes are stimulated to proliferate, become 
activated, and undergo somatic mutation of their Ig genes. Following affinity maturation 
the surviving antigen-specific B cells differentiate into antibody-producing plasma cells or 
become memory cells (Heinen & Tsunoda, 1987). Formation of ectopic lymphoid tissue, 
described as lymphoid follicles is tissues other than lymph nodes or spleen, is a feature of 
certain chronic inflammatory diseases secondary to infection, autoimmunity, or neoplasia 
(Hjelmstrom, 2001). Early immunohistochemistry studies of lung tissue from patients 
with fibrosing alveolitis demonstrated chronic inflammatory infiltrates in the lung 
interstitium, composed predominantly of lymphocytes and macrophages (Campbell et al., 
1985). In many patients this chronic inflammatory infiltrate included organized 
aggregates of B cells, and it was suggested that this was evidence of a local humoral 
immune reaction (Emura et al., 1990;Wallace et al., 1996). A more detailed analysis 
revealed discrete lymphocyte aggregates in 37 of 38 consecutive lung biopsies from IPF 
patients, with germinal centre formation in 5/38 (13%) (Wallace et al., 1996). Lymphoid 
aggregates were identified as separate from areas of severe established fibrosis and 
honeycomb cysts, and there was no evidence of associated focal infection to account for 
them. Immunohistochemistry demonstrated CD20+ B cells and CD21+, CD23+, S100- 
follicular dendritic cells. The B lymphocytes expressed markers of proliferation (MIB-1+) 
and activation (CD23+). Ten to 20 percent of the lymphocytes were CD3+ CD45RO+ 
memory type T lymphocytes, with some evidence of specialized follicle centre 
development (Wallace et al., 1996). A subsequent study confirmed that these lymph node-
like structures in IPF lung were composed of activated B cells, CD40L+ activated T cells, 
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mature DCs and a network of FDCs (Marchal-Somme et al., 2006). The lymphocytes had 
features of non-proliferating antigen-experienced activated T and B cells, including 
follicular dendritic cells. Interestingly, anti-inflammatory drugs, which are considered 
generally ineffective in IPF, have little effect on mature differentiated lymphocytes 
(Matyszak et al., 2000). This mucosa-associated lymphoid tissue (MALT)-like tissue in IPF 
lung may reflect a humoral immune reaction in the lung parenchyma which may be a 
component of the pathogenesis of IPF. 

5. Pulmonary fibrosis and connective tissue disease 
Connective tissue diseases (CTD) are a group of immunologically mediated inflammatory 
disorders in which pulmonary involvement is strongly associated. This may be in the form 
of interstitial lung disease (ILD), pulmonary vascular disease, bronchiolitis, and other 
airspace abnormalities. These pulmonary manifestations may result from specific 
manifestations of the immune process, but also infection or drug toxicity (Eisenberg, 
1982;Hunninghake & Fauci, 1979). In this section of the chapter we will concentrate on ILD 
in CTD. Rheumatoid arthritis (RA), scleroderma and dermatomyositis will be discussed in 
detail. ILD has also been reported in association with SLE, Sjogren’s syndrome and mixed 
connective tissue disease (MCTD).  

5.1 Rheumatoid arthritis (RA) 
Ellmann and Ball (Ellman & Ball, 1948) described ILD as the predominant pulmonary 
manifestation of RA. Arthritis precedes the development of ILD in 90% of affected patients 
with mean age of onset of lung disease in the 5th or 6th decade. Significant risk factors for 
developing lung disease in RA include presence of subcutaneous nodules, high titres of 
circulating rheumatoid factor or antinuclear antibodies (Gordon et al., 1973) and genetic 
factors, for example, the presence of non-MM alpha 1- antitrypsin phenotypes. (Geddes et 
al., 1977;Michalski et al., 1986) Common symptoms include exertional dyspnoea and non-
productive cough. Clinical examination reveals bibasal pulmonary crackles in most patients. 
Finger clubbing is uncommon. 
Histologically RA-related ILD is indistinguishable from other fibrotic IIPs including IPF. A 
wide spectrum of elementary lesions found in a series of 40 patients led to the determination 
in each patient of a predominant or primary pattern (Yousem et al., 1985). UIP was the most 
frequent lesion followed by lymphoid hyperplasia, cellular interstitial pneumonia, 
desquamative interstitial pneumonia and proliferative bronchiolitis and patchy organizing 
pneumonia. 
Early histological studies demonstrated the presence of immune complexes in the alveolar 
walls with the potential to activate inflammatory cells and alveolar macrophages. Activation 
of polymorphonuclear cells in the lung has been demonstrated by the increased release of 
myeloperoxidase , collagenase and elastase (Garcia et al., 1987;Weiland et al., 1987). Gilligan 
et al demonstrated that patients with overt ILD had a greater concentration of pro-collagen 
peptide and collagenase activity in BAL fluid than those with early lung disease (Gilligan et 
al., 1990).  Balbi et al  demonstrated a preferential increase in Tec T-5,9+T cells, a subset of 
CD4 lymphocytes responsible for many helper T-cell functions including the response to 
allogenic antigens (Balbi et al., 1987). Such expansion might reflect increased T-cell- 
dependent stimulation of B cells to produce immunoglobulins in the lungs of RA patients. 
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activated, and undergo somatic mutation of their Ig genes. Following affinity maturation 
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aggregates of B cells, and it was suggested that this was evidence of a local humoral 
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aggregates were identified as separate from areas of severe established fibrosis and 
honeycomb cysts, and there was no evidence of associated focal infection to account for 
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mature DCs and a network of FDCs (Marchal-Somme et al., 2006). The lymphocytes had 
features of non-proliferating antigen-experienced activated T and B cells, including 
follicular dendritic cells. Interestingly, anti-inflammatory drugs, which are considered 
generally ineffective in IPF, have little effect on mature differentiated lymphocytes 
(Matyszak et al., 2000). This mucosa-associated lymphoid tissue (MALT)-like tissue in IPF 
lung may reflect a humoral immune reaction in the lung parenchyma which may be a 
component of the pathogenesis of IPF. 

5. Pulmonary fibrosis and connective tissue disease 
Connective tissue diseases (CTD) are a group of immunologically mediated inflammatory 
disorders in which pulmonary involvement is strongly associated. This may be in the form 
of interstitial lung disease (ILD), pulmonary vascular disease, bronchiolitis, and other 
airspace abnormalities. These pulmonary manifestations may result from specific 
manifestations of the immune process, but also infection or drug toxicity (Eisenberg, 
1982;Hunninghake & Fauci, 1979). In this section of the chapter we will concentrate on ILD 
in CTD. Rheumatoid arthritis (RA), scleroderma and dermatomyositis will be discussed in 
detail. ILD has also been reported in association with SLE, Sjogren’s syndrome and mixed 
connective tissue disease (MCTD).  
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Ellmann and Ball (Ellman & Ball, 1948) described ILD as the predominant pulmonary 
manifestation of RA. Arthritis precedes the development of ILD in 90% of affected patients 
with mean age of onset of lung disease in the 5th or 6th decade. Significant risk factors for 
developing lung disease in RA include presence of subcutaneous nodules, high titres of 
circulating rheumatoid factor or antinuclear antibodies (Gordon et al., 1973) and genetic 
factors, for example, the presence of non-MM alpha 1- antitrypsin phenotypes. (Geddes et 
al., 1977;Michalski et al., 1986) Common symptoms include exertional dyspnoea and non-
productive cough. Clinical examination reveals bibasal pulmonary crackles in most patients. 
Finger clubbing is uncommon. 
Histologically RA-related ILD is indistinguishable from other fibrotic IIPs including IPF. A 
wide spectrum of elementary lesions found in a series of 40 patients led to the determination 
in each patient of a predominant or primary pattern (Yousem et al., 1985). UIP was the most 
frequent lesion followed by lymphoid hyperplasia, cellular interstitial pneumonia, 
desquamative interstitial pneumonia and proliferative bronchiolitis and patchy organizing 
pneumonia. 
Early histological studies demonstrated the presence of immune complexes in the alveolar 
walls with the potential to activate inflammatory cells and alveolar macrophages. Activation 
of polymorphonuclear cells in the lung has been demonstrated by the increased release of 
myeloperoxidase , collagenase and elastase (Garcia et al., 1987;Weiland et al., 1987). Gilligan 
et al demonstrated that patients with overt ILD had a greater concentration of pro-collagen 
peptide and collagenase activity in BAL fluid than those with early lung disease (Gilligan et 
al., 1990).  Balbi et al  demonstrated a preferential increase in Tec T-5,9+T cells, a subset of 
CD4 lymphocytes responsible for many helper T-cell functions including the response to 
allogenic antigens (Balbi et al., 1987). Such expansion might reflect increased T-cell- 
dependent stimulation of B cells to produce immunoglobulins in the lungs of RA patients. 
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5.2 Scleroderma 
Interstitial lung disease (ILD) is the most common pulmonary complication in scleroderma. 
ILD may occur in either limited or diffuse cutaneous scleroderma with up to 70–80% of 
patients exhibiting pulmonary fibrosis at autopsy (Sime et al., 1997;Steen et al., 1985;Weaver 
et al., 1968). Exertional dyspnoea and non-productive cough are the common symptoms and 
bi-basal fine crackles are heard on chest auscultation. 
Retrospective studies of lung biopsies in patients with scleroderma-ILD suggest that the 
pathological pattern of lung involvement is more frequently that of non-specific interstitial 
pneumonia (NSIP) than of usual interstitial pneumonia (UIP) (Bouros et al., 2002). The 
pathogenesis of scleroderma lung disease is poorly understood. Early changes may include 
interstitial oedema and widening and inflammation of the alveolar walls with collections of 
mononuclear cells and neutrophils, leading to a combination of an inflammatory reaction 
and concommittant fibroblast proliferation (Harrison et al., 1989;Harrison et al., 1991). Tiny 
cysts result from progressive thinning and rupture of the alveolar walls associated with 
extensive interstitial and peri-bronchial fibrosis (Hayman & Hunt, 1952).  
Early in the course of scleroderma, activated fibroblasts expressing high levels of type I 
and type III collagen messenger ribonucleic acid (mRNA) are present adjacent to blood 
vessels, suggesting the occurrence of a vascular-related event mediating both fibroblast 
activation and tissue fibrosis (Ask et al., 2006). Increased levels of endothelin-1, a 
vasoconstrictor and mitogenic peptide, which is believed to play a role in fibrosis and 
collagen production, has been found in the plasma of scleroderma patients (Kahaleh, 
1991) and in the lungs of patients with IPF (Giaid et al., 1993). These data suggest an 
increased expression and/or production of endothelin by the vascular endothelium in 
scleroderma which might be mediated, at least in part, by cytokines (TNF-α, TGF-β, and 
IL-8) released from alveolar inflammatory cells. In addition, intense expression of PDGF 
by the endothelial lining of small capillaries in scleroderma (Gay et al., 1989) suggests that 
endothelin may act in synergy with other cytokines and growth factors to activate 
fibroblasts. Consistent with the concept that immune processes initiate inflammation, 
immune complexes are found in the epithelial lining fluid of patients with scleroderma 
(Jansen et al., 1984;Silver et al., 1986). Several lines of evidence support the concept that 
alveolitis, i.e. the accumulation of immune and inflammatory cells within the alveolar 
structures, precedes lung injury and may be the first step of the fibrotic process for which 
it may be entirely responsible. The alveolitis in scleroderma is characterized by an 
accumulation of activated alveolar macrophages, lymphocytes, neutrophils and 
eosinophils (Edelson et al., 1985;Harrison et al., 1989;Konig et al., 1984;Owens et al., 
1986;Pesci et al., 1986;Silver et al., 1984;Wallaert et al., 1988;Zhu et al., 2002). In 
scleroderma, alveolar macrophages have been shown to spontaneously release greater 
amounts of superoxide anion than normal alveolar macrophages (Wallaert et al., 1988). 
Collagenase, neutrophil elastase and elastase-like activities have been found in 
bronchoalveolar lavage (BAL) fluid (Konig et al., 1984;Sibille et al., 1990). Inflammatory 
cells can also activate the coagulation system (increased levels of plasminogen activator 
are present in BAL fluid) (Martinot et al., 1989) and release various mediators leading to 
the recruitment and accumulation of fibroblasts, and to the formation of connective tissue 
matrix substances. Alveolar macrophages from scleroderma patients release exaggerated 
amounts of IL-1, IL-6, TNF-α, fibronectin and alveolar macrophage derived growth factor 
(Bolster et al., 1997;Edelson et al., 1985;Rossi et al., 1985;Wallaert et al., 1988). Cytokines 
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induce the recruitment of inflammatory cells by the induction of chemokines (Rolfe et al., 
1991) or by the modulation of cellular adhesion molecule expression by vascular 
endothelium and leukocytes (Springer, 1990). In this context, Carre et al. (Carre et al., 
1991) recently demonstrated increased expression of IL-8 mRNA and IL-8 protein by 
alveolar macrophages from patients with ILD associated with scleroderma. The presence 
of high levels of IL-8 in BAL fluid correlates with the percentage of neutrophils (Southcott 
et al., 1995). Moreover, monokines are known either to stimulate fibroblast growth 
directly or through induction of growth factors potentially active in fibroblast 
proliferation (Sugarman et al., 1985), or to inhibit fibroblast growth through prostaglandin 
E2 (PGE2) synthesis. The fibrogenic cytokines TGF-β and PDGF are elevated in BAL fluid 
(Ludwicka et al., 1992). All these findings support the hypothesis that inflammatory and 
immune effector cells might modulate the injury and repair process occurring in the lung 
of scleroderma patients. 

5.3 Dermatomyositis (DM) and polymyositis (PM) 
The prevalence of ILD in DM/PM ranges from 5% to 30% depending on the diagnostic 
method (Ikezoe et al., 1996;Schwarz, 1992). Lung involvement may precede muscle or skin 
manifestations in up to one-third of cases. Clinically, the presentation of ILD in DM/PM can 
range from a rapidly progressive adult respiratory distress syndrome (ARDS)-like 
syndrome (Hamman-Rich syndrome) to slowly progressive exertional dyspnoea with 
abnormal imaging or can be asymptomatic only evidenced by abnormal radiology and lung 
function. Precipitating antibody to the acidic nuclear protein antigen Jo-1 (histidyl-transfer 
RNA synthetase) has been reported to be a marker of associated ILD in DM/PM, despite the 
fact that some patients are Jo-1 negative, but have ILD (Bernstein et al., 1984;Yoshida et al., 
1983). Another study reported that antobodies to PL-7 (threonyl-transfer RNA synthetase) 
and to PL-12 (alanyl-transfer RNA synthetase) may be found in patients with DM/PM-
related ILD (Hengstman et al., 2000) 
Three major histological patterns are identified and include bronchiolitis obliterans-
organizing pneumonia (BOOP), diffuse alveolar damage (DAD), and UIP. In BOOP, 
inflammatory polyps protrude into the terminal bronchioles and young connective tissue 
extends from the terminal bronchioles into the alveolar structures. This pattern of lesion is 
associated with acute ILD, and is related to a better prognosis than chronic ILD. In chronic 
UIP, alveolar septal collagen deposition, sparse interstitial lymphoplasmocytic infiltrates 
and type II alveolar lining cell hyperplasia are seen. DAD is characterized by alveolar 
lining cell injury, alveolar wall oedema and intra-alveolar fibrin deposition, with 
formation of hyaline membranes and focal haemorrhages (Takizawa et al., 1985;Tazelaar 
et al., 1990). 

6. Idiopathic pulmonary fibrosis and malignancy 
Idiopathic pulmonary fibrosis is related to malignant disease in a number of important 
ways: firstly, the pathophysiology of IPF has been likened to malignant disease with 
reference to apparently uncontrolled proliferation of fibroblasts resulting in alteration of 
local tissue architecture and resulting organ dysfunction; secondly, IPF is associated with an 
increased incidence of primary lung cancer; and finally, oncology treatments including 
chemotherapy and radiotherapy are known to induce pulmonary fibrosis.  



 
Inflammatory Diseases – Immunopathology, Clinical and Pharmacological Bases 

 

110 

5.2 Scleroderma 
Interstitial lung disease (ILD) is the most common pulmonary complication in scleroderma. 
ILD may occur in either limited or diffuse cutaneous scleroderma with up to 70–80% of 
patients exhibiting pulmonary fibrosis at autopsy (Sime et al., 1997;Steen et al., 1985;Weaver 
et al., 1968). Exertional dyspnoea and non-productive cough are the common symptoms and 
bi-basal fine crackles are heard on chest auscultation. 
Retrospective studies of lung biopsies in patients with scleroderma-ILD suggest that the 
pathological pattern of lung involvement is more frequently that of non-specific interstitial 
pneumonia (NSIP) than of usual interstitial pneumonia (UIP) (Bouros et al., 2002). The 
pathogenesis of scleroderma lung disease is poorly understood. Early changes may include 
interstitial oedema and widening and inflammation of the alveolar walls with collections of 
mononuclear cells and neutrophils, leading to a combination of an inflammatory reaction 
and concommittant fibroblast proliferation (Harrison et al., 1989;Harrison et al., 1991). Tiny 
cysts result from progressive thinning and rupture of the alveolar walls associated with 
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1991) and in the lungs of patients with IPF (Giaid et al., 1993). These data suggest an 
increased expression and/or production of endothelin by the vascular endothelium in 
scleroderma which might be mediated, at least in part, by cytokines (TNF-α, TGF-β, and 
IL-8) released from alveolar inflammatory cells. In addition, intense expression of PDGF 
by the endothelial lining of small capillaries in scleroderma (Gay et al., 1989) suggests that 
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induce the recruitment of inflammatory cells by the induction of chemokines (Rolfe et al., 
1991) or by the modulation of cellular adhesion molecule expression by vascular 
endothelium and leukocytes (Springer, 1990). In this context, Carre et al. (Carre et al., 
1991) recently demonstrated increased expression of IL-8 mRNA and IL-8 protein by 
alveolar macrophages from patients with ILD associated with scleroderma. The presence 
of high levels of IL-8 in BAL fluid correlates with the percentage of neutrophils (Southcott 
et al., 1995). Moreover, monokines are known either to stimulate fibroblast growth 
directly or through induction of growth factors potentially active in fibroblast 
proliferation (Sugarman et al., 1985), or to inhibit fibroblast growth through prostaglandin 
E2 (PGE2) synthesis. The fibrogenic cytokines TGF-β and PDGF are elevated in BAL fluid 
(Ludwicka et al., 1992). All these findings support the hypothesis that inflammatory and 
immune effector cells might modulate the injury and repair process occurring in the lung 
of scleroderma patients. 

5.3 Dermatomyositis (DM) and polymyositis (PM) 
The prevalence of ILD in DM/PM ranges from 5% to 30% depending on the diagnostic 
method (Ikezoe et al., 1996;Schwarz, 1992). Lung involvement may precede muscle or skin 
manifestations in up to one-third of cases. Clinically, the presentation of ILD in DM/PM can 
range from a rapidly progressive adult respiratory distress syndrome (ARDS)-like 
syndrome (Hamman-Rich syndrome) to slowly progressive exertional dyspnoea with 
abnormal imaging or can be asymptomatic only evidenced by abnormal radiology and lung 
function. Precipitating antibody to the acidic nuclear protein antigen Jo-1 (histidyl-transfer 
RNA synthetase) has been reported to be a marker of associated ILD in DM/PM, despite the 
fact that some patients are Jo-1 negative, but have ILD (Bernstein et al., 1984;Yoshida et al., 
1983). Another study reported that antobodies to PL-7 (threonyl-transfer RNA synthetase) 
and to PL-12 (alanyl-transfer RNA synthetase) may be found in patients with DM/PM-
related ILD (Hengstman et al., 2000) 
Three major histological patterns are identified and include bronchiolitis obliterans-
organizing pneumonia (BOOP), diffuse alveolar damage (DAD), and UIP. In BOOP, 
inflammatory polyps protrude into the terminal bronchioles and young connective tissue 
extends from the terminal bronchioles into the alveolar structures. This pattern of lesion is 
associated with acute ILD, and is related to a better prognosis than chronic ILD. In chronic 
UIP, alveolar septal collagen deposition, sparse interstitial lymphoplasmocytic infiltrates 
and type II alveolar lining cell hyperplasia are seen. DAD is characterized by alveolar 
lining cell injury, alveolar wall oedema and intra-alveolar fibrin deposition, with 
formation of hyaline membranes and focal haemorrhages (Takizawa et al., 1985;Tazelaar 
et al., 1990). 

6. Idiopathic pulmonary fibrosis and malignancy 
Idiopathic pulmonary fibrosis is related to malignant disease in a number of important 
ways: firstly, the pathophysiology of IPF has been likened to malignant disease with 
reference to apparently uncontrolled proliferation of fibroblasts resulting in alteration of 
local tissue architecture and resulting organ dysfunction; secondly, IPF is associated with an 
increased incidence of primary lung cancer; and finally, oncology treatments including 
chemotherapy and radiotherapy are known to induce pulmonary fibrosis.  
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6.1 Neoplastic hypothesis in IPF 
Malignant disease is characterized by genetic alterations leading to uncontrolled cellular 
proliferation and local invasion leading to alteration in local tissue architecture and organ 
dysfunction. The histological hallmark of UIP is collections of fibroblasts, activated 
myofibroblasts and deposited collagenous extracellular matrix termed ‘fibroblastic foci‘, 
often occurring in the margins between microscopically normal lung and areas of 
established fibrosis with little cellular inflammation (Cool et al., 2006). Originally it was 
suggested that these foci represent distinct areas of aberrant healing in response to local 
epithelial injury. However through three-dimensional reconstruction of lung biopsy 
specimens of UIP, Cool et al. demonstrated that the fibroblastic foci represent an 
interconnected network with associated abnormal vasculature. Whilst this finding would 
seem to support the hypothesis describing IPF as a neoplastic process, analysis of clonality 
of the fibroblasts demonstrated polyclonal rather than monoclonal proliferation suggesting 
a reactive rather than malignant process (Cool et al., 2006). It can however be argued that 
polyclonality alone does not rule out malignancy with polyclonality being described in a 
small number of haematological and other solid organ tumours (Davidsson et al., 
2005;Parsons, 2008).  

6.2 IPF as a risk factor for lung cancer 
Early reports described an association between fibrosing alveolitis and increased risk of lung 
cancer (Haddad & Massaro, 1968). More recently, a large population-based cohort study 
utilized the General Practice Research Database in the United Kingdom to investigate the 
incidence of lung cancer in patients with CFA and controls (Hubbard et al., 2000). This study 
of 890 patients with CFA syndrome and 5,884 controls reported a clear increased incidence 
of lung cancer in CFA with an odds ratio of 7.31 with little modification when smoking 
status was taken into account. The authors acknowledged that through use of a large 
general practice database there was inherent risk of misreporting in the data with particular 
focus on smoking status. However, the size of this study and the magnitude of increased 
incidence strongly suggest a positive association. Subsequent research has further defined 
the association with increased risk reported in male IPF patients who smoke with a similar 
frequency of histological cancer subtypes observed in non-IPF sufferers (Park et al., 2001) 
supporting historical observations (Stack et al., 1972). However, other studies have failed to 
confirm an association between IPF and malignancy although varying methodology, each 
with inherent risk of errors, means that a degree of uncertainty remains (Samet, 2000). 
Although the mechanism of fibrosis predisposing to malignancy is unclear, the notion of 
fibrotic disease predisposing to the development of malignancy is not isolated to the lung 
also being observed in liver cirrhosis.  

6.3 Radiation induced lung injury and pulmonary fibrosis 
In addition to the recognized association between IPF and lung cancer, cancer therapies 
including certain cytotoxic agents and radiotherapy are associated with developing fibrosis 
within the lung and other tissues.  
Radiotherapy is used to treat a wide range of malignant disease and can be used in isolation 
or in combination with surgery and/or chemotherapy in order to achieve survival benefit or 
palliate symptoms. External beam radiotherapy delivers a concentrated dose of ionizing 

 
Inflammation and Pulmonary Fibrosis 

 

113 

radiation to a targeted area aiming to minimize the exposure of surrounding tissues - 
however a degree of exposure is unavoidable. The use of radiotherapy for the treatment of 
thoracic tumours can result in exposure of the lung parenchyma to ionizing radiation and 
can result in the development of radiation pneumonitis and subsequent fibrosis. The 
aetiology and temporal relationship between the inducing agent and fibrosis is poorly 
understood in the majority of fibrotic diseases, but radiation-induced fibrosis provides 
insight into this area. 
Radiotherapy results in immediate oxidative DNA, protein and lipid damage. The resulting 
cellular injury leading to apoptosis and cell death within tumour cells results in its 
therapeutic benefit. However, exposure of surrounding tissues including epithelial and 
endothelial cells results in release of inflammatory and pro-fibrotic mediators and 
generation of reactive oxygen species that are felt to be important in driving and 
perpetuating the fibrotic process. Indeed, microvascular injury resulting from endothelial 
injury has been shown to result in chronic tissue hypoxia following radiotherapy for head 
and neck cancers and is known to contribute to sustained ECM deposition in vitro (Yarnold 
& Brotons, 2010).  
Clinically, radiation pneumonitis usually occurs 4-12 weeks after completion of treatment 
and may result in breathlessness, cough, pyrexia and chest discomfort although this acute 
phase may be asymptomatic. Progression to fibrosis can result in progressive breathlessness 
and dry cough however this stage can also be asymptomatic being identified only on 
thoracic imaging (Davis et al., 1992). The risk of developing radiation induced lung injury is 
related to the total radiation dose, the dose rate and the volume of lung irradiated. Three 
stages of lung injury have been described with initial exudative and organizing phases 
occurring in radiation pneumonitis followed by a chronic fibrotic phase (Gross, 1977).  
Initial epithelial and endothelial injury occurs resulting in vascular congestion and 
thrombosis leading to leak of proteinacious fluid into the lung interstitum and alveoli. In 
addition to microvascular injury, type II pneumocyte damage with resulting surfactant 
deficiency and alveolar collapse has also been suggested as a mechanism contributing to 
lung injury (Davis et al., 1992).   
The role of inflammation in this process is subject of debate. Infiltration with inflammatory 
cells including macrophages has been observed within weeks of lung irradiation. 
Macrophages are an important source of inflammatory and pro-fibrotic cytokines including 
TGF-β. In contrast to the classical pattern of radiation induced lung injury with changes 
occurring only within the irradiated field as a direct result of local cellular injury, in some 
cases the pattern of lung injury is not confined to the irradiated field occurring sporadically 
throughout both lungs. This pattern has been associated with a lymphocytic alveolitis on 
bronchalveolar lavage (Morgan & Breit, 1995). The role of this lymphocytic inflammation is 
unclear but a subset of T lymphocytes are known to release the profibrotic mediators IL-4 
and IL-13 that may be of significance in these patients (Morgan & Breit, 1995). 
As in other models of fibrosis, TGF-β plays a central role in initiating and sustaining fibrosis 
following radiation exposure. TGF-β stimulates a cascade of events leading to fibrosis 
including induction of CTGF production by fibroblasts through direct activation of gene 
transcription (Grotendorst et al., 1996). TGF-β and CTGF along with other pro-fibrotic 
mediators including PDGF result in fibroblast recruitment, proliferation and differentiation 
into myofibroblasts with ECM deposition (Yarnold & Brotons, 2010). The combined 
profibrotic effect of TGF-β and CTGF has been shown to be important in producing a 
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6.1 Neoplastic hypothesis in IPF 
Malignant disease is characterized by genetic alterations leading to uncontrolled cellular 
proliferation and local invasion leading to alteration in local tissue architecture and organ 
dysfunction. The histological hallmark of UIP is collections of fibroblasts, activated 
myofibroblasts and deposited collagenous extracellular matrix termed ‘fibroblastic foci‘, 
often occurring in the margins between microscopically normal lung and areas of 
established fibrosis with little cellular inflammation (Cool et al., 2006). Originally it was 
suggested that these foci represent distinct areas of aberrant healing in response to local 
epithelial injury. However through three-dimensional reconstruction of lung biopsy 
specimens of UIP, Cool et al. demonstrated that the fibroblastic foci represent an 
interconnected network with associated abnormal vasculature. Whilst this finding would 
seem to support the hypothesis describing IPF as a neoplastic process, analysis of clonality 
of the fibroblasts demonstrated polyclonal rather than monoclonal proliferation suggesting 
a reactive rather than malignant process (Cool et al., 2006). It can however be argued that 
polyclonality alone does not rule out malignancy with polyclonality being described in a 
small number of haematological and other solid organ tumours (Davidsson et al., 
2005;Parsons, 2008).  

6.2 IPF as a risk factor for lung cancer 
Early reports described an association between fibrosing alveolitis and increased risk of lung 
cancer (Haddad & Massaro, 1968). More recently, a large population-based cohort study 
utilized the General Practice Research Database in the United Kingdom to investigate the 
incidence of lung cancer in patients with CFA and controls (Hubbard et al., 2000). This study 
of 890 patients with CFA syndrome and 5,884 controls reported a clear increased incidence 
of lung cancer in CFA with an odds ratio of 7.31 with little modification when smoking 
status was taken into account. The authors acknowledged that through use of a large 
general practice database there was inherent risk of misreporting in the data with particular 
focus on smoking status. However, the size of this study and the magnitude of increased 
incidence strongly suggest a positive association. Subsequent research has further defined 
the association with increased risk reported in male IPF patients who smoke with a similar 
frequency of histological cancer subtypes observed in non-IPF sufferers (Park et al., 2001) 
supporting historical observations (Stack et al., 1972). However, other studies have failed to 
confirm an association between IPF and malignancy although varying methodology, each 
with inherent risk of errors, means that a degree of uncertainty remains (Samet, 2000). 
Although the mechanism of fibrosis predisposing to malignancy is unclear, the notion of 
fibrotic disease predisposing to the development of malignancy is not isolated to the lung 
also being observed in liver cirrhosis.  

6.3 Radiation induced lung injury and pulmonary fibrosis 
In addition to the recognized association between IPF and lung cancer, cancer therapies 
including certain cytotoxic agents and radiotherapy are associated with developing fibrosis 
within the lung and other tissues.  
Radiotherapy is used to treat a wide range of malignant disease and can be used in isolation 
or in combination with surgery and/or chemotherapy in order to achieve survival benefit or 
palliate symptoms. External beam radiotherapy delivers a concentrated dose of ionizing 
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radiation to a targeted area aiming to minimize the exposure of surrounding tissues - 
however a degree of exposure is unavoidable. The use of radiotherapy for the treatment of 
thoracic tumours can result in exposure of the lung parenchyma to ionizing radiation and 
can result in the development of radiation pneumonitis and subsequent fibrosis. The 
aetiology and temporal relationship between the inducing agent and fibrosis is poorly 
understood in the majority of fibrotic diseases, but radiation-induced fibrosis provides 
insight into this area. 
Radiotherapy results in immediate oxidative DNA, protein and lipid damage. The resulting 
cellular injury leading to apoptosis and cell death within tumour cells results in its 
therapeutic benefit. However, exposure of surrounding tissues including epithelial and 
endothelial cells results in release of inflammatory and pro-fibrotic mediators and 
generation of reactive oxygen species that are felt to be important in driving and 
perpetuating the fibrotic process. Indeed, microvascular injury resulting from endothelial 
injury has been shown to result in chronic tissue hypoxia following radiotherapy for head 
and neck cancers and is known to contribute to sustained ECM deposition in vitro (Yarnold 
& Brotons, 2010).  
Clinically, radiation pneumonitis usually occurs 4-12 weeks after completion of treatment 
and may result in breathlessness, cough, pyrexia and chest discomfort although this acute 
phase may be asymptomatic. Progression to fibrosis can result in progressive breathlessness 
and dry cough however this stage can also be asymptomatic being identified only on 
thoracic imaging (Davis et al., 1992). The risk of developing radiation induced lung injury is 
related to the total radiation dose, the dose rate and the volume of lung irradiated. Three 
stages of lung injury have been described with initial exudative and organizing phases 
occurring in radiation pneumonitis followed by a chronic fibrotic phase (Gross, 1977).  
Initial epithelial and endothelial injury occurs resulting in vascular congestion and 
thrombosis leading to leak of proteinacious fluid into the lung interstitum and alveoli. In 
addition to microvascular injury, type II pneumocyte damage with resulting surfactant 
deficiency and alveolar collapse has also been suggested as a mechanism contributing to 
lung injury (Davis et al., 1992).   
The role of inflammation in this process is subject of debate. Infiltration with inflammatory 
cells including macrophages has been observed within weeks of lung irradiation. 
Macrophages are an important source of inflammatory and pro-fibrotic cytokines including 
TGF-β. In contrast to the classical pattern of radiation induced lung injury with changes 
occurring only within the irradiated field as a direct result of local cellular injury, in some 
cases the pattern of lung injury is not confined to the irradiated field occurring sporadically 
throughout both lungs. This pattern has been associated with a lymphocytic alveolitis on 
bronchalveolar lavage (Morgan & Breit, 1995). The role of this lymphocytic inflammation is 
unclear but a subset of T lymphocytes are known to release the profibrotic mediators IL-4 
and IL-13 that may be of significance in these patients (Morgan & Breit, 1995). 
As in other models of fibrosis, TGF-β plays a central role in initiating and sustaining fibrosis 
following radiation exposure. TGF-β stimulates a cascade of events leading to fibrosis 
including induction of CTGF production by fibroblasts through direct activation of gene 
transcription (Grotendorst et al., 1996). TGF-β and CTGF along with other pro-fibrotic 
mediators including PDGF result in fibroblast recruitment, proliferation and differentiation 
into myofibroblasts with ECM deposition (Yarnold & Brotons, 2010). The combined 
profibrotic effect of TGF-β and CTGF has been shown to be important in producing a 
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sustained fibrotic response in animal models and has been described in other chronic 
fibrotic disorders including scleroderma (Leask et al., 2004).  
The interaction between TGF-β and CTGF has been studied in vivo following pelvic 
irradiation for colorectal cancer. Irradiated rectal mucosa stained positive for TGF-β in non-
tumour containing tissues 7-40 weeks following radiotherapy (Canney & Dean, 1990). 
However, patients undergoing surgery for fibrotic strictures in chronically fibrotic bowel 
following pelvic irradiation exhibit high levels of CTGF mRNA and protein but levels of 
TGF-β no greater than non-irradiated tissue (Vozenin-Brotons et al., 2003) suggesting that 
TGF-β is important in initiation of the fibrotic process with CTGF perpetuating fibrosis. 
Reactive oxygen species generated during radiation exposure are believed to be an 
important activator of TGF-β with resulting cascade of events leading to fibrosis. The 
importance of TGF-β in radiation-induced lung injury is supported by evidence that 
inhibiting TGF-β reduces the effects of radiation exposure including reduction in fibrosis, 
inflammation and respiratory distress (Anscher et al., 2008). 

7. Inflammation and fibrosis in other organ systems 
7.1 Diabetes and diabetic nephropathy 
Diabetic nephropathy (DN) is a major health problem worldwide. Histologically it is 
characterized by tissue remodeling, particularly tubular atrophy and interstitial fibrosis 
similar to that seen in the lung in IPF. Diabetes is currently regarded as an inflammatory 
disease as well as a metabolic disorder. The interplay between hyperglycaemia, insulin 
resistance, and a systemic inflammatory response in type II diabetes mellitus (T2DM) is 
believed to promote microvascular complications via endothelial cell dysfunction and 
induction of a procoagulant state. For example, increased expression of ICAM-1 has been 
reported in rodent models of DN, and elevated soluble ICAM-1 has been reported in human 
subjects with DN. Similarly, endothelial VCAM-1 expression was increased in animal 
models of DN, and increased concentrations of soluble VCAM-1 have been reported in 
blood samples from patients with DN. However, the precise molecular mechanisms 
underlying the systemic inflammatory response in DM are poorly understood (Goldberg, 
2009).  
Recruitment of inflammatory cells into the diabetic kidney may be an initiating event in 
renal injury leading to fibrosis and development of the end-stage kidney (ESK). For 
example, in the streptozotocin rat model of diabetes, the chemokine MCP-1 mediated 
macrophage accumulation and activation at an early stage of nephropathy (Chow et al., 
2007), and blockade of MCP-1/CCR2 ameliorated DN in this model (Kanamori et al., 2007). 
Interestingly, renal MCP-1 excretion is reduced by rennin-angiotensin-aldosterone blockade, 
an effective therapeutic intervention on slowing progression in DN. 
Various inflammatory mediators have been implicated in the renal lesions in DN. Relative 
deficiency of circulating adiponectin has pro-inflammatory effects on macrophages, 
endothelial cells, and smooth muscle cells (Rivero et al., 2009). Leptin excess has pro-
inflammatory effects in terms of impaired endothelial function, stimulation and 
aggregation of platelets, increased oxidative stress, and stimulation of vascular smooth 
muscle cells.  Leptin is metabolized principally in the kidney tubules by binding to its 
receptor megalin where it may lead to proliferation of endothelial cells and mesangial cell 
hypertrophy, increased TGF-β and collagen type I and IV production. Furthermore, TLR-
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mediated immune activation has been implicated in diabetes and various types of renal 
disease. In the Diabetes Control and Complications Trial, baseline E-selectin and 
fibrinogen levels predicted DN in T1DM (Lopes-Virella et al., 2008). The classical pro-
inflammatory cytokines IL-1 and IL-6 were up-regulated in animal models of DN. Renal 
expression of tissue factor was up-regulated 2.5-times in the kidneys of diabetic compared 
with control rats, and this preceded clinical renal disease manifested by albuminuria. 
Similarly, correlations have been reported in diabetic patients between serum 
concentrations of TNF-α and severity of DN. Other serum markers associated with DN 
include CRP and IL-6 (Goldberg, 2009). 

7.2 Liver fibrosis 
Worldwide, the causes of liver fibrosis have largely been established and are the 
consequence of liver injury and inflammation (hepatitis) caused by chronic viral infection 
(HBV, HCV), alcohol, or obesity (steatohepatitis), or autoimmunity (Bousse-Kerdiles et al., 
2008). In the well characterized carbon tetrachloride liver injury model in rodents, iterative 
injury leads to inflammation followed by intense scarring, followed by resolution and 
disappearance of scar tissue. Resolution of scarring is believed to be mediated by 
macrophage-derived matrix metalloproteases (MMPs). Duffield et al (Duffield et al., 2005) 
examined the role of macrophages in fibrosis and resolution using a transgenic mouse 
model in which macrophages could be depleted. Macrophage depletion during the early 
injury phase led to loss of myofibroblasts and failure to lay down matrix including collagen 
III and elastin, and reduced scarring. Macrophage depletion during the late resolution phase 
led instead to persistence of myofibroblasts, attenuated matrix degradation, and failure to 
resolve the scar tissue. These data defined two macrophage populations with opposite 
functions – promoting fibrosis in the initial injury phase and resolving scar tissue after 
removal of the injurious stimulus - and identified macrophages as key players regulating 
healing and fibrosis.  

7.3 Myelofibrosis 
The marked bone marrow fibrosis seen in primary myelofibrosis is associated with 
immunological abnormalities implicating lymphocytes in the scarring process (Bousse-
Kerdiles et al., 2008). Similarly, studies of bone marrow fibrosis in Hairy Cell Leukaemia 
suggest that the abnormal B lymphocytes may play a key role as a source of fibrogenic 
cytokines. Abnormal immune complex-stimulated megakaryocytes have also been 
implicated as they release PDGF, a potent stimulator of fibroblast activation, as well as other 
fibrogenic cytokines including TGF-β. Similarly, monocytes/macrophages may also be a 
source of fibrogenic cytokines in myelofibrosis. 

8. Conclusion 
In the last decade the classical hypothesis that acute and chronic inflammation preceded 
pulmonary fibrosis has fallen out of favour, but as we have discussed in this chapter 
inflammation is strongly implicated in fibrogenesis in animal models and in other fibrotic 
human diseases. Our understanding of the role of inflammation in IPF remains incomplete 
but must not be discounted on the basis of failed response to immunosuppressant therapy. 
UIP represents the end point of a number of fibrotic conditions including asbestos related 
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sustained fibrotic response in animal models and has been described in other chronic 
fibrotic disorders including scleroderma (Leask et al., 2004).  
The interaction between TGF-β and CTGF has been studied in vivo following pelvic 
irradiation for colorectal cancer. Irradiated rectal mucosa stained positive for TGF-β in non-
tumour containing tissues 7-40 weeks following radiotherapy (Canney & Dean, 1990). 
However, patients undergoing surgery for fibrotic strictures in chronically fibrotic bowel 
following pelvic irradiation exhibit high levels of CTGF mRNA and protein but levels of 
TGF-β no greater than non-irradiated tissue (Vozenin-Brotons et al., 2003) suggesting that 
TGF-β is important in initiation of the fibrotic process with CTGF perpetuating fibrosis. 
Reactive oxygen species generated during radiation exposure are believed to be an 
important activator of TGF-β with resulting cascade of events leading to fibrosis. The 
importance of TGF-β in radiation-induced lung injury is supported by evidence that 
inhibiting TGF-β reduces the effects of radiation exposure including reduction in fibrosis, 
inflammation and respiratory distress (Anscher et al., 2008). 

7. Inflammation and fibrosis in other organ systems 
7.1 Diabetes and diabetic nephropathy 
Diabetic nephropathy (DN) is a major health problem worldwide. Histologically it is 
characterized by tissue remodeling, particularly tubular atrophy and interstitial fibrosis 
similar to that seen in the lung in IPF. Diabetes is currently regarded as an inflammatory 
disease as well as a metabolic disorder. The interplay between hyperglycaemia, insulin 
resistance, and a systemic inflammatory response in type II diabetes mellitus (T2DM) is 
believed to promote microvascular complications via endothelial cell dysfunction and 
induction of a procoagulant state. For example, increased expression of ICAM-1 has been 
reported in rodent models of DN, and elevated soluble ICAM-1 has been reported in human 
subjects with DN. Similarly, endothelial VCAM-1 expression was increased in animal 
models of DN, and increased concentrations of soluble VCAM-1 have been reported in 
blood samples from patients with DN. However, the precise molecular mechanisms 
underlying the systemic inflammatory response in DM are poorly understood (Goldberg, 
2009).  
Recruitment of inflammatory cells into the diabetic kidney may be an initiating event in 
renal injury leading to fibrosis and development of the end-stage kidney (ESK). For 
example, in the streptozotocin rat model of diabetes, the chemokine MCP-1 mediated 
macrophage accumulation and activation at an early stage of nephropathy (Chow et al., 
2007), and blockade of MCP-1/CCR2 ameliorated DN in this model (Kanamori et al., 2007). 
Interestingly, renal MCP-1 excretion is reduced by rennin-angiotensin-aldosterone blockade, 
an effective therapeutic intervention on slowing progression in DN. 
Various inflammatory mediators have been implicated in the renal lesions in DN. Relative 
deficiency of circulating adiponectin has pro-inflammatory effects on macrophages, 
endothelial cells, and smooth muscle cells (Rivero et al., 2009). Leptin excess has pro-
inflammatory effects in terms of impaired endothelial function, stimulation and 
aggregation of platelets, increased oxidative stress, and stimulation of vascular smooth 
muscle cells.  Leptin is metabolized principally in the kidney tubules by binding to its 
receptor megalin where it may lead to proliferation of endothelial cells and mesangial cell 
hypertrophy, increased TGF-β and collagen type I and IV production. Furthermore, TLR-
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mediated immune activation has been implicated in diabetes and various types of renal 
disease. In the Diabetes Control and Complications Trial, baseline E-selectin and 
fibrinogen levels predicted DN in T1DM (Lopes-Virella et al., 2008). The classical pro-
inflammatory cytokines IL-1 and IL-6 were up-regulated in animal models of DN. Renal 
expression of tissue factor was up-regulated 2.5-times in the kidneys of diabetic compared 
with control rats, and this preceded clinical renal disease manifested by albuminuria. 
Similarly, correlations have been reported in diabetic patients between serum 
concentrations of TNF-α and severity of DN. Other serum markers associated with DN 
include CRP and IL-6 (Goldberg, 2009). 

7.2 Liver fibrosis 
Worldwide, the causes of liver fibrosis have largely been established and are the 
consequence of liver injury and inflammation (hepatitis) caused by chronic viral infection 
(HBV, HCV), alcohol, or obesity (steatohepatitis), or autoimmunity (Bousse-Kerdiles et al., 
2008). In the well characterized carbon tetrachloride liver injury model in rodents, iterative 
injury leads to inflammation followed by intense scarring, followed by resolution and 
disappearance of scar tissue. Resolution of scarring is believed to be mediated by 
macrophage-derived matrix metalloproteases (MMPs). Duffield et al (Duffield et al., 2005) 
examined the role of macrophages in fibrosis and resolution using a transgenic mouse 
model in which macrophages could be depleted. Macrophage depletion during the early 
injury phase led to loss of myofibroblasts and failure to lay down matrix including collagen 
III and elastin, and reduced scarring. Macrophage depletion during the late resolution phase 
led instead to persistence of myofibroblasts, attenuated matrix degradation, and failure to 
resolve the scar tissue. These data defined two macrophage populations with opposite 
functions – promoting fibrosis in the initial injury phase and resolving scar tissue after 
removal of the injurious stimulus - and identified macrophages as key players regulating 
healing and fibrosis.  

7.3 Myelofibrosis 
The marked bone marrow fibrosis seen in primary myelofibrosis is associated with 
immunological abnormalities implicating lymphocytes in the scarring process (Bousse-
Kerdiles et al., 2008). Similarly, studies of bone marrow fibrosis in Hairy Cell Leukaemia 
suggest that the abnormal B lymphocytes may play a key role as a source of fibrogenic 
cytokines. Abnormal immune complex-stimulated megakaryocytes have also been 
implicated as they release PDGF, a potent stimulator of fibroblast activation, as well as other 
fibrogenic cytokines including TGF-β. Similarly, monocytes/macrophages may also be a 
source of fibrogenic cytokines in myelofibrosis. 

8. Conclusion 
In the last decade the classical hypothesis that acute and chronic inflammation preceded 
pulmonary fibrosis has fallen out of favour, but as we have discussed in this chapter 
inflammation is strongly implicated in fibrogenesis in animal models and in other fibrotic 
human diseases. Our understanding of the role of inflammation in IPF remains incomplete 
but must not be discounted on the basis of failed response to immunosuppressant therapy. 
UIP represents the end point of a number of fibrotic conditions including asbestos related 
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interstitial lung disease, hypersensitivity pneumonitis and connective tissue diseases. It 
should be considered that IPF may have an asymptomatic stage in which inflammation 
plays an important part with UIP representing a self perpetuating universal fibrotic end 
point.     
Animal models of pulmonary fibrosis have provided insight into fibrogenesis however they 
do not truly parallel human disease and therefore conclusions must be drawn with caution. 
However, they do provide a useful tool for generating hypotheses that can be investigated 
in human subjects. The relatively low prevalence of IPF in the population and our poor 
understanding of the disease course pose challenges for good quality clinical research 
resulting in many studies having sample sizes that are too small to draw firm conclusions. 
With the development of research networks facilitating multicentre collaboration it is 
essential that the role of inflammation continues to be investigated in order to improve our 
understanding of the interplay between inflammation and fibrosis in the lung.  
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1. Introduction 
The macula or macula lutea (originally from Latin macula, “spot” and lutea, “yellow”) is an 
oval-shaped spot, five mm in diameter, located temporal to the optical nerve and near the 
centre of the human retina. Although it comprises only a small part of the retina, it is 
responsible for the sharp central vision and colour vision. Age-related macular degeneration 
(AMD) is a disease in which the neuroretina and retinal pigment epithelia (RPE) of the 
macula degenerate with age resulting in profound loss of visual function. At the early 
stages, so called age-related maculopathy, patients present with “drusen”, the “biological 
waste materials” deposition, between RPE cells and the choroid especially in the macular 
region (Coleman et al. 2008, Jager et al. 2008). Visual acuity is normally not affected at this 
stage. As disease progresses to the advanced stages, patients may lose their central vision. 
There are two forms of advanced AMD: dry and wet. Dry-AMD also called central 
geographic atrophy. Apoptosis of RPE cells and subsequent death of photoreceptors in the 
macula underlie the pathology of dry-AMD (Coleman et al. 2008).  “Wet” AMD refers to the 
neovascular or exudative form of the disease and is associated with rapid vision loss caused 
by the infiltration of abnormal blood vessels from the choroid into the subretinal space 
leading to haemorrhage, leakage of fluid and eventual scar tissue formation (Chopdar et al. 
2003, Coleman et al. 2008). Dry-AMD is more common than wet-AMD accounting for nearly 
85~90% of AMD cases; however, wet-AMD contributes to 90% of severe vision loss resulting 
from AMD (Chopdar et al. 2003). In addition, AMD is generally thought to progress along a 
continuum from atrophic or dry-AMD to neovascular (wet) AMD with approximately 10-
15% of all AMD patients eventually developing the wet form (Sunness et al. 1999). 
Occasionally, patients can also present with exudative (wet) AMD as the first manifestation 
of the condition without prior signs of dry-AMD. 

1.1 The social and economic burden of age-related macular degeneration 
AMD is not painful. However, it affects the central vision and patients with AMD may 
have a distorted, or blurred vision (early AMD), or even a total loss of central vision 
(advanced AMD), and they cannot see things in details. It is therefore, very difficult for 
them to cope with daily life on their own. AMD is the largest cause of blindness in most 
developed countries. More than half a million people in the UK suffer from AMD with 
over half of all registrations of severe visual impairment attributed to the disease (Bunce 
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and Wormald. 2006). The incidence of AMD is predicated to increase as the proportion of 
the elderly increases and this will have a major impact on morbidity with implications for 
economic and social cost. For example, a recent analysis of AMD in Australia shows that 
current treatment in AMD costs society $2.6 billion per year; this figure is predicted to rise 
to $6.5 billion by 2025 and a total of $59 billion over the next 20 years will be needed for 
AMD management. (Taylor H, Guymer R, Keeffe J. 2006). In the UK, the anti-vascular 
endothelial growth factor A (VEGF-A) antibody, Ranibizumab (Lucentis) is approved by 
the National Health Service (NHS) for neovascular AMD therapy. Based on the  
information  published in 2008, there are about 26,000 new cases of neovascular AMD 
each year in England (http://www.nice.org.uk/nicemedia/pdf /TA155guidance.pdf). 
The estimated cost to NHS for Lucentis alone is about £1.3 billion/year in England. The 
social and economic cost for caring and treating AMD is huge. A search for effective ways 
to prevent or treat AMD is urgent.  

2. Inflammation in age-related macular degeneration 
2.1 Para-inflammation and retinal aging 
To develop an effective and safe therapy for AMD, it is important that we understand the 
cause and the pathogenesis of the disease. Although a lot of risk factors of AMD have been 
identified, the precise mechanism on how these risk factors lead to macular damage remains 
ill-defined. Inflammation is believed to play an important role in AMD. How is 
inflammation initiated in the aging retina? According to Harman’s “free radical theory of 
aging” (Harman. 1956), aging is the accumulation of free-radical induced damage in cells 
and tissues. We have shown previously that a number of oxidized materials, including 
nitrotyrosine, oxidized low-density lipoprotein (LDL), and oxidized protein (identified by 
dinitrophenyl (DNP) staining) accumulate in the aging retina (Xu et al. 2009) (Figures 1A-
1E). These oxidized (or damaged) molecules represent an endogenous threat to normal 
tissue physiology. However, under normal aging conditions, overt pathology does not occur 
in the retina. We now understand that the immune system has evolved to clear senescent, 
damaged cells and maintain normal tissue functions. Cells of the innate immune system, 
such as tissue resident macrophages sense signals from damaged cells/molecules and 
mount a para-inflammatory response, a concept proposed by Medzhitov (Medzhitov. 2008) 
as a “physiological” inflammatory response. Para-inflammation describes a “physiological” 
inflammatory process that lies between the overt destructive inflammation and normal 
quiescent state, and is required for tissue homeostatic processes in clearing damaged cells 
and molecules (Medzhitov. 2008). In the retina, RPE and photoreceptors encounter age-
related increases in oxidative or metabolic stress. We have shown previously that age-
related retinal “para-inflammation” comprises (1) microglial activation and subretinal 
migration (Figure 1F); and (2) complement activation (Figures 1G, 1H) (Chen et al. 2010, Xu 
et al. 2009). This para-inflammatory response may protect the retina from age-related free 
radical mediated damage as overt retinal pathology does not occur under physiological 
aging conditions (Chen et al. 2010, Xu et al. 2009). The protective effect of the para-
inflammatory response is, however, limited. During aging, the noxious stimuli persist for 
many decades, which will inevitably result in loss of functional cells and molecules; the host 
has evolved to adjust the thresholds to maintain tissue function as well as to avoid an overt 
inflammation (Medzhitov. 2008). 
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Fig. 1. Oxidative stress and para-inflammation in the aging retina (Xu et al. 2009). (A-E), 
Cryosections of mouse eyes were stained for dinitrophenyl (DNP, red) and DAPI (blue). A 
weak positivity of DNP was observed in the retina (A) and RPE/choroid (C) of 3-month old 
mice. DNP was strongly positive in the retina (B) and RPE/choroid (D) of 24 month old 
mice. (E), Isotype control staining did not reveal any positivity. (F), Subretinal macrophages 
in a 20 months old mouse.  RPE/choroidal flatmounts were stained for F4/80 (red) and Iba-
1 (green) and observed by confocal microscopy. The majority of subretinal macrophages are 
F4/80+Iba-1+. A small number of cells were F4/80+Iba-1-. (G, H), Complement C3d 
deposition in mouse retina. Cryosections of mouse eye were stained for C3d (green) and 
propidium iodide (PI, red) and observed by confocal microscopy. C3d was not detected in 
the retina of a 3-month old mouse (G), but detected at the retina/choroidal interface in a 24-
month old mouse (H).  Ch, choroid; INL, inner nuclear layer; ONL, outer nuclear layer; RPE, 
retinal pigment epithelium.  

2.2 Evidence of the role of inflammation in AMD 
Evidence supporting the association between chronic inflammation and AMD emerged over 
25 years ago. In donated human AMD eyes, Penfold et al detected inflammatory cells 
(macrophages, lymphocytes and mast cells) in the choroid (Penfold et al. 1985, Penfold et al. 
1997). Drusen, the hallmark of early AMD, also contains a variety of inflammatory 
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Fig. 1. Oxidative stress and para-inflammation in the aging retina (Xu et al. 2009). (A-E), 
Cryosections of mouse eyes were stained for dinitrophenyl (DNP, red) and DAPI (blue). A 
weak positivity of DNP was observed in the retina (A) and RPE/choroid (C) of 3-month old 
mice. DNP was strongly positive in the retina (B) and RPE/choroid (D) of 24 month old 
mice. (E), Isotype control staining did not reveal any positivity. (F), Subretinal macrophages 
in a 20 months old mouse.  RPE/choroidal flatmounts were stained for F4/80 (red) and Iba-
1 (green) and observed by confocal microscopy. The majority of subretinal macrophages are 
F4/80+Iba-1+. A small number of cells were F4/80+Iba-1-. (G, H), Complement C3d 
deposition in mouse retina. Cryosections of mouse eye were stained for C3d (green) and 
propidium iodide (PI, red) and observed by confocal microscopy. C3d was not detected in 
the retina of a 3-month old mouse (G), but detected at the retina/choroidal interface in a 24-
month old mouse (H).  Ch, choroid; INL, inner nuclear layer; ONL, outer nuclear layer; RPE, 
retinal pigment epithelium.  

2.2 Evidence of the role of inflammation in AMD 
Evidence supporting the association between chronic inflammation and AMD emerged over 
25 years ago. In donated human AMD eyes, Penfold et al detected inflammatory cells 
(macrophages, lymphocytes and mast cells) in the choroid (Penfold et al. 1985, Penfold et al. 
1997). Drusen, the hallmark of early AMD, also contains a variety of inflammatory 
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molecules including vitronectin, amyloid A/P, Factor X, prothrombin, and in some 
instances, immunoglobulin, HLA-DR, complement C3, C5, C5b-9, CFH, and CRP (Anderson 
et al. 2002). These results suggest that a local chronic inflammatory response is associated 
with AMD pathology.  
Data from population-based epidemiological studies suggest that chronic systemic 
inflammation may also play a role in AMD. The acute-phase serum protein, C-reactive 
protein (CRP) is a “golden” marker of systemic inflammation. Increased serum CRP level 
has been shown to be associated with AMD in a number of studies (McGwin et al. 2005, 
Schaumberg et al. 2007, Seddon et al. 2004, Seddon et al. 2005). In addition, elevated 
circulating levels of inflammatory cytokines, including IL-6 (Seddon et al. 2005), and TNF- 
(Cousins et al. 2004), and soluble intercellular adhesion molecule 1 (sICAM-1) (Klein et al. 
2005) have been reported to be related to AMD. A few studies also detected retinal 
autoantibodies in AMD patients (Cherepanoff et al. 2006, Gu et al. 2003, Penfold et al. 1990). 
More recently, clinical studies have shown that AMD patients appear to have a higher 
complement activity in the serum as compared age-matched non-AMD controls (Reynolds 
et al. 2009, Scholl et al. 2008). These data suggest that AMD is related to a chronic systemic 
inflammation. 
Whilst clinical studies support the link between AMD and inflammation, data from 
experimental animal studies further suggest a causal role of inflammation in AMD. In the 
laser-induced choroidal neovascularisation (CNV, an animal model for wet AMD), 
complement activation has been detected at the lesion site (Bora et al. 2005) and blocking the 
complement activation by CFB siRNA attenuated CNV (Bora et al. 2006). Mice deficient in 
the complement regulatory protein CD59 developed early and severe CNV, whereas 
administration of a recombinant soluble form of mouse CD59a-Fc (Bora et al. 2007) or 
membrane-targeted form of CD59 inhibited the growth of CNV (Bora et al. 2010). Infiltrating 
bone marrow-derived macrophages are also crucial for the development of CNV (Galimi et 
al. 2005), and depletion of macrophages reduced the size, cullularity and vascularity of CNV 
(Espinosa-Heidmann et al. 2003, Sakurai et al. 2003). Animals with certain macrophage 
deficiencies (e.g. Ccl2, Ccr2, Cx3cr1 or ccl2/cx3cr1) (Ambati et al. 2003, Combadiere et al. 
2007, Tuo et al. 2007) develop retinal lesions akin to human AMD, although the precise 
mechanism remains poorly defined.  

2.3 Immune pathways 
There are two arms of the immune system: the innate immune system and adaptive immune 
system. The innate immune system provides a rapid but non-specific response to pathogens 
(e.g. foreign organisms and altered self antigens); whereas the adaptive immune system 
offers an antigen-specific response. Although there is evidence that chronic C. Pneumoniae 
infection might be related to AMD (Baird et al. 2008, Ishida et al. 2003, Kalayoglu et al. 2003), 
accumulation of free radical-mediated damage on tissue cells and extracellular molecules at 
the macular area is the main detrimental factor. The innate immune system, particularly the 
phagocytes and the complement system, plays an important role in the clearance of 
apoptotic cells and damaged/altered extracellular matrix components. The innate immune 
system may be the main contributor of the chronic inflammation related to AMD, and this 
view is supported by various genetic and experimental animal model studies (see below). 
The adaptive immune system may also contribute to AMD-related chronic inflammation 
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albeit to a less extent. Retinal autoantibodies have been detected in AMD patients 
(Cherepanoff et al. 2006, Gu et al. 2003, Penfold et al. 1990), and AMD-like lesions can be 
modelled in animals with DHL-immunization (Hollyfield et al. 2008).  

2.3.1 Complement pathway 
The complement system is an important part of the innate immunity. It complements the 
antibodies and phagocytes to clear pathogens from the host. The complement system 
consists of over 20 small proteins found in the blood; and the system can be activated by at 
least three pathways: the classic pathway (CP), mannose-binding lectin (MBL) pathway, and 
the alternative pathway (AP) (Figure 2). There are two critical steps for the full activation of 
the complement pathways: C3 cleavage and C5 cleavage respectively. A fully activated 
complement system results in the formation of the cell-killing membrane attack complex 
(MAC, or C5b-C9) (Figure 2). The key difference between different pathways rests on how 
the enzymes, i.e. C3 convertase and C5 convertase, are formed. The convertases of C3 and 
C5 of the CP and lectin pathway comprise the complement components C4bC2b and 
C4bC2bC3b respectively, while in the AP they are composed of C3bBb (C3 convertase) and 
C3bBbC3b (C5 convertase) (Figure 2) (Zipfel and Skerka. 2009). In addition, complement can 
also be activated by a pathway that acts independently of C3 to bypass the C3 convertase 
and is mediated by direct thrombin action on the C5 convertase (Huber-Lang et al. 2006). 
During the complement activation cascades a number of complement fragments are 
generated including C4a, C3a, C5a, and C3b. These complement fragments are 
inflammatory mediators and are involved in a variety of immune functions (Figure 2). C3b 
can opsonise antigens and apoptotic cells promoting the clearance of these antigens or cells 
by macrophages that express complement receptors (CR). Whereas C4a, C3a, and C5a are 
anaphylatoxins and can increase the permeability of blood vessels resulting in increased 
accumulation of plasma protein and leukocyte infiltration at the site of complement 
activation. They also have chemotactic roles, which induce neutrophil and lymphocyte 
migration (Figure 2). Therefore, a fully activated complement pathway can modulate the 
immune response at multiple levels. 
Compelling evidence suggests that complement activation is involved in AMD. Many 
complement components have been detected in drusen and AMD lesions (Anderson et al. 
2002, Anderson et al. 2010). Polymorphisms in a number of complement genes (CFH, CFB, 
C2, and C3) increase the risk of AMD (Edwards. 2008, Katta et al. 2009). However, there are 
many important questions remain to be answered. For example, is complement system 
simply over activated or is it dys-regulated in AMD? If it is over activated, a proper control 
of complement activation would be an option for therapy, but then we need to know which 
pathway is over activated in AMD. Evidence from genetic studies points to the direction of 
the alternative pathway since complement factor H, which has the biggest influence on 
AMD risk, is exclusively involved in this pathway. If the disease is caused by the dys-
regulation of the complement pathways, we must find out at which points the pathways are 
dys-regulated and how. An activated complement system may affect the immune response 
at multiple levels. A dys-regulation of the activation pathway at any step may result in a 
fatal consequence to the macula. Reduced opsonisation by C3b on apoptotic RPE cells or 
other noxious particles may lead to a delay in the clearance of these toxic materials; 
increased C4a, C3a or C5a fragments may cause unwanted inflammation at the site of 
complement activation. The detailed role of complement activation in AMD lesion 
formation warrant further investigation.  
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Fig. 2. Complement activation and immune regulation. Complement system can be 
activated by three pathways: the classical pathway (CP), mannose-binding lectin (MBL) 
pathway and the alternative pathway (AP); all lead to the cleavage of C3 and C5 and the 
formation of C5b-C9. Activation of the complement system generates C4a, C3a, C3b and C5a 
fragments that are actively involved in immune responses. C3b opsonises foreign antigens 
and apoptotic cells promoting phagocytosis. C4a, C3a and C5a are anaphylatoxins, which 
may cause increased vascular permeability enhancing inflammation. They are also potent 
leukocytes chemoattractants and can induce the migration of neutrophils and lymphocytes 
to the sites of complement activation. C5b-C9 may directly kill antibody coated particles.  

2.3.2 Monocytes and macrophages  
Monocytes are a subset of circulating white blood cells that are originated from bone 
marrow haematopoietic stem cells. Monocytes migrate from the bloodstream to peripheral 
tissues and then differentiate into tissue resident macrophages or dendritic cells. In the 
central nervous system, they differentiate into brain (or retinal) resident macrophages, and 
these cells are traditionally called microglial cells. Monocytes and macrophages, dendritic 
cells are important components of the innate immune system and play a crucial role in 
detecting antigens (including non-self foreign antigens and altered self antigens) and the 
removal of the antigens as well as apoptotic cells in pathophysiological conditions.  
Pathologies in AMD are restricted to the retina-choroid interface. Choroidal macrophages 
and retinal microglial cells are major immune cells involved in the pathological process. 
Under normal physiological conditions, subretinal space (the interface between the retina 
and RPE/choroid) is devoid of any immune cells. However, in the aging eye, microglia and 
macrophages accumulate not only in the subretinal space, but also in the choroid (Xu et al. 
2009). Presumably, this form of para-inflammation is a protective response to RPE or 
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photoreceptor damage in the aging eye. Subretinal microglial cells may remove apoptotic 
RPE cells or damaged photoreceptors, whereas choroidal macrophages scavenge waste 
materials produced by RPE cells preventing drusen formation. These cells are, therefore, 
crucial for retinal homeostasis, and dys-function or mal-function of these cells may result in 
macular pathology at the retina-choroid interface (AMD lesions).  
Compelling evidence suggests that macrophages may play a detrimental role in AMD. 
Polymorphisms in chemokine receptor cx3cr1 gene, a gene that is widely expressed by 
myeloid-derived cells, increase the risk of AMD (Tuo et al. 2004, Yang et al. 2010). Animals 
with monocyte dysfunction due to lack of certain chemokine (e.g. CCL2) (Ambati et al. 2003) 
or chemokine receptors (CCR2, or CX3CR1) (Ambati et al. 2003, Combadiere et al. 2007, Tuo 
et al. 2007) develop AMD-like lesions. Furthermore, in the laser-induced wet AMD animal 
model, retinal lesion can be attenuated by macrophage depletion (Espinosa-Heidmann et al. 
2003, Sakurai et al. 2003). The precise mechanism underlying the detrimental effect of 
macrophages to AMD remains to be elucidated.  

2.4 Age-related macular degeneration - an imbalance between macular damage and 
para-inflammation? 
Under normal physiological aging conditions, the para-inflammatory response, which is 
characterized by complement activation and microglia/macrophage activation and 
subretinal migration (Figure 1) (Xu et al. 2009), protects the macula against the age-related 
free radical-mediated damage. This suggests that microglia and complement activation are 
beneficial to retinal aging. However, under pathological conditions, these two arms of 
innate immune pathways are harmful and their activation leads to macular damage, such as 
in AMD. How is the outcome of their activation determined? In other worlds, activation of 
microglia and the complement system at the macular site occurs in all aged people, why 
some people develop AMD, some others do not?     
In order to maintain a healthy functional macula, the level of age-related free radical-
mediated tissue/cell damage and the capacity of the immune system to cope with 
accelerating damage (via para-inflammatory response) needs to be balanced (Figure 3). In 
persons who have a relatively healthy lifestyle (hence the age-related oxidative damage 
accumulates at the average level during the process of aging), and have no genetic 
predispositions to AMD (hence be able to maintain a good defence system), their immune 
system can maintain macular homeostasis throughout their life and AMD will not occur 
(Figure 3A). In persons who do not have a healthy lifestyle (e.g. heavy smokers, high-fat 
diet, and extensive light exposure throughout their life), even if they do not have any 
genetic predispositions to AMD, the age-related free radical-mediated macular damage may 
exceed the repair capacity of the para-inflammatory response, macular function may decline 
and overt pathology (AMD) may ensure (Figure 3B). On the other hand, if the person has a 
healthy lifestyle and the age-related free radical-mediated damage accumulates at a normal 
level in the macula, but he/she has genetic predispositions to AMD, and the immune 
system is unable to initiate a functional para-inflammatory response, macular pathology 
(AMD) may also occur (Figure 3C). Needless to say, if a person has an unhealthy lifestyle, 
and he/she is unfortunate enough to have genetic risk factors, his/her risk to develop AMD 
is significantly higher than others.  
In terms of the immune response, during the disease initiation stage, the para-inflammatory 
responses are protective (although they may not be able to fully protect the macula). The 
inducer of para-inflammation is a low-grade chronic macular damage, and pathways involved 
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In terms of the immune response, during the disease initiation stage, the para-inflammatory 
responses are protective (although they may not be able to fully protect the macula). The 
inducer of para-inflammation is a low-grade chronic macular damage, and pathways involved 



 
Inflammatory Diseases – Immunopathology, Clinical and Pharmacological Bases 

 

136 

are monocytes, macrophages and the complement system (Xu et al. 2009). Once the disease 
begins, an overt inflammation, instead of para-inflammation, may occur. At this stage, the 
inducers are toxic molecules released by dead cells and altered extracellular molecules. In 
addition to monocytes, macrophages (Penfold et al. 1985, Penfold et al. 1997) and the 
complement system, other immune components such as T and B lymphocytes, and 
autoantibodies (Penfold et al. 1985, Penfold et al. 1990) may also be involved in inflammation 
at this stage. The physiological purpose of the inflammation is to remove dead cells, tissue 
debris and other toxic molecules and to promote tissue repair and remodelling. However, like 
in many other disease conditions, inflammation is a double-edged sword. Activated immune 
cells may release inflammatory cytokines and chemokines such as TNF-and IL-1, and 
further tissue damage (so called collateral damage) (Nathan. 2002) is unavoidable.  
The concept that AMD is related to an imbalance between the level of age-related macular 
damage and the protective capacity of the immune system is supported by evidence from 
numerous epidemiological and genetic studies. Over the last decades epidemiological 
studies have identified a number of environmental factors that may increase the risk of 
AMD, including smoking (Baird et al. 2008, Chakravarthy et al. 2007, Cong et al. 2008, 
DeBlack. 2003, Hughes et al. 2007, Khan et al. 2006, Thornton et al. 2005), high-fat diet 
(Evans. 2001), sunlight exposure (Hirakawa et al. 2008, Plestina-Borjan and Klinger-Lasic. 
2007) and alcohol consumption (Chong et al. 2008). Cigarette smoking is the single most 
important environmental risk factor for AMD. Current smokers have 45% greater 
probability of developing AMD and exhibit enhanced disease progression when compared 
to non-smokers (Klein et al. 2008). Although the mechanism underlying the environmental 
factors mediated increased risk of AMD is not known, it is believed that they may increase 
macular damage and/or alter the immune function. Taken cigarette smoking as an example, 
the blood borne products of tobacco combustion damage RPE cells, alter Bruch’s membrane 
and exacerbate sub-PRE deposition (Bertram et al. 2009, Espinosa-Heidmann et al. 2006, Jia 
et al. 2007, Wang et al. 2009). Such lesions can be experimentally induced in vivo and in 
vitro after exposure to cigarette smoke (Espinosa-Heidmann et al. 2006, Wang et al. 2009), or 
defined extracts such as hydroquinone (HQ) (Espinosa-Heidmann et al. 2006, Wang et al. 
2009), polycyclic aromatic hydrocarbons (PHA) (Espinosa-Heidmann et al. 2006, Wang et al. 
2009) and acrolein (Jia et al. 2007). Cigarette smoking also affects the immune system 
(Arnson et al. 2010, Klareskog et al. 2007), including the ocular immune responses. Cigarette 
smoking increases the incidence of uveitis (Lin et al. 2010, Lois et al. 2008, Thorne et al. 
2008)and scleritis (Boonman et al. 2005), and enhances the risk of developing cystoid 
macular oedema in uveitis patients (Lin et al. 2010, Thorne et al. 2008). It appears, therefore, 
that cigarette smoking can cause macular damage, and alter the immune system resulting in 
a declined para-inflammatory response.  
In addition to environmental factors, clinical studies have found that the risk of AMD is also 
affected by genetic factors. Genes that are involved in AMD susceptibility fall into three 
categories: immune-related genes (CFH, CFB, C2, C3, C5, Cx3cr1, TLRs, IL-8, HLAs), 
mitochondrial and oxidative stress-related genes (ARMS2 and HTRA1) and extracellular 
matrix related genes (PRELP, LAMC1, LAMC2, LAMB3, FIBULIN2, and ITGB4) (Katta et al. 
2009). Importantly, the majority of the immune-related genes are related to the innate 
immunity, including the complement system (CFH, CFB, C2, C3 and C5) (Lotery and Trump. 
2007, Montezuma et al. 2007), and monocyte/macrophage functions (Cx3cr1 (Chan et al. 2005, 
Combadiere et al. 2007, Tuo et al. 2004, Yang et al. 2010) and TLRs (Kaarniranta and Salminen. 
2009)). These data suggest that genetic factors may predispose individuals to the risk of AMD 
by (1) decreasing the anti-oxidative ability, and/or (2) altering the immune function.  
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Fig. 3. The balance between oxidative damage and para-inflammation in retinal aging.  
(A) Under normal physiological conditions, oxidative damage accumulates at the macula 
with age. A healthy immune system can mount a para-inflammatory response to remove 
damaged molecules/cells and maintain macular function. The level of damage is within the 
capacity of the immune system and pathology (AMD) will not occur. 
(B) When the level of stress-mediated macular damage exceeds the capacity of the immune 
system (as a result of unhealthy life style, anti-stress related gene mutations, etc), the 
damaged molecules and cells may not be cleared away through the para-inflammatory 
response. The damaged cells and oxidised molecules are toxic and may cause further 
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damage to surrounding healthy cells causing AMD. They may also initiate an overt 
inflammation, which can further damage the macula resulting in AMD.  In this case macular 
damage may be caused predominately by oxidative insults, although inflammation 
(secondary to tissue damage) may also play a role. 
(C) When the immune system is dys-regulated (as a result of immune-related gene 
mutation), instead of a protective para-inflammatory response, an overt inflammation may 
occur in response to oxidative stress-mediated, age-related macular damage. This may 
include uncontrolled complement activation and excessive macrophage infiltration at the 
macula. Macular damage is predominately mediated by inflammation.  

Studies from AMD animal models further support this concept. There are a few AMD 
animal models reported over the past ten years; and the animals that develop AMD-like 
changes can be classified into two categories: animals with monocyte or complement gene 
deficiency and animals are defect in anti-oxidative stress. Mice in the first category include 
the CCL2-/-, CCR2-/-(Ambati et al. 2003), CX3CR1-/- (Combadiere et al. 2007), 
CCL2/CX3CR1 double knockout (DKO) mice (Tuo et al. 2007), and the CFH-402 transgenic 
mice (Ufret-Vincenty et al. 2010). CCR2 and CX3CR1 are important chemokine receptors 
expressed by different subsets of blood monocytes (Boring et al. 1997, Boring et al. 1997, 
Geissmann et al. 2003, Imai et al. 1997, Lu et al. 1998, Wong and Fish. 2003). CCR2 has 
multiple ligands (CCL2, CCL8, and CCL12), whereas CX3CR1 only binds fractalkine (Imai et 
al. 1997). Ligation of CCR2 or CX3CR1 results in monocyte migration and activation, and 
they are important to maintain a normal monocyte function. Although the precise 
mechanism underlying retinal damage in these mice is poorly defined, the models suggest 
that a disruption in the innate immune system, particularly the monocytes and complement 
pathways may dysfunction the para-inflammatory response resulting in age-related retinal 
damages. Models in the second category include the SOD-1 deficient mice (Hashizume et al. 
2008), the apoE4 mice (Malek et al. 2005), and the apoB100 transgenic mice (Fujihara et al. 
2009). These mice develop AMD-like lesions due to either decreased anti-oxidant function or 
increased accumulation of noxious materials in the retina.  

3. Implications for AMD therapy 
3.1 Current treatments 
At the early stages of AMD (age-related maculopathy), patients have a normal vision and 
clinical intervention is not required. Although we know that the disease may progress to 
advanced stages, there are no preventive therapies for early AMD. For advanced AMD, due 
to lack of knowledge on the pathogenesis of dry-AMD, currently there is no effect therapy 
for this type of disease. Choroidal neovascular membrane (CNV) underlies the pathology of 
wet-AMD. The abnormal blood vessels cause haemorrhage and leak fluid into the macula. 
There are a few therapies all aimed to remove CNVs, including the thermal laser 
photocoagulation therapy introduced in 1980’s, photodynamic therapy in 1990’s, and more 
recently the biologic therapies that target the vascular endothelial growth factor (VEGF). 
Photocoagulation therapy produces multiple burns at the CNV lesion site using a thermal 
laser (Argon laser) to destroy CNV. The therapy was able to reduce vision loss in some 
patients, but the benefits were inconsistent, the risks were substantial, and recurrences were 
frequent (Virgili and Bini. 2007). The therapy was unable to improve vision. Further, since 
the laser also destroys the choriocapillaris, RPE cells and photoreceptors resulting in a blind 
spot, this therapy is only suitable for people with lesions that are outside the centre of the 
macula (fovea).  
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Photodynamic therapy (PDT) was introduced in 2000. PDT involves an intravenous 
injection of a photosensitizing drug called Verteporfin. The drug is carried out by blood 
lipoproteins and reaches to the site of CNV in the macula. A non-thermal laser (blue laser at 
689 nm) is then used to sensitize the drug, and this photochemical reaction produces 
cytotoxic free radicals resulting in direct cellular injury to vascular endothelial cells and 
subsequent regression of CNV. Clinical studies have shown that PDT is much less 
destructive and achieves better results for vision than photocoagulation (Spaide et al. 2003). 
Blood vessels that have been eradicated in this way do now grow back, however other 
vessels may still be formed if angiogenic stimuli persist. Clinical studies have shown that 
PDT is safe and effective for treating  a range of lesions, including predominant classic 
lesions, CNV secondary to pathological myopia and occult with no classic subfoveal lesion, 
but it has no effect on minimally classic lesions (Spaide et al. 2003). It should be noted that 
PDT does not improve vision (Bressler et al. 2009).  
The most recent treatment to be developed is called Anti Vascular Endothelial Growth 
Factor (Anti –VEGF) drug therapy (Campa and Harding. 2011). Anti-VEGF therapy involves 
blocking the VEGF-A, an important and essential growth factor that is involved in the 
breakdown of blood-retinal barrier (BRB) (thus the leakage of blood components and 
macular oedema) and the growth of new blood vessels (CNV) (Bressler. 2009). Therefore, 
this therapy will make its effect by stabilising tight-junctions of the BRB and inducing 
regression of the neovascularisation once formed. There are three main drugs used in this 
category of treatment: Macugen, Lucentis and Avastin. The drugs are administered 
intravitreally, and the therapy needs to be repeated a number of times.  
Macugen was the first drug that was approved by the US Food & Drug Administration 
(FDA) in 2004 and by the European Medicines Evaluation Agency (EMEA) in 2006. Clinical 
studies have shown that Macugen is more effective than PDT at slowing vision loss, but it 
does not improve visual acuity (Edwards et al. 2008, Gragoudas et al. 2004, VEGF Inhibition 
Study in Ocular Neovascularization (V.I.S.I.O.N.) Clinical Trial Group et al. 2006). The 
reason for this is probably because it only targets the VEGF-165 isoform.  Lucentis is another 
anti-VEGF antibody that targets all isoforms of VEGF, and it was released one year after 
Macugen. Clinical evidence suggests that Lucentis can substantially improve visual acuity in 
wet-AMD patients (Bressler et al. 2009, Brown et al. 2006, Rosenfeld et al. 2006). Avastin is 
another anti-VEGF drug and is approved for the treatment of advanced colorectal disease, 
and it has similar properties to Lucentis. However, it is a full-length antibody and is much 
less expensive than Lucentis. A recent study has shown that Avastin has the same effect as 
Lucentis in treating wet-AMD, although it may have a slightly higher cardiovascular side 
effect (Arevalo et al. 2010, Campa and Harding. 2011, Giansanti et al. 2007). Although the 
drugs that inhibit VEGF prevent vision loss, and even improve visual acuity in some cases 
of wet AMD, their effect on improving vision depends greatly on the time at which they are 
administered and there is a huge variability in functional outcomes. A recent study on 
Avastin treatment for wet AMD (Arevalo et al. 2010) reported functional outcomes and 
showed that after 2 years treatment, 43.5% of cases had improved vision, 43% remained 
stable and 13.5% had decreased vision (even with >10 injections within 24 months) (Arevalo 
et al. 2010). The anti-VEGF therapy, although is better than PDT and other treatments for 
wet AMD, has its limitations and side effects. More target-specific, safe and effective 
therapies are urgently needed for both dry and wet AMD.   

3.2 Immune therapy - a future for Age-related macular degeneration?  
The importance of inflammation in AMD pathology offers an opportunity for therapy. 
Based on the “oxidative stress/para-inflammation balance” theory of AMD, the disease can 
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be theoretically prevented or at least delayed if we know where the unbalance is. By living 
in a healthy lifestyle (avoid the environmental risk factors), we can minimise the age-related 
oxidative stress. In reality, however, we can chose healthy food, but we may have a very 
limited choice on the environment that we live. With advanced gene therapy technology, in 
the future, we might be able to reduce the genetic risk factors of AMD. Once the disease 
begins, we must treat the disease. We know that inflammation may have dual roles in 
disease progression stages. How can we modulate the immune system to treat AMD?  

3.2.1 Is non-specific anti-inflammatory therapy beneficial to AMD?  
Regardless the cause of AMD, once the disease begins inflammation inevitably contributes to 
macular damage (either as a passive or a collateral damage). We now know that inflammation 
is involved in both dry and wet AMD, although the detailed immune pathway involved is not 
fully defined.  There are many anti-inflammatory drugs that can suppress immune activation. 
Can AMD patients benefit from systemic non-specific immune suppressions? Early clinical 
studies have investigated the beneficial effect of systemic immune suppression in AMD, 
including certain steroids and non-steroid anti-inflammatory drugs (NSAIDs). The results, 
however, are inconsistent between different studies. For instance, a few studies have shown 
that intravitreal injection of triamcinolone, an anti-inflammatory steroid with angiostatic effect, 
improves visual acuity in exudative macular degeneration patients (Jonas et al. 2003, Jonas et 
al. 2004, Penfold et al. 1995). In addition, posterior juxtascleral injection of anecortave also 
improves the symptoms in wet AMD patients (Russell et al. 2007). Patients on long-term anti-
inflammatory treatment for other diseases appear to have significantly lower lifetime 
prevalence of AMD (McGeer and Sibley. 2005). A more recent randomized pilot study shows 
that systemic immunosuppression can reduce the number of intravitreal anti-VEGF injection 
in wet AMD (Nussenblatt et al. 2010). However, an earlier Blue Mountains Eye Study 
indicated that administration of NSAIDs or corticosteroids did not reduce the prevalence of 
either early or late AMD (Wang et al. 2003). Therefore, the non-specific immune suppression 
therapy has a limited beneficial effect in AMD.  

3.3 Is complement suppression a future therapy for AMD? 
Complement activation is believed to be involved in AMD pathology. Can AMD be treated 
by blocking complement activation? People from pharmaceutical companies seem to believe 
so, and in fact, a few complement inhibitors are already in phase 1/2 clinical trials for AMD 
(http://www.ophthotech.com/products/arc1905/; 
http://clinicaltrials.gov/ct2/show/NCT00473928). These complement inhibitors (C3 or C5 
inhibitors) non-specifically block all pathways of complement activation. Whilst we are 
waiting for the outcomes of these clinical trials, let’s examine the mechanism and the likely 
benefits/side effects of the therapy.  
To understand whether complement inhibition will benefit all AMD patients, one of the 
important questions that we should be asking is whether complement activation is harmful 
in all AMD patients. Genetic studies have shown that around 30-50% of AMD patients do 
not have any polymorphisms in complement related genes (Edwards. 2008, Katta et al. 
2009). Furthermore, although serum complement activity is generally higher in AMD 
patients as compared to non-AMD controls, a significant number of AMD patients have a 
normal serum complement activity (Reynolds et al. 2009, Scholl et al. 2008). The results 
suggest that not all AMD patients have uncontrolled complement activation, in other words, 
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AMD pathology may occur in the absence of abnormal uncontrolled complement activation. 
To further test this hypothesis, we have examined the complement activation in the CCL2 
KO and CCR2 KO mice, the mouse models of AMD (Ambati et al. 2003). We found that 40% 
of CCL2 KO mice and 28% of CCR2 KO mice (>18 months old) develop retinal atrophies 
(Figure 4A) (Chen et al. 2011). Further mechanic study shows that there is no significant 
increase in the serum complement activity (Figure 4C). The expression levels of complement 
genes in the liver (figure 4D), retinal and RPE/choroidal tissue (data not shown) in the KO 
do not significantly differ from those in age-matched control mice. Furthermore, the 
complement system is only partially activated resulting in complement C3b but not C5b-C9 
deposition at the lesion site (Figure 4E, 4F) (Chen et al. 2011). The results suggest that retinal 
lesion in these mice is not caused by dys-regulated complement activation. Since C3b/C3d 
plays an important role in opsonising apoptotic cells, we believe this partial complement 
activation is beneficial. Complement activation in these mice is a consequence of retinal 
damage and the physiological purpose may be to promote the removal of apoptotic cells 
from the lesion site.  
 

 
Fig. 4. Complement activation in aged CCL2 KO or CCR2 KO mice. A, a fundus image of a 
24-m old C57BL/6 mouse showing multiple small white dots (correlated to subretinal 
microglia (Xu et al. 2008). B, a fundus image of a 24-m old CCL2 KO mouse showing patches 
of white lesions akin to human geographic atrophy (arrows). C, Serum complement activity 
determined by haemolytic assay. D, real-time RT-PCR analysis of complement gene 
expression in the liver tissue in different strains of mice. E & F, complement C3d (red) and 
C5b-9 (green) expression in retinal lesion in a 24-m old CCL2 KO mouse (E) and an 
experimental autoimmune uveoretinitis mouse (F, as a positive control). C5b-9 (green) was 
detected in uveoretinitis lesion but not in CCL2 KO mouse lesion (arrowheads). RPE, retinal 
pigment epithelium; Ch, choroid; ONL, outer nuclear layer (Chen et al. 2011). 
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begins, we must treat the disease. We know that inflammation may have dual roles in 
disease progression stages. How can we modulate the immune system to treat AMD?  
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is involved in both dry and wet AMD, although the detailed immune pathway involved is not 
fully defined.  There are many anti-inflammatory drugs that can suppress immune activation. 
Can AMD patients benefit from systemic non-specific immune suppressions? Early clinical 
studies have investigated the beneficial effect of systemic immune suppression in AMD, 
including certain steroids and non-steroid anti-inflammatory drugs (NSAIDs). The results, 
however, are inconsistent between different studies. For instance, a few studies have shown 
that intravitreal injection of triamcinolone, an anti-inflammatory steroid with angiostatic effect, 
improves visual acuity in exudative macular degeneration patients (Jonas et al. 2003, Jonas et 
al. 2004, Penfold et al. 1995). In addition, posterior juxtascleral injection of anecortave also 
improves the symptoms in wet AMD patients (Russell et al. 2007). Patients on long-term anti-
inflammatory treatment for other diseases appear to have significantly lower lifetime 
prevalence of AMD (McGeer and Sibley. 2005). A more recent randomized pilot study shows 
that systemic immunosuppression can reduce the number of intravitreal anti-VEGF injection 
in wet AMD (Nussenblatt et al. 2010). However, an earlier Blue Mountains Eye Study 
indicated that administration of NSAIDs or corticosteroids did not reduce the prevalence of 
either early or late AMD (Wang et al. 2003). Therefore, the non-specific immune suppression 
therapy has a limited beneficial effect in AMD.  

3.3 Is complement suppression a future therapy for AMD? 
Complement activation is believed to be involved in AMD pathology. Can AMD be treated 
by blocking complement activation? People from pharmaceutical companies seem to believe 
so, and in fact, a few complement inhibitors are already in phase 1/2 clinical trials for AMD 
(http://www.ophthotech.com/products/arc1905/; 
http://clinicaltrials.gov/ct2/show/NCT00473928). These complement inhibitors (C3 or C5 
inhibitors) non-specifically block all pathways of complement activation. Whilst we are 
waiting for the outcomes of these clinical trials, let’s examine the mechanism and the likely 
benefits/side effects of the therapy.  
To understand whether complement inhibition will benefit all AMD patients, one of the 
important questions that we should be asking is whether complement activation is harmful 
in all AMD patients. Genetic studies have shown that around 30-50% of AMD patients do 
not have any polymorphisms in complement related genes (Edwards. 2008, Katta et al. 
2009). Furthermore, although serum complement activity is generally higher in AMD 
patients as compared to non-AMD controls, a significant number of AMD patients have a 
normal serum complement activity (Reynolds et al. 2009, Scholl et al. 2008). The results 
suggest that not all AMD patients have uncontrolled complement activation, in other words, 
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AMD pathology may occur in the absence of abnormal uncontrolled complement activation. 
To further test this hypothesis, we have examined the complement activation in the CCL2 
KO and CCR2 KO mice, the mouse models of AMD (Ambati et al. 2003). We found that 40% 
of CCL2 KO mice and 28% of CCR2 KO mice (>18 months old) develop retinal atrophies 
(Figure 4A) (Chen et al. 2011). Further mechanic study shows that there is no significant 
increase in the serum complement activity (Figure 4C). The expression levels of complement 
genes in the liver (figure 4D), retinal and RPE/choroidal tissue (data not shown) in the KO 
do not significantly differ from those in age-matched control mice. Furthermore, the 
complement system is only partially activated resulting in complement C3b but not C5b-C9 
deposition at the lesion site (Figure 4E, 4F) (Chen et al. 2011). The results suggest that retinal 
lesion in these mice is not caused by dys-regulated complement activation. Since C3b/C3d 
plays an important role in opsonising apoptotic cells, we believe this partial complement 
activation is beneficial. Complement activation in these mice is a consequence of retinal 
damage and the physiological purpose may be to promote the removal of apoptotic cells 
from the lesion site.  
 

 
Fig. 4. Complement activation in aged CCL2 KO or CCR2 KO mice. A, a fundus image of a 
24-m old C57BL/6 mouse showing multiple small white dots (correlated to subretinal 
microglia (Xu et al. 2008). B, a fundus image of a 24-m old CCL2 KO mouse showing patches 
of white lesions akin to human geographic atrophy (arrows). C, Serum complement activity 
determined by haemolytic assay. D, real-time RT-PCR analysis of complement gene 
expression in the liver tissue in different strains of mice. E & F, complement C3d (red) and 
C5b-9 (green) expression in retinal lesion in a 24-m old CCL2 KO mouse (E) and an 
experimental autoimmune uveoretinitis mouse (F, as a positive control). C5b-9 (green) was 
detected in uveoretinitis lesion but not in CCL2 KO mouse lesion (arrowheads). RPE, retinal 
pigment epithelium; Ch, choroid; ONL, outer nuclear layer (Chen et al. 2011). 
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So it appears that not all AMD has a complement component in its pathogenesis, and 
complement inhibition may not benefit every AMD patient. In patients whose macular 
pathology is not caused by uncontrolled complement activation, the therapy may even 
worsen the disease, as a partially activated complement system may help the clearance of 
dead cells and debris from the lesion site and promote tissue repair/remodelling. The 
efficacy and safety of complement inhibitors in AMD therapy warrant further investigation.  

3.4 Can we modify monocyte function to treat AMD? 
Genetic studies have shown that cx3cr1 gene polymorphism is a risk factor of AMD (Tuo et 
al. 2004, Yang et al. 2010), and this risk is independent of any complement gene 
polymorphisms (Yang et al. 2010). Our studies in the aged CCL2 KO and CCR2 KO mice 
show that AMD-like lesion can develop in the absence of any complement dys-regulation 
(Figure 4) (Chen, et al. 2011). The results suggest that under aging conditions, monocyte 
malfunction may result in macular damage in the absence of complement dys-regulation. 
Modulating the monocyte function may, therefore, offer an opportunity for therapy under 
this situation.  
 

 
Fig. 5. Bone marrow-derived macrophage (BMDM) function in CCR2- or CCL2-deficient 
mice. A, inflammatory cytokine gene expression in BMDMs. B, BMDM phagocytosis 
determined by the pHrodoTM E. coli Bioparticles Phagocytosis assay (Invitrogen). *, P<0.05; 
**, P<0.01; ***, P<0.001 compared to WT controls.  

To understand which functions of the monocyte are altered in CCL2 KO or CCR2 KO mice, 
we investigated the phenotype and function of bone marrow-derived macrophages 
(BMDMs) from WT and KO mice. Interestingly, there is no significant difference on BMDM 
phenotype between WT and KO mice. However, cells from the CCR2 KO or CCL2 KO mice 
expressed significantly more inflammatory genes iNOS and TNF- but less anti-
inflammatory gene IL-10 as compared to WT cells (Figure 5A). Furthermore, BMDMs from 
the KO mice also had significantly reduced phagocytic ability as compared to cells from WT 
mice (Figure 5B). It is possible, therefore, that in CCL2 KO and CCR2 KO mice, in response 
to age-related retinal damage, microglia and macrophages migrate to the subretinal space 
(Figure 1) (Xu et al. 2008). Their physiological role in the subretinal space is to remove 
damage cells and debris and promote tissue repair. However, they may be unable to do the 
job as they have a lower phagocytic ability. Instead, they may produce inflammatory 
molecules such as TNF- and nitric oxide, further damaging retinal tissue. Our results 
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suggest that a normal monocyte function is important to maintain retinal homeostasis. 
Genetic study did not reveal any link between AMD risk and CCL2 or CCR2 gene 
polymorphism (Despriet et al. 2008). However, monocyte function can be affected by many 
factors, it is entirely possible that similar monocyte functional alterations may exist in AMD 
patients (although they may not be caused by CCL2 or CCR2 deficiency), and these 
functional changes may be responsible for inflammation mediated retinal pathology (with 
or without complement dys-regulation). Further studies on how monocyte function might 
be changed in AMD patients will be essential to develop monocyte-specific immune 
therapy.    

4. Conclusions 
AMD is a multifactorial disease. Old age, environmental risk factors, genetic predispositions 
all work together leading to macular damage. The immune system plays an important role 
in the initiation and progression of the disease. A healthy immune system can prevent overt 
pathology during aging by initiating a para-inflammatory response. Whereas an altered 
immune system either in the complement pathways or the monocyte functions, may fail to 
induce a protective para-inflammatory response. Instead, it may respond aggressively (overt 
inflammation) causing further damage to the aging retina. Complement over activation and 
monocyte malfunction may work together enhancing age-related macular damage. They 
may also work independently contributing to AMD pathology. Due to the complexity of the 
immunomechanism of the disease, there will be no universal immune therapy for AMD. 
Blocking complement activation may benefit patients who have uncontrolled complement 
activity (presumably as a result of complement gene polymorphism), it may make the 
disease worse in patients who do not have a dys-regulated complement system. We suggest 
that complement gene polymorphisms should be used as a guide for complement inhibitors 
therapy in AMD. Modulating monocyte function may be beneficial for patients who have 
monocyte malfunction (may be related CX3CR1 gene polymorphism) (Tuo et al. 2004, Yang 
et al. 2010). Further studies are required to understand the pathways related to monocyte-
mediated macular damage to identify specific target for therapy.   
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1. Introduction 
Total hip arthroplasty [THA] is one of the most successful and effective procedures developed 
for the treatment of pain and lack of mobility associated with end-stage arthritis such as 
osteoarthritis and rheumatoid arthritis. Approximately 1.5 million joint arthroplastic 
operations are performed annually worldwide. THA, although considered an excellent 
surgical procedure, can be complicated by periprosthetic osteolysis. Periprosthetic osteolysis 
(also called ‘Particle disease’) is initiated by wear debris derived from the implant. In most 
long-term studies on hip arthroplasty, osteolysis related loosening, bone loss or periprosthetic 
fractures are the most frequent causes for revision surgeries (Talmo et al., 2006). 
Osteolysis is a particle-induced biologic process at the metal–bone or cement–bone interface 
of prosthetic implants, manifesting radiographically as scalloped focal or linear endosteal 
radiolucencies due to bone loss and resulting in the loosening of implants. In the early days 
of hip arthroplasty, radiolucencies around implants were noticed and were thought to be 
related to curing of acrylic cement, infection or neoplastic process. These were first 
described by Charnley in association with Teflon cups, though later were also observed in 
patients with stable implants (Charnley, 1966). In 1977, Willert and Semlitsch demonstrated 
the presence of macrophages in response to wear debris and concluded that the particles 
accumulate macrophages in pericapsular lymph drainage, leading to a foreign body 
response and eventual loosening of the implant (Willert, 1977).  
Goldring et al. described the synovial-like character of the interfacial membrane found and 
demonstrated the presence of prostaglandin E2 [PGE2] and collagenase secretion from the 
associated cells (Goldring et al., 1983). The early observations of osteolysis in cemented 
implants led to a general belief that osteolysis was related to the acrylic cement and the term 
‘Cement disease’ was introduced. However, after the demonstration of lytic lesions in 
cementless implants, osteolysis is now considered to be a ‘Particle disease’, suggesting that 
wear-generated particulate debris is the main cause of periprosthetic osteolysis (Harris, 1995). 
Biologic responses to implant debris, the basis of periprosthetic tissue destruction, are due to 
a wide variety of complex events. Aseptic failure occurs later as a secondary issue to the 
chronic granulomatous and inflammatory response, which is stimulated and maintained by 



 
Inflammatory Diseases – Immunopathology, Clinical and Pharmacological Bases 

 

150 

Xu H., Chen M., Manivannan A., Lois N., Forrester J.V., 2008. Age-dependent accumulation 
of lipofuscin in perivascular and subretinal microglia in experimental mice. Aging 
Cell. 7, 58-68. 

Yang X., Hu J., Zhang J., Guan H., 2010. Polymorphisms in CFH, HTRA1 and CX3CR1 
confer risk to exudative age-related macular degeneration in Han Chinese. Br. J. 
Ophthalmol. 94(9),1211-1214. 

Zipfel P.F., Skerka C., 2009. Complement regulators and inhibitory proteins. Nat. Rev. 
Immunol. 9, 729-740. 

7 

Inflammatory Periprosthetic Bone Loss 
Sang-Soo Lee1, P. Edward Purdue2 and Ju-Suk Nam1 

1Institute for Skeletal Aging & Orthopedic Surgery, 
Infectious Disease Medical Research Center, 

Hallym University College of Medicine, Chuncheon, 
2Osteolysis Research Laboratory, 

Hospital for Special Surgery, New York, 
1Korea, 

2US 

1. Introduction 
Total hip arthroplasty [THA] is one of the most successful and effective procedures developed 
for the treatment of pain and lack of mobility associated with end-stage arthritis such as 
osteoarthritis and rheumatoid arthritis. Approximately 1.5 million joint arthroplastic 
operations are performed annually worldwide. THA, although considered an excellent 
surgical procedure, can be complicated by periprosthetic osteolysis. Periprosthetic osteolysis 
(also called ‘Particle disease’) is initiated by wear debris derived from the implant. In most 
long-term studies on hip arthroplasty, osteolysis related loosening, bone loss or periprosthetic 
fractures are the most frequent causes for revision surgeries (Talmo et al., 2006). 
Osteolysis is a particle-induced biologic process at the metal–bone or cement–bone interface 
of prosthetic implants, manifesting radiographically as scalloped focal or linear endosteal 
radiolucencies due to bone loss and resulting in the loosening of implants. In the early days 
of hip arthroplasty, radiolucencies around implants were noticed and were thought to be 
related to curing of acrylic cement, infection or neoplastic process. These were first 
described by Charnley in association with Teflon cups, though later were also observed in 
patients with stable implants (Charnley, 1966). In 1977, Willert and Semlitsch demonstrated 
the presence of macrophages in response to wear debris and concluded that the particles 
accumulate macrophages in pericapsular lymph drainage, leading to a foreign body 
response and eventual loosening of the implant (Willert, 1977).  
Goldring et al. described the synovial-like character of the interfacial membrane found and 
demonstrated the presence of prostaglandin E2 [PGE2] and collagenase secretion from the 
associated cells (Goldring et al., 1983). The early observations of osteolysis in cemented 
implants led to a general belief that osteolysis was related to the acrylic cement and the term 
‘Cement disease’ was introduced. However, after the demonstration of lytic lesions in 
cementless implants, osteolysis is now considered to be a ‘Particle disease’, suggesting that 
wear-generated particulate debris is the main cause of periprosthetic osteolysis (Harris, 1995). 
Biologic responses to implant debris, the basis of periprosthetic tissue destruction, are due to 
a wide variety of complex events. Aseptic failure occurs later as a secondary issue to the 
chronic granulomatous and inflammatory response, which is stimulated and maintained by 



 
Inflammatory Diseases – Immunopathology, Clinical and Pharmacological Bases 

 

152 

wear particles. This process is progressive and time dependant, ultimately leading to 
prosthetic loosening and failure (Keener et al., 2003). Wear debris can be generated from the 
articulating surfaces and bone cement. In general, higher wear rates are observed in patients 
with osteolysis (Dumbleton et al., 2002). However, the osteolytic process is a result of 
multiple factors, including physical and biologic components (Clohisy et al., 2004a).  
Once macrophages are activated by particulate debris, they secrete various kinds of 
mediators to incite a complex cascade of events culminating in recruitment and maturation 
of osteoclasts, the bone resorbing cells directly responsible for the pathogenic bone loss in 
osteolysis (Glant et al., 1993). Other cell types also seem to be involved in production 
cytokines and inflammatory mediators during this process, such as osteoblasts and 
fibroblasts (Jacobs et al., 2001; Dorr et al., 1990). Matrix degradative enzymes and 
chemokines are also released from several types of cells (Jacobs et al., 2001; Takagi et al., 
1998). The core of the biologic response that leads to osteolysis involves receptor activator of 
NF-κB ligand [RANKL]-RANK axis for osteoclast precursors, resulting in their 
differentiation and maturation (Abu-Amer, 2005; Khosla, 2001). 
 

Category Clinical manifestations 

Soft tissue lesions 
  Acute synovitis (Engler et al., 2001) 
  Particle-induced synovitis (Niki et al., 2007) 
  Heterotopic polyethylene granuloma (Walsh et al., 2011) 

Osseous impairment 

  Periprosthetic osteolysis (Lee et al., 2007) 
  Impaired osteogenesis (Wang et al., 2004) 
  Aseptic loosening (Harris, 1995) 
  Failure of implant (Clohisy et al., 2004) 

Systemic reactions   Metal hypersensitivity (Hallab et al., 2005) 

Table 1. Clinical conditions related with wear debris-induced inflammation following total 
joint arthroplasty 

Moreover, recent researches have uncovered the possibility that biological mechanism of 
osteolysis has to be extended to bone forming activity as well as resorption or dissolution of 
bone tissue. Recent datas suggest that bone-forming cells - osteoblasts, osteoprogenitors, 
and adult mesenchymal stem cells - may also contribute to osteolysis. As to date, there is no 
approved drug therapy to prevent or inhibit periprosthetic osteolysis, this concept will open 
up possibilities for the development of therapeutic agents that can enhance bone formation. 
This review presents novel insights into the current knowledge regarding how wear debris 
interact as an inflammatory process leading to periprosthetic osteolysis. The authors hope to 
outline potential perspectives for the future therapeutic strategies for this devastating 
complication.  

2. Wear particle debris - the main cause of periprosthetic osteolysis  
Wear-generated particulate debris is the main cause of periprosthetic osteolysis. Various 
kinds of cells have been implicated in the mechanisms leading to periprosthetic osteolysis in 
response to wear debris. They are indicative of a complex network of cellular pathogenesis 
(Drees et al., 2007). Several studies with retrieved implants, animal and in-vitro model 
suggest that wear-mediated periprosthetic osteolysis is unlikely to be caused solely by one 
particular cell type or particulate species, but is rather the cumulative consequence of a 
number of biological reactions (Wang et al., 2004).  
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Wear debris is formed at prosthetic joint articulations, modular interfaces, and nonarticulating 
interfaces (Goldring et al., 1993). The majority of particles are less than 5 um in diameter and 
exist in a range of shapes and sizes. Within a clinical context, polyethylene wear represents the 
dominant type of debris that leads to loss of prostheses. With regard to particle size, large 
particles are recognized as nondigestible foreign bodies. Particles within the broad size range 
of 0.2 – 10.0 μm are phagocytosed by macrophages leading to cellular activation. Although 
smaller particles are generally more pro-inflammatory, it is possible that extremely small 
submicron particles are less biologically active (Green et al., 1998). Particles beyond the size 
range of 0.2 – 10.0 μm can escape active phagocytosis, and fail to stimulate macrophages to 
produce high levels of proinflammatory and osteolytic cytokines. In-vitro studies of 
macrophage cultures clearly indicated that smaller [< 20 μm] polymethylmethacrylate 
[PMMA] and polyethylene particles [PE] elicited a significantly greater inflammatory cytokine 
response, as indicated by increased release of tumor necrosis factor [TNF-α], IL-1, IL-6, PGE2, 
matrix metalloproteinases [MMPs], and other factors (Abbas et al., 2003; Gonzalez et al., 1996; 
Lee et al., 2003; O'Keefe et al., 1998; Shanbhag et al., 1994). 
In addition to size of particles, the cellular response to wear debris depends on numerous 
other parameters of particles such as the composition (Haynes et al., 1998; Sethi et al., 2003), 
shape (Yang et al., 2002b), charge, number (Gonzalez et al., 1996; Sabokbar et al., 2003b), 
volume, and surface area (Shanbhag et al., 1994). Especially the amount of particle around 
implants exhibits a fair correlation with the severity of aseptic loosening, although certain 
cases shows an exaggerated biologic response to particulate debris (Abu-Amer et al., 2007). 
The relative numbers of particles and macrophages are also critical to the intensity of 
reaction. The extent of the reaction by macrophages was also affected by the particle: target 
cell ratio. Therefore, the association between particles and osteolysis represents a dose–
response relationship (Wilkinson et al., 2005) 
Interestingly, osteoblasts also can phagocyte small particles, causing potential adverse 
effects on viability, proliferation and function of osteoblast as well as on osteoclasts 
(Goodman et al., 2006; Lohmann et al., 2000). PE, PMMA or metallic particles reduce 
osteoblasts differentiation of bone marrow osteoprogenitor cells (Chiu et al., 2006), 
expression of collagens by osteoblasts (Vermes et al., 2001; Vermes et al., 2000), osteoblast 
viability by inducing apoptosis (Pioletti et al., 2002) characterized with  decreased 
production of matrix, alkaline phosphatase and TGF-β by these cells (Dean et al., 1999). As 
for macrophages, such suppressive effects are also likely dependent on particle size, 
composition and dosage: different particle types can differentially affect osteoblast function 
(Lohmann et al., 2002).  
The size and degree of clumping of particles are also important variables determining the 
biological response, especially in osteoblast. Smaller particles of nano-size have less 
detrimental effect on the functions of osteoblasts, compared to conventional particles (Granchi 
et al., 2005; Gutwein & Webster, 2004). The nano-sized particles were associated with increased 
cell viability, more normal cellular morphology and spreading compared to conventional 
particles, indicating nano-sized particles are less active (Gutwein & Webster, 2004). Therefore, 
roles of nano-sized wear debris in periprosthetic osteolysis deserve further testing.  

3. Periprosthetic membrane in osteolysis around the implant 
The tissue around osteolysis contains a synovial-like interface membrane between the 
prosthesis and the adjacent bone, called the periprosthetic membrane. Periprosthetic 
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membranes retrieved from patients contain macrophages, fibroblasts and multi nuclear 
giant cells such as osteoclasts. T lymphocytes and B lymphocytes are also seen.. The 
development of osteolysis is triggered by cellular and enzymatic processes within this 
membrane. The periprosthetic membrane is a histopathological hallmark of aseptic 
prosthesis loosening and shares some similarities with the hyperplastic synovium in 
patients with rheumatoid arthritis [RA] (Drees et al., 2007; Goldring et al., 1983; Harris, 
1995). At a molecular level, RA synovial fibroblasts and prosthesis-loosening fibroblasts 
share several common features. 
 

 
Fig. 1. Possible model of interplay between macrophages, fibroblasts, lymphocyte, 
osteoclasts and osteoblast in periprosthetic osteolysis. Osteoclasts develop from precursors 
under the influence of RANKL. The source of RANKL can be fibroblasts, osteoblasts, 
macrophages, or T cells. Particles may stimulate macrophage, fibroblasts and osteoblasts 
directly to induce RANKL and pro-inflammatory cytokines that can induce RANKL. It has 
been hypothesized that T cells stimulated by the pro-inflammatory microenvironment may 
also promote osteoclast formation, synergized with TNF-α, by secreting IL-17.Thus, 
RANKL, TNF-α, IL-1, IL-6, IL-17, and M-CSF may mediate the differentiation of myeloid 
precursor cells into multinucleated osteoclasts and development of impaired osteogenecity 
(Abu-Amer et al., 2007; Drees et al., 2007; Kotake et al., 1999;  Tokuda et al., 2004) 

Periprosthetic membranes, retrieved during revision surgery, produce a variety of factors 
including TNF-α, IL-1, IL-6, and PGs that are involved in mediating osteoclast biology (Chiba 
et al., 1994; Hirakawa et al., 1996; Jiranek et al., 1993; Margevicius et al., 1994; Shanbhag et al., 
1995). These factors induce the final effector molecule, RANKL. It is generally accepted that 
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macrophage lineage cells do not express RANKL under normal conditions. In RA and 
periodontal disease, T cells have been known as the major source of RANKL. However, the 
relatively low numbers of T cells present near periprosthetic osteolysis make it unlikely that T 
cells are the major source of RANKL in periprosthetic osteolysis.  
Studies of periprosthetic membranes of osteolysis patients revealed that fibroblast are the 
major source of RANKL (Haynes et al., 2004; Sakai et al., 2002), with possible involvement of 
macrophages and giant cells (Haynes et al., 2004; Sakai et al., 2002). Expression and secretion 
of MMPs are also elevated in macrophages exposed to wear debris in vitro. Elevated levels 
of degradation enzymes in periprosthetic osteolysis tissues were also observed (Kido et al., 
2004). This array of chemokines, growth factors, pro-inflammatory and anti-inflammatory 
cytokines, and mediators demonstrate a potent ability of periprosthetic tissues to recruit and 
stimulate cells capable of inducing osteoclastic bone resorption and fibrous tissue formation 
(Talmo et al., 2006).  

4. Inflammatory response in particle disease 
The cellular response is dominated by macrophages (Archibeck et al., 2001; Lee et al., 2007; 
Neale & Athanasou, 1999; Quinn et al., 1992). Once macrophages are activated by particulate 
debris, they secrete various kinds of mediators to incite a complex cascade of events 
culminating in osteoclast maturation (Glant et al., 1993). This osteolytic response involves 
various cell types such as osteoclasts, fibroblasts, and osteoblasts/stromal cells, secreting a 
wide range of factors including cytokines, growth factors, and prostanoids (Dorr et al., 1990; 
Jacobs et al., 2001; Perry et al., 1995; Shanbhag et al., 1995). Matrix degradative enzymes and 
chemokines are also released from various cell types (Jacobs et al., 2001; Takagi et al., 1998).  
Particle phagocytosis is the important component of the cellular response: the size of these 
particles is significant. Particles ranging from 0.2 to 10 μm in diameter undergo 
phagocytosis by macrophages (Gelb et al., 1994). The initial response of macrophage by 
particle is formation of fibrous tissue to encapsulate the implant. Often, synovial fluid and 
lining membranes are also formed, and granulomatous tissue is established. Such 
peripsrosthetic tissues have revealed an abundance of macrophages, fibroblasts and giant 
cells (Clohisy et al., 2004b; Ulrich-Vinther et al., 2002).  
In addition, apart from massive recruitment of macrophages to the site of injury, some studies 
identified recruitment of lymphocytes (Abu-Amer, 2005; Arora et al., 2003; Gallo et al., 2002; 
Hallab et al., 2005; Lam et al., 2002; Purdue et al., 2007). Subsequently, pro-inflammatory 
response begins with secretion of factors, gelatinases, and proteases contributing to 
periprosthetic osteolysis, and thus causing  failure of the implant (Abu-Amer et al., 2007). This 
inflammatory response is not restricted to the initial process, but rather it continues to appear 
in middle till late osteolytic stages of periprosthetic osteolysis (Abu-Amer et al., 2007).  
Besides suppressing osteogenic activity, wear debris challenge can also affect the production 
of RANKL and OPG by osteoblasts. Osteoblast lineage cells can express RANKL, OPG, IL-1, 
TNF-α, IL-6, IL-11 and TGF-β (Hofbauer et al., 2000). Ultra high density molecular weight 
polyethylene [UHMWPE] increased the release of RANKL from human osteoblasts, while 
OPG was significantly inhibited. There was inductive also effects on the osteoclastogenesis 
with UHMWPE-human osteoblast-conditioned medium. 
A study of the literature suggests that analysis of the involvement of osteoblasts in 
periprosthetic osteolysis has generally been limited to direct suppressive effect of particles 
on osteoblasts rather than through consideration of the possible effects of a pro-
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inflammatory environment on osteoblast biology. Considering that TNF-α is also a potent 
inhibitor of osteoblast differentiation (Ghali et al., 2010; Yamazaki et al., 2009; Zhou et al., 
2006; Karmakar et al. 2010), additional investigations into possible involvement of particle-
activated macrophages in the impaired osteogencity mediated by proinflammatory 
cytokines including TNF-α would appear to be warranted. Although insufficient attention 
has been paid to the involvement of osteoblast, the cell type responsible for bone formation, 
more research should be conducted to delineate the potentially critical role of osteoblasts in 
periprosthetic  osteolysis. 

5. Roles of macrophages in particle disease 
Since macrophages are the chief phagocytic cell in periprosthetic membranes, much attention 
has been focused on their role in cytokine production and osteoclast activation (Blaine et al., 
1996; Nakashima et al., 1999b; Shanbhag et al., 1994). Macrophages are abundant in the 
periprosthetic tissues obtained from osteolysis patients, and are engaged in phagocytosis of 
wear particles as evidenced by the presence of such nondegradable particles within these cells.  
However, recent advances in osteoclast biology indicated that bone marrow-derived 
macrophages may play a dual role in periprosthetic osteolysis. First, as the major cell in host 
defense, they respond to particles through cytokine production. Second, macrophages have a 
role as precursors for the osteoclasts (Ingham & Fisher, 2005). Macrophages can phagocytose a 
variety of types of wear particles. Most notably, pro-inflammatory mediators such as PGE2, 
TNF-α and IL-6 are generated in abundance by particle challenged macrophages.  
Activation of macrophages by wear debris is a critical event in this process. It is believed that 
recognition of particles relies on phagocytosis of particles by macrophages and unidentified 
cell surface interactions. However, a little is known about the molecular mechanisms involved 
in particle recognition concerning the cell surface receptors that response to particles (Purdue, 
2008). Although particle phagocytosis has been identified as a critical component of this 
biological response, recent studies in human macrophages indicate that direct interactions 
between particle and cell surface are sufficient to activate osteoclastogenic signaling pathways 
(Abu-Amer et al., 2007; Gallo et al., 2002; Gonzalez et al., 1996; Nakashima et al., 1999b). The 
latter interactions may include nonspecific physical induction of transmembrane proteins or 
recognition of cell surface molecules by particles. Recently this phenomenon was explained 
with the role of toll-like receptor (Takagi et al., 2007). However, the precise nature of 
stimulation of cells by particles remains unknown (Abu-Amer et al., 2007). 
Recently, macrophages in periprosthetic space started to be defined as osteoclast precursors. 
In-vitro they have been shown to differentiate into osteoclasts in response to M-CSF and 
stromal cell-derived factors (Sabokbar et al., 1997): RANK ligand alone; or TNF-α and IL-1 
in the absence of RANK ligand (Sabokbar et al., 2003a). Human arthroplasty–derived 
macrophages are capable of osteoclastic differentiation in-vitro in the presence of M-CSF and 
TNF-α (Ingham & Fisher, 2005; Sabokbar et al., 1997). Although recruitment of osteoclast 
precursor cells from the blood are more important as their source, the role of macrophages 
as osteoclast precusors in the periprosthetic space of osteolysis needs to be more clarified.  

6. Involvement of lymphocyte in inflammatory osteolysis  
The roles of lymphocytes in periprosthetic osteolysis remain to be delineated. Lymphocytes 
are generally absent or present in low numbers in the periprosthetic membranes. Mice 
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deficient in T cells, B cells, and natural killer cells develop osteolysis in response to wear 
particles as readily as wild type mice (Taki et al., 2005). However, the strongest evidence for 
the involvement of lymphocytes in aseptic loosening are a series of recent reports correlating 
a metal-specific lymphocyte response to poor implant performance and characterizing 
lymphocytic infiltration around metal-on-metal arthroplasties (Davies et al., 2005; Hallab et 
al., 2005). To promote osteoclastogenesis, activated T-cells positively regulate RANKL] and 
also negatively interferon-γ.  
T-cell derived RANKL has been well known to play central role in inflammatory bone loss. 
In RA, the role of T cells has also been debated and unresolved as well as in periprosthetic 
osteolysis. An interesting new development has been the recognition of IL- 17 (Kolls & 
Linden, 2004). IL-17, produced predominantly by T-memory cells, acts synergistically with 
TNF-α to activate synovial fibroblast-like cells. T-helper cells producing IL-17 show a 
distinctive cytokine profile, which is consisted of IL-17, TNF-α and RANKL, but only low 
levels of IFN-γ and no IL-4 (Looney et al., 2006). Therfore, future work on the role of T cells 
in periprosthetic loosening should include evaluation of T cell signaling, related with the 
fact that inflammatory osteolysis do not produce much IFN-γ. It may be of special 
significance since IFN-γ has a potent inhibitory effect on osteoclast development and thus 
osteolysis (Looney et al., 2006; Takayanagi et al., 2000). 
 

Cytokine Effects on osteoblasts [OB] Effects on osteoclasts [OC] 

TNF 

 Induces RANKL & M-CSF 
(Wei et al., 2005) 
 Inhibits OB differentiation & apoptosis 
(Gilbert et al., 2000;  Jilka et al., 1998) 

 Increases OC precursor numbers 
(Li et al., 2004; Yao et al., 2006) 
 Acts synergistically with RANKL 
(Lam et al., 2000) 

IL-1 

 IL-1α: Inhibits differentiation & matrix 
formation in- vitro (Tanabe et al., 2004) 
 IL-1β: Inhibits collagen synthesis in-vitro 
(Stashenko et al., 1987) 

 Increases OC-genesis along with TNF-α 
(Wei et al., 2005) 
 Decreases apoptotic rate of OCs 
(Jimi et al., 1995) 

IL-17 

 Enhances TNF-α-stimulated IL-6 
synthesis  (Tokuda et al., 2004) 
 Increases RANKL/OPG in cells in-vitro 
(Kotake et al., 1999)

 Induces RANKL and RANK 
(Kotake et al., 1999; Lubberts et al., 2003) 
 Stimulate OC-genesis in RA 
(Kotake et al., 1999)

Table 2. Main effects of pro-inflammatory cytokines on osteoblast and osteoclast 

7. Biological understandings of osteolytic response  
The final cellular consequence of particle action is an excess of osteoclast activity, which 
results in progressive bone erosion. Osteoclasts are multinucleated cells derived from 
circulating osteoclast precursor cell of the monocyte/macrophage lineage, and represent the 
only cell type capable of bone resorption (Boyle et al., 2003). Osteoclast precursors are 
supplied from the periprosthetic space or recruited from the blood itself (Sabokbar et al., 
1997). Wear debris probably increases osteoclast recruitment to periprosthetic tissues via the 
activation of chemokine [macrophage chemoattractant protein-1 ; IL-8] expression by 
macrophages and fibroblasts (Fritz et al., 2005; Nakashima et al., 1999a; Yaszay et al., 2001). 
In addition, macrophage lineage cells isolated from these tissues display a greatly increased 
propensity to differentiate into osteoclasts (Sabokbar et al., 1997; Sabokbar et al., 2003a). 
Osteoclasts can be differentiated by two critical cytokines, RANKL and M-CSF.  
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The molecular balance between RANK−RANKL and OPG has a key role in periprosthetic 
osteolysis. RANKL is the key cytokine regulator of osteoclast generation and activation. 
Interaction between RANK and RANKL constitutes a pivotal signaling pathway in the 
formation of osteoclasts. RANKL is expressed on the surface of activated T cells, marrow 
stoma cells, and osteoblasts as a 45-kDa transmembrane protein. It binds to RANK 
expressed on the surface of osteoclasts and also their precursors. This is necessary for the 
differentiation and maturation of osteoclasts in the presence of the survival factor M-CSF. By 
the binding of RANKL to RANK, the receptor recruits TNFR [TNF receptor]-associated 
cytoplasmic factor 6 [TRAF6]. This acts as a key adaptor for the assembling of signaling 
proteins, which directs osteoclast-specific gene expression and finally leads to their 
differentiation and activation.  
OPG is a naturally occurring decoy receptor for RANKL secreted by stromal cells including 
osteoblasts as a soluble 110 kDa disulfide-linked homodimer. It down-regulates 
osteoclastogenesis by binding RANKL. Osteoclasts formation can be determined principally 
by the relative ratio of RANKL/OPG in the bone marrow microenvironment, and 
alterations in this ratio have been correlated with various bone disorders (Hofbauer & 
Schoppet, 2004).  
Another important fact for regulation of osteoclastogenesis is that many pro-inflammatory 
and anti-inflammatory cytokines act directly to enhance or inhibit the RANKL/RANK axis 
(Abu-Amer et al., 2007). TNF-α also promotes osteoclastogenesis, particularly in the state of 
inflammatory osteolysis such as RA and periprosthetic osteolysis. Overexpression of TNF-α 
is sufficient to induce calvarial osteolysis even in the absence of added particles, 
emphasizing its pro-resorptive characteristics in mice (Schwarz et al., 2000). The molecular 
basis of increased RANKL in osteolysis is likely downstream of pro-inflammatory cytokines 
such as TNF-α and IL-1β, which are known to increase RANKL expression in several cell 
types (Purdue et al., 2007). RANKL and TNF-α seems to work in collaboration to induce 
osteoclast activation. Therefore, TNF-α and IL-1β, acting in concert with RANKL, can 
powerfully promote osteoclast recruitment, activation, and osteolysis (Romas et al., 2002).    
During the past decade, the identification of several molecular pathways involved in bone 
loss raised hope for the development of therapeutic targets for periprosthetic osteolysis. 
TNF family members, especially RANKL, are prerequisites for osteoclast formation. The 
downstream signaling by wear particles, unsurprisingly, overlaps with that of TNF and 
RANKL. Notably, particle-induced pathways lead to the activation of kinases and 
transcription factors which are essential for osteoclastogenesis, such as activation of the 
tyrosine kinase c-src, mitogen-activated protein kinases [MAPK], and the NF-κB cascade 
(Abbas et al., 2003; Abu-Amer, 2005; Lam et al., 2002). Although activation of these 
pathways might be a secondary pathway, selective blockade of these downstream pathways 
reduces particle transmitted effects. The molecular targets described above need to be 
focused for selecting anti-resorptive therapeutic targets (Looney et al., 2006). 

8. Impaired osteogenesis as an inflammatory reaction in periprosthetic 
osteolysis 
The role of osteoblasts in periprosthetic osteolysis has received less attention than that of 
osteoclasts. Osteoblasts play important regulatory roles in bone remodeling. They produce 
and mineralize bone matrix, in addition to modulating differentiation and function of 
osteoclast by producing RANKL and OPG (Lorenzo et al., 2008). Osteoblasts are originated 
from MSCs and differentiated to matured cells. After maturation, osteoblasts diminish their 
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expression of RANKL and increase their expression of OPG, thereby creating a 
microenvironment that favors bone formation over bone loss (Atkins et al., 2003). Although 
osteoblasts have not been intensively investigated within the the field of periprosthetic 
osteolysis, more intensive research needs to be conducted to delineate the potentially critical 
role of osteoblasts based on their bone forming activity.  
Most researches have limited their focus on in-vitro models for the study of direct interaction 
between osteoblast and particle (Dean et al., 1999; Gutwein & Webster, 2004; Lohmann et al., 
2002; Pioletti et al., 2002; Yao et al., 1997). It has been postulated as a main mechanism of 
impaired osteogenesis that wear particles directly inhibit bone forming activity of osteoblast 
by altering typical osteogenic characters. For example, particles directly inhibit cell viability 
and proliferation, in addition to down-regulating the mRNA and protein level of bone 
formation markers. Particles less than 5 μm can also undergo phagocytosis by mature 
osteoblasts (Goodman et al., 2006), leading to potential adverse effects on cellular viability, 
proliferation and function. Along with particle size, composition and dosage can also effect 
these parameters (Lohmann et al., 2002). Moreover, it was reported that osteoblast 
challenged with particles can induce the expression of RANKL, OPG, IL-1, TNF-α, IL-6, IL-
11, and TGF-β (Hofbauer et al., 2000). 
MSCs and osteoprogenitors are also profoundly affected by wear particles (Drees et al., 
2007; Goodman et al., 2006). Differentiation of osteoblasts from MSCs is also down-
regulated by titanium particles (Wang et al., 2002). PMMA particles reduce osteoblast 
differentiation of bone marrow osteoprogenitor cells (Chiu et al., 2006). Titanium and 
zirconium oxide induce MSC apoptosis (Wang et al., 2003). Since MSCs and 
osteoprogenitors from the bone marrow are the precursors of osteoblasts, the reaction of 
these cells to wear particles is critical to both initial osseo-integration of implants and 
ongoing regeneration of the periprosthetic bed (Goodman et al., 2006). Future studies need 
to delineate the molecular mechanisms by which particles adversely affect bone cell lineage 
including MSCs and provide strategies to modulate these effects. 
Recent research has uncovered the possibility that periprosthetic osteolysis likely involves 
multiple mechanisms including bone forming activity as well as bone resorption. It was 
reported that biologic effects on bone-forming cells - osteoblasts, osteoprogenitors, and adult 
MSCs - may also contribute to osteolysis (Chiu et al., 2009; Wang et al., 2002). These findings 
suggest that the following mechanisms of particle bioreactivity may contribute to osteolysis 
by means of exacerbated inflammation by reactive oxygen species [ROS] (Chiu et al., 2009) 
released from activated macrophages and osteoclasts, resulting to impaired periprosthetic 
bone formation with cytotoxic response and suppressed osteogenic differentiation of 
mesenchymal stem cells (Wang et al., 2004). 
So far, most researches in terms of involvement of osteoblast in periprosthetic osteolyis have 
been limited to determine the direct suppressive effect of particle to osteoblast. However, 
the possibility that osteoblast can indirectly communicate with immune cells through many 
sectreted molecules such as TNF-α, IL-1, ROS requires further exploration (Ghali et al., 2010; 
Yamazaki et al., 2009; Zhou et al., 2006). Following phagocytosis of particles and the 
resultant pro-inflammatory reaction, the released cytokines from macrophages can be 
regarded as a potent inhibitor of osteoblast differentiation. Although insufficient attention 
has been paid to the involvement of osteoblasts, more extensive research should be 
conducted to delineate the potentially critical role of osteoblast in periprosthetic osteolysis. 
Modulation of bone forming activity in addition to existing anti-osteoclastic therapies, such 
as bisphosphonates and TNF-α blockade that inhibit bone destruction, represent a potential 
new therapeutic approach to this destructive disorder.  
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(Abbas et al., 2003; Abu-Amer, 2005; Lam et al., 2002). Although activation of these 
pathways might be a secondary pathway, selective blockade of these downstream pathways 
reduces particle transmitted effects. The molecular targets described above need to be 
focused for selecting anti-resorptive therapeutic targets (Looney et al., 2006). 

8. Impaired osteogenesis as an inflammatory reaction in periprosthetic 
osteolysis 
The role of osteoblasts in periprosthetic osteolysis has received less attention than that of 
osteoclasts. Osteoblasts play important regulatory roles in bone remodeling. They produce 
and mineralize bone matrix, in addition to modulating differentiation and function of 
osteoclast by producing RANKL and OPG (Lorenzo et al., 2008). Osteoblasts are originated 
from MSCs and differentiated to matured cells. After maturation, osteoblasts diminish their 

 
Inflammatory Periprosthetic Bone Loss 

 

159 
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9. Molecular basis of inflammatory osteolysis  
Inflammatory osteolysis is a major complication of conditions such as RA, periodontal 
disease, and orthopedic implant loosening. The persistence of these responses is often 
associated with skeletal pathology ranging from localized focal bone erosion and peri-
articular osteolysis in the vicinity of inflamed area, to generalized osteopenia. This 
inflammatory osteolysis reflects increased osteoclast activity with enhanced osteoclast 
recruitment prompted by higher circulating levels of inflammatory mediators. Therefore, 
pathogenesis of inflammatory osteolysis is composed of distinct two primary components, 
inflammatory factors and regulation of osteoclasts. These are thought to operate through an 
ultimate common pathway of accelerated osteoclast recruitment and activation under the 
control of cytokines produced in the inflammatory environment.  
As the only cell type capable of bone resorption, osteoclasts play a central to the 
pathogenesis of inflammatory osteolysis. Differentiation and activation of osteoclast are 
under the aegis of a variety of cytokines. Receptor activator of RANKL and M-CSF are the 
essential osteoclastogenic cytokines and are increased in inflammatory skeletal disease. The 
hyperplastic inflamed synovium also contains inflammatory cells such as lymphocytes, 
plasma cells, activated macrophages, and neutrophils. These cells can secrete a multitude of 
cytokines and growth factors including RANKL, TNF-α, IL-1, IL-6, PGE2, and IL-17 (Abu-
Amer, 2009). This microenvironment is the evidence for recruitment and differentiation of 
osteoclasts that contribute to bone erosion. 
The interaction of RANK and its ligand, RANKL is central to osteolytic responses on 
account of its critical role in osteoclast differentiation and survival. Interstingly, mouse 
models for the overexpression of OPG or administration of OPG-Fc are resistant to focal and 
systemic bone loss despite existence of the inflammatory response (Kong et al., 1999; Wong 
et al., 1999). These findings suggest that the osteoclast differentiation pathway, the 
RANKL/RANK signaling cascade, play a role as a target for other modulators for 
preventing bone resorption.  
In addition, produced proinflammatory cytokines also play a vital role in the inflammatory 
osteolysis in RA, periprosthetic osteolysis, and periodontitis. Factors including TNF-α, IL-1, 
IL-17 and bacterial endotoxins also seem to impact osteoclastogenesis and bone resorption 
directly and indirectly (Abu-Amer, 2009). The dominant cytokine in the inflammatory 
osteolysis condition is TNF-α, primarily produced by activated T cells, macrophages and 
synoviocytes.  
TNF-α is the most notable cytokine that can modulate both inflammatory and osteolytic 
process in the inflammatory osteolysis (Abu-Amer et al., 2008). Therefore, TNF-α can be 
regarded as the rate-limiting factor and it can be a target to eliminates both the 
inflammatory and osteoclastogenic components of these diseases (Wei & Siegal, 2008). 
However, in the most of researches, the role of TNF-α as the inflammatory mediator more 
than the osteolytic effector has been highlighted. This point is supported by studies in which 
inhibition of RANK signaling halted osteolysis whereas inflammation persisted. 
Nevertheless, TNF-α augments RANK/RANKL signaling tremendously leading to 
exacerbated osteoclastogenesis of RANKL-treated precursor cells. Therefore it appears that 
osteolytic activity of TNF-α requires RANKL/ RANK system in inflammatory disease (Abu-
Amer, 2009). IL-1 also plays an essential role in the pathophysiology of inflammatory bone 
loss. Other prominent pro-inflammatory and pro-osteolytic factors include IL-17 and IL-6.  
Regulation of pro-inflammatory cytokines appears to be a major function of IL-17. IL-17 
directly upregulates IL-1 and TNF-α-induced inflammatory responses (Abu-Amer, 2009). 
IL-17, secreted by a distinct lymphocyte subset cells, plays an important role in 
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inflammation and bone erosion in a mouse model of CIA. Treatment with anti-IL-17, even 
after the onset of disease, markedly attenuates damage and inflammation of myocardium 
(Fan et al., 2011). In addition, IL-17 producing T cells are present in the synovium of RA 
patients (Page et al., 2004). Moreover IL-17 induces expression of RANKL by osteoblasts and 
synovial fibroblasts, leading to decreasing expression of OPG by stromal cells. Overall, a 
cascade from inflammatory cells lead to secretion of IL-17 which in turn up-regulates 
expression of RANKL, TNF-α and IL-1 and down-regulats expression of OPG, providing an 
intricate system supporting inflammation and subsequent osteolysis (Abu-Amer, 2009). Due 
to interdependence of TNF-α or IL-1, blockade of either TNF-α or IL-1 does not completely 
arrest the periarticular bone loss of inflammatory arthritis, however, inhibition of the two 
cytokines in combination is substantially more effective (Wei & Siegal, 2008).  
The overall mechanism described above also can be applied to periprosthetic osteolysis from 
wear debris. Studies using animal model involving TNF-α blockade has been shown to 
significantly reduce wear debris-induced osteolysis (Childs et al., 2001a, b), but residual 
osteolysis still persists. In contrst, disruption of RANKL signaling via genetic ablation or 
high dose RANK-Fc treatment completely eliminates osteoclasts and bone resorption in this 
model (Childs et al., 2002). Similar effects were also achieved via OPG gene therapy (Goater 
et al., 2002; Ulrich-Vinther et al., 2002; Yang et al., 2002a).  
It can be considered that the biological responsive pattern in periprosthetic osteolysis is 
similar to other modes of inflammatory osteolysis in that it is composed of two primary 
components, inflammatory factors and regulation of osteoclasts. This is thought to operate 
through common signaling pathways of cytokines such as TNF-α, IL-1 and RANKL to 
accelerate osteoclast recruitment and activation under the control of cytokines produced in 
the inflammatory environment against wear debris.  
Understanding the mechanisms by which osteoclasts resorb bone, and the cytokines that 
regulate their differentiation and activity, provides mechanism-based candidate therapeutic 
targets to prevent inflammatory bone loss induced by wear debris from orthopedic 
implants. The success of anti-TNF-α and IL-1 therapy highlights the central role that these 
specific cytokines play in this disease except periprosthetic bone loss by wear debris. In 
addition, the interdependence of TNF-α, RANKL and IL-17 in the generation of osteoclasts 
also allows to explain the observation that combined blockade is more effective in 
preventing pathological bone loss in the inflammatory conditions including periprosthetic 
osteolysis (Buckland, 2011). 

10. Conclusions 
We hereby describe the biological mechanisms that are responsible for inflammatory bone 
loss in periprosthetic osteolysis, highlighting potential targets for further therapeutic 
approaches to prevent and minimize this devastating complication. As it is generally 
accepted that the inflammatory interaction between wear debris and activated macrophages 
is defined as a key event in periprosthetic osteolysis, much effort has been focused on this 
process and its role in osteoclast activation.  
However, to date, despite extensive and complex research concerning periprosthetic 
osteolysis, there is no effective medical therapy to prevent or inhibit periprosthetic 
osteolysis. Therefore, an appreciation of the complex cellular and molecular signal network 
leading to cellular and inflammatory responses will form a foundation, on which several 
therapeutic interventions can be developed to overcome inflammatory periprosthetic bone 
loss. For the future direction, it seems to be reasonable that additional attention should be 
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equally paid to potentiate osteogenesis to overcome bone loss in the periprosthetic 
osteolysis.  
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1. Introduction 
Appendicitis is the most common abdominal emergency. The lifetime risk of developing 
appendicitis is approximately 7% and it is the most common acute abdominal emergency 
that requires surgical treatment. The overall incidence of this condition is approximately 11 
cases per 10,000 population per year. Acute appendicitis may occur at any age, although it is 
relatively rare at the extremes of age. There is an increased incidence in patients between the 
ages of 15 and 30 years during which time the incidence increases to 23 per 10,000 
population per year; thereafter, the disease incidence declines with age. [1,2,3,4,5,6] 
A male preponderance exists, with a male to female ratio of 1.1 to 3:1; the overall lifetime 
risk is 9% for males and 6% for females. A difference in diagnostic error rate ranges from 
12% to 23% for men and 24% to 42% for women. Most of patients are of white skin colours 
(74 %) and is very rare in black skin colour (5 %). [1,2,3,7] 
While the clinical diagnosis may be straightforward in patients who present with classic 
signs and symptoms, atypical presentations may result in diagnostic confusion and delay in 
treatment. [8] 

2. Historical aspects 
Appendicitis was rare in the past. There appears to be no record of early physicians, from 
Hippocrates to Moses Maimonides. The first anatomic drawings of the appendix date back 
to circa 1492 when Leonardo Da Vinci described an earlike structure he termed the orecchio 
arising from the caecum. Berengario Da Carpi, a physician-anatomist, made his description 
of the appendix in 1521. In 1543, Andreas Vesalius published the first detailed illustration of 
an appendix. [1]  
After the studies of Morgagni, published in 1719, little additional information regarding the 
gross anatomy of the appendix was added. Although the anatomy of the appendix was 
clearly defined by these early anatomists, its pathology and treatment remained 
controversial for the next 300 years. [9] 
Jean Fernel, the French court physician to Catherine de Medici, has been credited with the 
first description of acute typhlitis (derived from the Greek typhlon for caecum) in 1554 that 
occurred in a 7-year-old girl who died of a perforated appendix. At autopsy, Fernel noted 
luminal obstruction of the caecum and appendix with necrosis, perforation, and spillage of 
contents into the abdominal cavity. Other physicians, surgeons and anatomists described 
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diseases on this organ. Even the great physiologist John Hunter described a gangrenous 
appendix, encountered at an autopsy that he performed on Colonel Dalrymple in 1767. 
[1,5,9] 
In 1711, Lorenzo Heister, a professor of surgery at Helmstedt, was the first to suggest the 
appendix as the likely site of primary inflammation and abscess formation in acute 
typhlitis. Claudius Amyand, Sergeant Surgeon to George II, performed the first known 
appendectomy in 1735. Early reports of perityphlitis and typhlitis in the 19th century 
appeared to describe a new clinical phenomenon. In 1839, Bright and Addison, the great 
physicians of Guy's Hospital, clearly described the symptoms of appendicitis and stated 
that the appendix was the cause of many inflammatory processes of the right iliac fossa. 
[5,9] 
It has been 125 years since Reginald Heber Fitz first described the relationship between 
appendicitis with perforation, presenting as a right lower quadrant abscess. Fitz was the 
Shattuck Professor of Pathological Anatomy at Harvard University. On June 18, 1886, he 
presented a paper to the Association of American Physicians in Washington, D.C., entitled 
“Perforating inflammation of the vermiform appendix with special reference to its early 
diagnosis and treatment”. He went on to describe the clinical features of appendicitis and 
proposed early surgical removal of the appendix. His remarks led to the increasing 
recognition of appendicitis as an important clinical entity and appendectomy as its 
appropriate treatment. Willard Parker of New York, published a paper in 1867 recounting 
his experiences, beginning in 1843, with drainage of appendiceal abscesses. [9,10,11] 
The first known surgical removal of the appendix occurred in 1735. Claudius Amyand, a 
founder of St. George's Hospital in London, operated on an 11-year-old boy with a 
longstanding scrotal hernia and a faecal fistula of the thigh. Through a scrotal incision, the 
hernia was opened, revealing omentum surrounding an appendix that was perforated by a 
pin, giving rise to the faecal fistula. The appendix and omentum were amputated, and the 
fistula opened with recovery. [9] 
In 1880, Lawson Tait operated on a 17-year-old girl, removing a gangrenous appendix. 
Abraham Groves of Fergus, from Ontario. removed an inflamed appendix from a 12-year-
old boy with pain and tenderness in the right lower quadrant of the abdomen in 1883. In 
1884, Mikulicz performed an appendectomy, but the patient did not survive. In 1885, 
Kronlein of Zurich successfully performed an appendectomy. Also in 1885, Charter-
Symonds of London performed such an operation. Thomas G. Morton of Philadelphia, in 
1887, reported a successful appendectomy with drainage of an abscess in a 27-year-old 
patient. With the advocacy of early surgical intervention, the mortality rate of acute 
appendicitis over the 15 years succeeding Fitz's manuscript dropped from 50% to 15%. 
[1,9,12] 
In a presentation to the New York Surgical Society in 1889, Charles McBurney described his 
experience with many successful operations for early removal of the appendix. He also 
described his, now famous, McBurney's point. Their surgical aim was to operate in a timely 
fashion before appendiceal perforation and peritonitis developed. The early clinical 
diagnosis and operative intervention recommended by McBurney over a century ago 
remains the standard of care for the practicing emergency physician today. The lateral 
muscle-splitting or "gridiron" incision is generally called the McBurney incision, however it 
was used firstly by Lewis McArthur of Chicago, and was described in 1894. J. W. Elliot 
advocated a transverse skin incision in 1896. [1,5,8,9,10] 
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Nothing new happened for almost 90 years until Semm, a German gynaecologist, removed 
an appendix, in 1980, by a laparoscopic approach. During almost one decade he was 
disbelief in the surgical community, but today this is considered the best surgical approach 
to the appendix. [10,13,14] 
The idea that appendicitis may resolve spontaneously is not new. In 1908 Alfred Stengel 
wrote: “Treated in a purely medical or tentative manner, the great majority of patients with 
appendicitis recover”. The first successful instances of the nonoperative medical treatment 
of appendicitis occurred on board US Navy submarines during combat patrol in World War 
II. The practice of nonoperative medical treatment of appendicitis continued successfully on 
board US Navy submarines after the end of this war. The first report on the non-operative 
management of appendicitis was published by Coldrey in 1959. Thirteen additional cases of 
appendicitis were treated medically from 1960 to 1964 on board US Navy Polaris 
submarines. There were two failures (15.4%) resulting from gangrenous appendicitis (one 
medically evacuated and one appendectomy performed on board with great difficulty). 
[15,16,17] 

3. Anatomy 
Embryologically, the appendix is part of the caecum from which it originates where the 
three taeniae coli coalesce at the distal aspect of the caecum. In addition, the appendix 
contains an abundance of lymph follicles in the submucosa, numbering approximately 200. 
The highest number of lymph follicles occurs in the 10- to 20-year-old age group; they 
decline in number after age 30 and are totally absent after age 60. [5] 
The adult appendix is a long diverticulum averaging 5 to 10 cm in length that arises from 
the posteromedial wall of the caecum, approximately 3 cm below the ileocaecal valve. The 
mean width is 0.5 to 1.0 cm. Although the relationship of the base of the appendix to the 
caecum essentially is constant, the remainder of the appendix is free, which accounts for its 
variable location in the abdominal cavity. The orientation of the appendix in the abdomen 
has classically been described as lying in the right lower quadrant, at a position 
approximately one-third the distance from the right anterior superior iliac spine to the 
umbilicus. This region is also known as McBurney's point. [2] 
The various positions of the appendix are conveniently categorized into the following 
locations: [5,8,18] 
- paracolic - the appendix lies in the right paracolic gutter lateral to the caecum  (35 %); 
- retrocaecal - the appendix lies posterior to the caecum and may be partially or totally 

extraperitoneal (30 %); 
- preileal - the appendix is anterior to the terminal ileum (1,5 %); 
- postileal - the appendix is posterior to the ileum (1,5 %); 
- promontoric - the tip of the appendix lies in the vicinity of the sacral promontory (1%); 
- pelvic - the tip of the appendix lies in or toward the pelvis (30%); 
- subcaecal - the appendix lies inferior to the caecum (1 %). 
This variability in location may greatly influence the clinical presentation in patients with 
appendicitis. A more recent imaging-based study showed that in only 4% is the appendix 
located at the classic McBurney point (the junction of the lateral and middle third of the line 
between the anterior superior iliac spine and the umbilicus). [5,8,18] 
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Nothing new happened for almost 90 years until Semm, a German gynaecologist, removed 
an appendix, in 1980, by a laparoscopic approach. During almost one decade he was 
disbelief in the surgical community, but today this is considered the best surgical approach 
to the appendix. [10,13,14] 
The idea that appendicitis may resolve spontaneously is not new. In 1908 Alfred Stengel 
wrote: “Treated in a purely medical or tentative manner, the great majority of patients with 
appendicitis recover”. The first successful instances of the nonoperative medical treatment 
of appendicitis occurred on board US Navy submarines during combat patrol in World War 
II. The practice of nonoperative medical treatment of appendicitis continued successfully on 
board US Navy submarines after the end of this war. The first report on the non-operative 
management of appendicitis was published by Coldrey in 1959. Thirteen additional cases of 
appendicitis were treated medically from 1960 to 1964 on board US Navy Polaris 
submarines. There were two failures (15.4%) resulting from gangrenous appendicitis (one 
medically evacuated and one appendectomy performed on board with great difficulty). 
[15,16,17] 

3. Anatomy 
Embryologically, the appendix is part of the caecum from which it originates where the 
three taeniae coli coalesce at the distal aspect of the caecum. In addition, the appendix 
contains an abundance of lymph follicles in the submucosa, numbering approximately 200. 
The highest number of lymph follicles occurs in the 10- to 20-year-old age group; they 
decline in number after age 30 and are totally absent after age 60. [5] 
The adult appendix is a long diverticulum averaging 5 to 10 cm in length that arises from 
the posteromedial wall of the caecum, approximately 3 cm below the ileocaecal valve. The 
mean width is 0.5 to 1.0 cm. Although the relationship of the base of the appendix to the 
caecum essentially is constant, the remainder of the appendix is free, which accounts for its 
variable location in the abdominal cavity. The orientation of the appendix in the abdomen 
has classically been described as lying in the right lower quadrant, at a position 
approximately one-third the distance from the right anterior superior iliac spine to the 
umbilicus. This region is also known as McBurney's point. [2] 
The various positions of the appendix are conveniently categorized into the following 
locations: [5,8,18] 
- paracolic - the appendix lies in the right paracolic gutter lateral to the caecum  (35 %); 
- retrocaecal - the appendix lies posterior to the caecum and may be partially or totally 

extraperitoneal (30 %); 
- preileal - the appendix is anterior to the terminal ileum (1,5 %); 
- postileal - the appendix is posterior to the ileum (1,5 %); 
- promontoric - the tip of the appendix lies in the vicinity of the sacral promontory (1%); 
- pelvic - the tip of the appendix lies in or toward the pelvis (30%); 
- subcaecal - the appendix lies inferior to the caecum (1 %). 
This variability in location may greatly influence the clinical presentation in patients with 
appendicitis. A more recent imaging-based study showed that in only 4% is the appendix 
located at the classic McBurney point (the junction of the lateral and middle third of the line 
between the anterior superior iliac spine and the umbilicus). [5,8,18] 



 
Inflammatory Diseases – Immunopathology, Clinical and Pharmacological Bases 

 

174 

 
Fig. 1. An appendix being removed through an incision on the McBurney's point. 

4. Pathophysiology 
The function of the appendix is not clearly understood, although the presence of lymphatic 
tissue suggests a role in the immune system. In humans it is regarded as a vestigial organ, 
and acute inflammation of this structure is called acute appendicitis. The appendicitis may 
be classified into the following terminology: [1] 
- simple appendicitis - inflamed appendix, in the absence of gangrene, perforation, or 

abscess around the appendix; 
- complicated appendicitis - perforated or gangrenous appendicitis or the presence of 

periappendiceal abscess. 
The relatively high-refined, low-fibre diet of industrialized countries has been implicated as 
an aetiologic factor in the development of appendicitis. The primary pathogenic event in the 
majority of patients with acute appendicitis is believed to be luminal obstruction. This may 
result from a variety of causes, which include faecaliths, lymphoid hyperplasia, foreign 
bodies, parasites, and both primary (carcinoid, adenocarcinoma, Kaposi sarcoma, and 
lymphoma) and metastatic (colon and breast) tumours. Faecal stasis and faecaliths may be 
the most common cause of appendiceal obstruction, followed by lymphoid hyperplasia, 
vegetable matter and fruit seeds, barium from previous radiographic studies and intestinal 
worms (especially ascarids). The prevalence of appendicitis in teenagers and young adults 
suggests a pathophysiologic role for lymphoid aggregates that exist in abundance in the 
appendix in this age group. [5,8,18] 
According to this theory, obstruction leads to inflammation, rising intraluminal pressures, 
and ultimately ischemia. Subsequently, the appendix enlarges and incites inflammatory 
changes in the surrounding tissues, such as in the pericaecal fat and peritoneum. If 
untreated, the inflamed appendix eventually perforates. True appendiceal calculi (hard, 
noncrushable, calcified stones) are less common than appendiceal faecaliths (hard but 
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crushable concretions) but have been associated more commonly with perforating 
appendicitis and with periappendiceal abscess. This aetiology of occlusion appears to be 
more common in younger individuals, in whom lymphoid tissue is more abundant than in 
older persons. [1,2,5,8,18] 
Rapid distension of the appendix ensues because of its small luminal capacity and 
intraluminal pressures can reach 50 to 65 mm Hg. As luminal pressure increases, venous 
pressure is exceeded and mucosal ischemia develops. Once luminal pressure exceeds 85 mm 
Hg, thrombosis of the venules that drain the appendix occurs and in the setting of continued 
arteriolar inflow, vascular congestion and engorgement of the appendix become manifest. 
Lymphatic and venous drainage is impaired and ischemia develops. Mucosa becomes 
hypoxic and begins to ulcerate, resulting in compromise of the mucosal barrier and leading 
to invasion of the appendiceal wall by intraluminal bacteria. Most of bacterias are gram-
negative, mainly Escherichia coli (present in 76 % of cases), followed by Enteroccocus (30 %), 
Bacteroides (24 %) and Pseudomonas (20%). 
This inflammation extends to include serosa, parietal peritoneum, and adjacent organs. As a 
result, visceral afferent nerve fibres that enter the spinal cord at T8 - T10 are stimulated, 
causing referred epigastric and periumbilical pain represented by these dermatomes. At this 
stage, somatic pain supersedes the early referred pain, and patients usually undergo a 
shifting of maximal pain to the right lower quadrant. If allowed to progress, arterial blood 
flow is eventually compromised, and infarction occurs, resulting in gangrene and 
perforation, which usually occurs after 24 and 36 hours. Anorexia, nausea, and vomiting 
usually follow as the pathophysiology worsens. [1,3,5] 
There is strong epidemiologic evidence supporting the proposition that perforated and non-
perforated appendicitis are separate entities with different pathogenesis. Patients with a 
short duration of symptoms had a predominantly neutrophil infiltrate that changed to a 
predominant lymphocytic infiltrate with evidence of granulation tissue as the duration of 
symptoms became longer. These findings support the contention that a mixed infiltrate of 
lymphocytes and eosinophils represents a regression phase of acute appendicitis. Fibrous 
adhesion formation and scarring of the appendix wall also have been demonstrated and are 
consistent with resolution of a previous attack of appendicitis. To understand this 
phenomenon, we need to re-examine the pathogenesis of appendicitis. [17] 
Even being logical and possible to be true, this theory was not proven. In the most recent 
review on aetiology and pathogenesis, several studies showed that, contrary to common 
thinking, obstruction of the appendix is unlikely to be the primary cause in the majority of 
patients. An investigation that measured the intraluminal pressure in the appendix showed 
that in 90% of patients with phlegmonous appendicitis, there was neither raised 
intraluminal pressure nor signs of luminal obstruction. There were signs of obstruction of 
the appendiceal lumen, expressed as an elevated intraluminal pressure, in all patients with a 
gangrenous appendix, but not in patients with phlegmonous appendix. These data suggest 
that obstruction is not an important factor in the causation of acute appendicitis, although it 
may develop as a result of the inflammatory process. On the basis of available evidence, it is 
likely that there are several aetiologies of appendicitis, each of which leads to the final 
pathway of invasion of the appendiceal wall by intraluminal bacteria. [17] 
Occasionally, patients will complain of pain that is intermittent over the course of weeks or 
months. Others may describe a more persistent pain lasting a similar period. At laparotomy, 
the appendices of these patients demonstrate histological evidence of chronic active 
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crushable concretions) but have been associated more commonly with perforating 
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Hg, thrombosis of the venules that drain the appendix occurs and in the setting of continued 
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Lymphatic and venous drainage is impaired and ischemia develops. Mucosa becomes 
hypoxic and begins to ulcerate, resulting in compromise of the mucosal barrier and leading 
to invasion of the appendiceal wall by intraluminal bacteria. Most of bacterias are gram-
negative, mainly Escherichia coli (present in 76 % of cases), followed by Enteroccocus (30 %), 
Bacteroides (24 %) and Pseudomonas (20%). 
This inflammation extends to include serosa, parietal peritoneum, and adjacent organs. As a 
result, visceral afferent nerve fibres that enter the spinal cord at T8 - T10 are stimulated, 
causing referred epigastric and periumbilical pain represented by these dermatomes. At this 
stage, somatic pain supersedes the early referred pain, and patients usually undergo a 
shifting of maximal pain to the right lower quadrant. If allowed to progress, arterial blood 
flow is eventually compromised, and infarction occurs, resulting in gangrene and 
perforation, which usually occurs after 24 and 36 hours. Anorexia, nausea, and vomiting 
usually follow as the pathophysiology worsens. [1,3,5] 
There is strong epidemiologic evidence supporting the proposition that perforated and non-
perforated appendicitis are separate entities with different pathogenesis. Patients with a 
short duration of symptoms had a predominantly neutrophil infiltrate that changed to a 
predominant lymphocytic infiltrate with evidence of granulation tissue as the duration of 
symptoms became longer. These findings support the contention that a mixed infiltrate of 
lymphocytes and eosinophils represents a regression phase of acute appendicitis. Fibrous 
adhesion formation and scarring of the appendix wall also have been demonstrated and are 
consistent with resolution of a previous attack of appendicitis. To understand this 
phenomenon, we need to re-examine the pathogenesis of appendicitis. [17] 
Even being logical and possible to be true, this theory was not proven. In the most recent 
review on aetiology and pathogenesis, several studies showed that, contrary to common 
thinking, obstruction of the appendix is unlikely to be the primary cause in the majority of 
patients. An investigation that measured the intraluminal pressure in the appendix showed 
that in 90% of patients with phlegmonous appendicitis, there was neither raised 
intraluminal pressure nor signs of luminal obstruction. There were signs of obstruction of 
the appendiceal lumen, expressed as an elevated intraluminal pressure, in all patients with a 
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that obstruction is not an important factor in the causation of acute appendicitis, although it 
may develop as a result of the inflammatory process. On the basis of available evidence, it is 
likely that there are several aetiologies of appendicitis, each of which leads to the final 
pathway of invasion of the appendiceal wall by intraluminal bacteria. [17] 
Occasionally, patients will complain of pain that is intermittent over the course of weeks or 
months. Others may describe a more persistent pain lasting a similar period. At laparotomy, 
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inflammation or fibrosis supportive of the diagnosis of recurrent or chronic appendicitis. 
Recurrent and chronic forms of appendicitis also have been recognized and occur with an 
approximate incidence of 10% and 1%, respectively. [1,3,8] 
Recently, with the advent of neurogastroenterology, the concept of neuroimmune 
appendicitis has evolved. After a previous minor bout of intestinal inflammation, subtle 
alterations in enteric neurotransmitters are seen, which may result in altered visceral 
perception from the gut; this process has been implicated in a wide range of gastrointestinal 
conditions. Further work is needed to determine if the clinical entity of “neuroimmune 
appendicitis” truly exists, but it remains an interesting area. [7] 
About 95% of serotonin in the body is in the gastrointestinal tract, located mainly in the 
mucosal neuroendocrine cells. Large amounts of 5-HT are present in the mucosa of the 
appendix where the amine is concentrated in the enterochromaffin cells of the mucosa. 
There are two types of neuroendocrine cells in the epithelium: enterochromaffin cells, which 
are found as single cells within the crypt cells, and subepithelial neuroendocrine cells, 
located in the lamina propria. These cells are recognized by expression of several markers, 
including large dense core vesicles containing serotonin and chromogranin A, and synaptic-
like microvesicles containing synaptophysin. 5-HT secretion from enterochromaffin cells 
occurs predominantly at the interstitial side and is controlled by a complex pattern of 
receptor-mediated mechanisms. [19,20] 
Serotonin is involved in diverse motor, sensory, and secretory functions via its different 
receptors locating on epithelial cells and on submucosal and myenteric neurons. 
Appendixes with inflammation are markedly depleted of serotonin, in the epithelium 
(enterochromaffin cells) and lamina propria. [20] 
Local increase in serotonin secretion in the appendix may play an important role in the 
pathogenesis of inflammation in the appendix. The initial event in appendicitis is thought 
to be luminal obstruction with various aetiologies. Once obstruction occurs, epithelial 
mucosal secretions increase the luminal pressure. It has been suggested that 
enterochromaffin cells have pressure receptors and that upon sensing luminal pressure 
they release 5-HT into the lamina propria. After 5-HT is released into the circulation, it is 
metabolized in the liver to 5-HIAA by mitochondrial monoamine oxidase, then 
subsequently excreted in urine [20,21] 
Serotonin is a potent intestinal secretory agent and can cause increased fluid and electrolyte 
secretion via the 5-HT3 receptor. Serotonin is also a vasoconstrictor, acting through 5-HT1 
and 5-HT2b receptors. By stimulating some atypical receptors, 5-HT mediates endothelium-
dependent relaxing effects on the veins. In addition, through 5-HT4 receptors located in the 
myenteric plexus and smooth muscle, serotonin can regulate peristaltic actions in the 
alimentary tract. It may be postulated that local serotonin release exacerbates intraluminal 
secretion, venous engorgement, vasoconstriction and smooth muscle contraction, which 
diverts the congestive process to an inflammatory one. Abundant 5-HT3 receptors on vagal 
and other splanchnic afferent neurons and on enterochromaffin cells have a significant role 
in inducing nausea and emesis. However, a cause and effect relationship between 
subepithelial neurosecretory cells and appendicitis, if any, remains to be established. 
[19,20,22,23,24] 
The origin of enterochromaffin cells is controversial. Several theories suggest their origin 
being as follows: [22] 
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- in the amine precursor uptake and decarboxylation cell (APUD) system;  
- two independent cell origins for mucin-producing cells and carcinoid cells; 
- subepithelial neurosecretory cells (SNC) origin;  
- bidirectional differentiation of a common cell origin;  
- crypt cell origin derived from a population of lysozyme-containing goblet cells present 

in normal intestinal crypts; 
- amphicrine cell origin defined as a cell in the gastrointestinal tract which contains 

mucus granules, zymogen granules, and endocrine secretory which contains mucus 
granules, zymogen granules, and endocrine secretory granules and possesses a 
endocrine-exocrine nature.  

As it can be observed, based on the large amount of studies related to appendicitis, it is not 
established the pathophysiology of this disease. There is not doubt that all these phenomena 
are related to appendicitis and they are part of the genesis of this inflammation. However 
more investigations must be performed in order to understand this still mysterious 
disturbance. 

5. Clinical aspects 
Abdominal pain is the primary presenting complaint of patients with acute appendicitis. 
The diagnostic sequence of colicky central abdominal pain followed by vomiting with 
migration of the pain to the right iliac fossa is present in only 50% of patients. Typically, the 
patient describes a peri-umbilical colicky pain, which intensifies during the first 24 hours, 
becoming constant and sharp, and migrates to the right iliac fossa. The initial pain 
represents a referred pain resulting from the visceral innervation of the midgut, and the 
localised pain is caused by involvement of the parietal peritoneum after progression of the 
inflammatory process. Loss of appetite is often a predominant feature. Constipation and 
nausea are often present with profuse vomiting that may indicate development of 
generalised peritonitis after perforation but is rarely a major feature in simple appendicitis. 
(Table 1) [1,2,3,5,8,18] 
 
CLINICAL FINDING ADULTS CHILDREN 
Right lower quadrant pain 8.4 — 
Migration (periumbilical to right lower quadrant) 3.6 1.9 to 3.1 
Initial clinical impression of the surgeon 3.5 3.0 to 9.0 
Psoas sign 3.2 2.5 
Fever 3.2 3.4 
Pain before vomiting 2.7 — 
Rebound tenderness 2.0 3.0 
Rectal tenderness — 2.3 

Table 1. Accuracy (likelihood ratio) of findings from the history and physical examination in 
the diagnosis of appendicitis in adults and children. [1,2,3,30] 

Patients with acute appendicitis usually are afebrile or have a low-grade fever. Perforation 
should be suspected whenever a patient's temperature exceeds 38.3°C. If perforation does 
occur, periappendiceal phlegmon or abscess will result if the terminal ileum, caecum, and 
omentum are able to “wall off” the inflammation. Peritonitis usually develops if there is free 
perforation into the abdominal cavity. (Table 1) [1,2,3,8] 
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inflammation or fibrosis supportive of the diagnosis of recurrent or chronic appendicitis. 
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There are two types of neuroendocrine cells in the epithelium: enterochromaffin cells, which 
are found as single cells within the crypt cells, and subepithelial neuroendocrine cells, 
located in the lamina propria. These cells are recognized by expression of several markers, 
including large dense core vesicles containing serotonin and chromogranin A, and synaptic-
like microvesicles containing synaptophysin. 5-HT secretion from enterochromaffin cells 
occurs predominantly at the interstitial side and is controlled by a complex pattern of 
receptor-mediated mechanisms. [19,20] 
Serotonin is involved in diverse motor, sensory, and secretory functions via its different 
receptors locating on epithelial cells and on submucosal and myenteric neurons. 
Appendixes with inflammation are markedly depleted of serotonin, in the epithelium 
(enterochromaffin cells) and lamina propria. [20] 
Local increase in serotonin secretion in the appendix may play an important role in the 
pathogenesis of inflammation in the appendix. The initial event in appendicitis is thought 
to be luminal obstruction with various aetiologies. Once obstruction occurs, epithelial 
mucosal secretions increase the luminal pressure. It has been suggested that 
enterochromaffin cells have pressure receptors and that upon sensing luminal pressure 
they release 5-HT into the lamina propria. After 5-HT is released into the circulation, it is 
metabolized in the liver to 5-HIAA by mitochondrial monoamine oxidase, then 
subsequently excreted in urine [20,21] 
Serotonin is a potent intestinal secretory agent and can cause increased fluid and electrolyte 
secretion via the 5-HT3 receptor. Serotonin is also a vasoconstrictor, acting through 5-HT1 
and 5-HT2b receptors. By stimulating some atypical receptors, 5-HT mediates endothelium-
dependent relaxing effects on the veins. In addition, through 5-HT4 receptors located in the 
myenteric plexus and smooth muscle, serotonin can regulate peristaltic actions in the 
alimentary tract. It may be postulated that local serotonin release exacerbates intraluminal 
secretion, venous engorgement, vasoconstriction and smooth muscle contraction, which 
diverts the congestive process to an inflammatory one. Abundant 5-HT3 receptors on vagal 
and other splanchnic afferent neurons and on enterochromaffin cells have a significant role 
in inducing nausea and emesis. However, a cause and effect relationship between 
subepithelial neurosecretory cells and appendicitis, if any, remains to be established. 
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Acute appendicitis should not be considered as a uniform disease in all patients. Particular 
manifestations of this inflammation have been described in special conditions that may 
bring up confusing or facilitating factors to make an early and precise diagnosis. 

5.1 Pregnancy 
Appendicitis is the most common extra-uterine surgical emergency in pregnancy, with an 
incidence of approximately 1 in 1200 to 1500 pregnancies. Although the symptoms of acute 
appendicitis are similar to those in non-pregnant women, nausea, vomiting, and anorexia 
may be mistakenly attributed to the pregnancy, particularly in the first trimester. Fever and 
tachycardia may not be present during pregnancy. Right upper quadrant pain, uterine 
contractions, dysuria, and diarrhoea can also be present. [3,4]  

The diagnosis is often delayed due to the high prevalence of background gastrointestinal 
complaints, as well as difficulties in the interpretation of physical and laboratory work-up. 
Anatomic alterations in the location of appendix due to the expanding uterus and 
physiologic changes observed in pregnancy, such as leukocytosis, can hinder the diagnosis. 
In addition, there is generally a greater reluctance to operate unnecessarily on a gravid 
patient. [25,26] 
Considering differential diagnosis, both obstetrical and gynaecological conditions can 
present with abdominal pain and mimic appendicitis. Non-obstetrical/non-gynaecological 
conditions include gastroenteritis, urinary tract infections, pyleonephritis, cholecystitis, 
cholelithiasis, pancreatitis, nephrolithiasis, hernia, bowel obstruction, carcinoma of the large 
bowel, mesenteric adenitis, and rectus hematoma, pulmonary embolism, right-lower-lobe 

pneumonia, and sickle cell disease. Gynaecologic and obstetric conditions include ovarian 
cyst, adnexal torsion, salpingitis, abruptio placenta, chorioamnionitis, degenerative fibroid, 
ectopic pregnancy, preeclampsia, round ligament syndrome, and preterm labour. [27] 
Laboratory evaluation may not be helpful and cannot be relied on. Leukocytosis in 
pregnancy can be as high as 16,000 cells/ml and still considered a normal variant and not a 
clear indicator of appendicitis. During labour, it may rise to 30,000 cells/ml, and not all 
pregnant patients with appendicitis have leukocytosis. It is not a reliable marker, as up to 
33% of cases may have a leukocyte count greater than 15,000/mm. To confirm the diagnosis, 
ultrasound has shown to be highly sensitive and specific although to a lesser degree after a 
gestational age of 35 weeks due to technical difficulties. This non-invasive procedure should 
be considered first in working up suspected acute appendicitis. [7,27] 
Incidence rates in the first trimester range from 19% to 36%, in the second trimester, range 
from 27% to 60% and in the third trimester, range from 15% to 59%. Due to the lack of 
specificity of the preoperative evaluation; the pathologic diagnosis of appendicitis is 
confirmed in only 30% to 50% of cases, considering first trimester yields a greater accuracy. 
Patients in the second and third trimester of pregnancy often have pain in the right upper 
quadrant or flank, with biliary colic and pyelonephritis representing common misdiagnoses. 
[7,25,27] 
The risk of delay in diagnosis is associated with a greater risk of complications such as 
perforation, infection, preterm labour, and risks of fetal or maternal loss. Maternal mortality 
has been reported from none to 2%. An unruptured appendix carries a fetal loss of 1.5% to 
9%, while this rate increases up to 36% with perforation. The risk of fetal loss associated with 
appendicitis in pregnancy is 33 % in the first trimester, 14 % in the second trimester and 
none in the third trimester. [7,27] 
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Accordingly, the incidence of perforation during pregnancy is as high as 25% to 55% 
compared with 4% to 19% of the general population. With early surgical intervention, 
morbidity and mortality rates are similar to those of the non-pregnant patient. Foetal 
mortality rates, however, are as high as 35% in patients with perforation and peritonitis, 
making early diagnosis and surgery imperative. [1,26,27] 
Tests that are used to improve diagnostic performance include compression graded 
ultrasonography, magnetic resonance imaging (MRI), and computed tomography (CT). 
Radiation exposure also is an important factor in managing pregnant patients. Fetal 
exposure from abdominal multidetector CT performed in the first trimester may double the 
likelihood of childhood cancer (from 1 to 2 in 600). Consequently, ultrasound is usually the 
first study attempted. Compression graded ultrasonography has long been the preferred test 
and is indicated first in the work-up of pregnant patients with suspected appendicitis since 
there is no exposure to ionizing radiation. However, ultrasonography is operator dependent 
and can be difficult to interpret due to obesity, a retrocaecal appendix, or a gravid uterus. 
Accordingly, the reported diagnostic performance of ultrasonography in pregnancy varies 
widely. Although high accuracy of ultrasound in pregnancy has been reported, several 
factors limit its usefulness. The appendix may be displaced from its expected location by the 
gravid uterus. The enlarged uterus also may make graded compression difficult. 
Due to this variable performance, the use of MRI and CT in pregnant women with suspected 
appendicitis has recently gained importance and is advocated by some authors after 
normal/inconclusive ultrasonography result. MR imaging has emerged recently as a useful 
second-line technique and seems to have a high accuracy and low failure rate. The use of 
MR imaging eliminates radiation exposure of the foetus, avoids the operator dependency of 
ultrasound, and facilitates rendering alternative diagnoses, such as ovarian torsion or renal 
obstruction. However MRI is not free of risks including the potential biological effects of the 
static and time-varying magnetic fields, the heating effects of the radiofrequency pulses, and 
the acoustic noise generated by the spatial encoding gradients. [18,25,28] 
When appendicitis is suspected, timely obstetric as well as a general surgical consult is 
necessary. Assessment for open laparotomy is dependent on gestational age since the 
appendix progressively relocates. Pregnancy is not considered to be a contraindication for 
laparoscopic approach to appendectomy.  
Laparoscopic surgery in the pregnant patient has not been broadly accepted in the latter 
second and third trimester due to the concern regarding fetal wastage, the effects of carbon 
dioxide on the developing foetus and the long-term effects of this exposure. Laparoscopy 
procedures take approximately 50% longer with conflicting studies showing decreased length 

of stay and hospitalization. Questions arise regarding the risk for decreased uterine blood flow 
due to increased intraabdominal pressures from insufflation and the possibility of fetal carbon 

dioxide absorption. Use of nitrous oxide pneumoperitoneum has been advocated although 
technical difficulties arise with the gravid uterus. Blind placement of the Veress needle, or 

primary port, has resulted in puncturing and subsequent pneumoamnion. [29] 

5.2 Children 
Appendicitis is the most common surgical disease of the abdomen in children. Paediatric 
appendicitis varies considerably in its clinical presentation, contributing to delay in 
diagnosis and increased morbidity. The methods of diagnosis and treatment of appendicitis 
also vary significantly among clinicians and medical canters according to the patient clinical 
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5.2 Children 
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status, the medical centre's capabilities, and the physician’s experience and technical 
expertise. Recent trends include the increased use of radiologic imaging, minimally invasive 
and nonoperative treatments, shorter hospital stays, and home antibiotic therapy. Little 
consensus exists regarding many aspects of the care of the child with complicated 
appendicitis. [1] 
In adults, right lower quadrant pain and migration of pain from the umbilicus area to the 
right lower quadrant are the symptoms that best predict appendicitis, whereas the absence 
of pain before vomiting greatly reduces the likelihood of appendicitis. The accuracy of 
history and physical examination findings is somewhat different in children. Vomiting, 
rectal tenderness, rebound tenderness, and fever are more helpful (greater positive 
likelihood ratio) in children than in adults, whereas right lower quadrant tenderness is 
somewhat less helpful. (Table 1) [1,2,3,30,31,32]  
Emergency department evaluation of children with acute appendicitis presents a 
particular challenge. The rate of misdiagnosis is as high as 57% in children under the age 
of 6 years with perforation rates as high as 90% in some series. Common misdiagnoses 
include acute gastroenteritis, viral respiratory syndromes, and urinary tract infection. 
Children are more likely to complain of diffuse rather than referred or localized pain. 
Those initially misdiagnosed tend to have a higher incidence of vomiting, diarrhoea, 
constipation, dysuria, and respiratory symptoms accounting for physician bias against the 
correct diagnosis.  
Perforation is most common in young children, with rates as high as 82% for children under 
age 5 years and up to 100% in one-year-olds. A high index of suspicion combined with a low 
threshold for surgical consultation minimizes the risk of missed diagnosis. The high 
perforation rate in young children is largely due to the fact that they are less communicative 
than older children, and their caregivers often assume that their child has gastroenteritis 
based on the common accompanying symptoms of anorexia, vomiting, diarrhoea, and fever. 
[15,30,31] 
The Alvarado score has been prospectively validated in several populations of children and 
adults. Variations include the modified Alvarado score, in Paediatric Appendicitis Score, 
which substitutes right lower quadrant pain with cough, hopping, or percussion for 
rebound tenderness. However, these modifications have not been shown to perform better 
than the original Alvarado score. (Tables 1 and 2) [12,31] 
 
CLINICAL FINDING POINTS 
Migration of pain to the right lower quadrant 1 
Anorexia 1 
Nausea and vomiting 1 
Tenderness in the right lower quadrant 2 
Rebound pain 1 
Elevated temperature (≥ 99.1° F  = 37.3° C) 1 
Leukocytosis ( ≥ 10,000 white blood cells per mm3 ) 2 
Shift of WBC count to the left ( > 75 percent neutrophils ) 1 

*Patients with a score of > 7 points have a high risk of appendicitis.  
*Patients with a score of <5 points have a very low risk of appendicitis. 

Table 2. Alvarado score for the diagnosis of appendicitis. [12,33] 
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The clinical condition of a child at the time of diagnosis can vary substantially across a 
spectrum of severity, from minimally symptomatic children with normal laboratory studies 
to those with bowel obstruction and frank septic shock. Surgery is indicated in all cases. 
Non-operative treatment should not be proposed in children due to higher risk of severe 
complications. Even in children the laparoscopic approach has been preferred not only to 
confirm the diagnosis but also to treat the patient. [31] 

5.3 Elderly 
Patients at the extremes of the age spectrum can present diagnostic difficulty because of 
non-specific presentation, often with subtle clinical signs. Elderly people may present with 
confusion. A high index of suspicion for acute appendicitis is needed in such patients. Older 
patients present later, have more subtle signs and symptoms, and often treat themselves 
with analgesics before their presentation. [1] 
Those at the extremes of age appear to be at highest risk of perforation from delayed 
diagnosis. The proportion of perforations has a relation to age, with a high proportion in 
older people. Misdiagnosis commonly exceeds 50%, with perforation rates that range from 
40% to 70%. Delay because of atypical presentation and age-related differences in the 
progression of the inflammation have been proposed as explanations. The high proportion 
of perforated appendicitis in older patients is therefore the consequence of the relatively low 
incidence rate of non-perforated appendicitis at these ages and is not associated with an 
increased incidence rate of perforations. [15] 
The inflammatory process is less intense than in the youth and occurs later. On the other 
hand, the appendicitis in the elders is mainly due to ischemic phenomena with early 
necrosis and perforation. Thus these patients present early appendiceal perforation, before 
the inflammatory process is developed. The less intense inflammation and the ischemic 
process are responsible for the poor abdominal symptoms and laboratorial or 
imaginological findings. 
Elderly patients may present with vague abdominal pain or even no pain at all. With the 
age-related increased risk of other pathologic entities, such as diverticulitis and cancer, the 
diagnosis of appendicitis is often delayed up to 72 hours. [2] 
Patients over the age of 55 years underwent laparotomy on average two days later than 
youth people and with higher risk of severe complications. For these reasons and 
considering the elder people have less organic reserve, the surgery is indicated precociously. 
The laparoscopy is indicated to confirm the diagnosis and perform the appendiceal 
withdrawn. Even when the appendix is perforated, the laparoscopy is the best procedure 
since the patients does not present abdominal multiple adhesions provoked by previous 
surgeries. Due to pneumoperitoneum, this approach should be carefully considered in 
patients with severe heart and pulmonary disturbances.  

5.4 Haematological diseases 
Patients suffering of some haematological diseases, such as drepanocitosis, spherocytosis, 
neutropenia, leukaemia and thrombocitopenic purpura present a higher incidence of acute 
appendicitis. It is not established the pathophysiology of these conditions related to the 
development of appendicitis.  
In fact, inflammation is not the main finding in these cases. Similarly to elder patients in the 
presence of haematological diseases the appendix present vascular obstructions with ulcers 
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spread in its mucosa. Due to ischemia, transmural necrosis is frequent and perforation 
occurs earlier and most frequently than in the general population. Thus a special attention to 
the appendix should be considered when these patients complain abdominal pain, even 
without the characteristics events found in the classical appendicitis provoked by 
inflammatory phenomena. 
The surgical treatment should be considered even before the confirmation of the diagnosis, 
when the patient persists with pain or his general state worsens. In all cases the appendix 
should be removed. 

5.5 Oncological diseases 
Patients undergoing chemotherapy for solid tumours or leukaemias also present a clinical 
dilemma. During the induction of therapy, many patients experience abdominal pain. 
Although a majority of these patients have self-limiting symptoms, others develop 
progressive abdominal pain. Among the most common identifiable source of pain is acute 
typhlitis, inflammation of the terminal ileum and caecum.  
Abdominal pain is a common complication of chemotherapy, almost unique to children, and 
is usually treated non-surgically. Differentiation from acute appendicitis, however, is 
extremely difficult, with a documented error rate in these patients of greater than 37%. In 
order to avoid the unacceptably high morbidity and mortality associated with the peri-
operative complications of perforation, exploration has been recommended in these patients 
with early signs suggestive of local peritonitis. 
All these patients are immunocompromised and the mortality of complicated appendicitis is 
higher than in the general people. Thus the appendectomy should be precociously indicated 
when acute appendicitis is clinically suspected. 

5.6 AIDS 
Patients with AIDS present a higher incidence of appendicitis than the general population. It 
is not established this complication is due to local infection in this immunocompromised 
group or is consequent to ischemic factors. 
In most of patients (91 %) the pain is localized in the right flank, but 24 % of them complain 
general abdominal pain since the beginning. Anorexia is found in 90 % of patients. Nausea 
and vomiting are present in 41 % and intensification of diarrhoea occurs in 22 % of these 
cases. 
Immunocompromised patients are at particular risk of developing complications from 
delayed diagnosis. These patients present with signs and symptoms of acute appendicitis; 
however, there may be a delay in seeking evaluation because pain tolerance is higher or 
analgesic drugs may be readily available. 
Patients with the acquired immunodeficiency syndrome (AIDS) commonly have symptoms 
in the gastrointestinal system. Opportunistic infections such as cryptosporidiosis, 
cytomegalovirus colitis, Mycobacterium avium intracellulare, and lymphoma and Kaposi's 
sarcoma may present similarly to acute appendicitis, making the diagnosis difficult. The 
perforation rate is approximately 40% in this population and recommends early surgical 
intervention. [1] 

6. Diagnosis 
The diagnosis of appendicitis can be challenging even in the most experienced of clinical 
hands. The diagnosis of acute appendicitis is predominantly a clinical one. An accurate 

 
Acute Appendicitis – Propedeutics and Diagnosis 

 

183 

diagnosis is important to prevent unnecessary surgery and avoid complications. The 
probability of appendicitis depends on patient age, setting, and symptoms. The probability 
of appendicitis depends on patient age, setting, and symptoms. [30,33] 
The Alvarado score, originally described in 1986, is the most widely reported scoring system 
for acute appendicitis. This score alone is not accurate enough to diagnose or exclude 
appendicitis. (Table 2)  However, it provide a useful starting point by identifying children 
and adults at low and high risk of appendicitis. Most patients at low risk can be observed 
without further diagnostic study, but they may benefit from further diagnostic testing, 
including imaging studies; and patients at high risk should receive urgent surgical 
evaluation. Five percent of patients with scores of 3 or less have appendicitis, 36% of 
patients with scores between 4 and 6 have appendicitis, and 78% of patients with scores of 7 
or higher have appendicitis. [12,33] 
No specific diagnostic test for appendicitis exists, but the judicious use of simple urine and 
blood tests, particularly inflammatory response variables, should allow exclusion of other 
pathologies and provide additional evidence to support a clinical diagnosis of appendicitis. 
Scoring systems and algorithms have been proposed to aid the diagnosis of acute 
appendicitis but have not been widely used. (Table 2,3) [7] 
The overall accuracy for diagnosing acute appendicitis is approximately 80%, which 
corresponds to a mean false-negative appendectomy rate of 20%. Diagnostic accuracy 
varies by sex, with a range of 78%–92% in male and 58%–85% in female patients. These 
differences reflect the fact that appendicitis may be extremely difficult to diagnose in 
women of childbearing age, because symptoms of acute gynaecologic conditions such as 
pelvic inflammatory disease may manifest similarly. This diagnostic problem has led to 
false-negative appendectomy rates as high as 47% in female patients aged 10–39 years. 
(Table 3) 
 

SYMPTOMS AND SIGNS  SENSIBILITY SPECIFICITY 
Hyporexia 58% to 91% 37% to 40% 
Nauseas and vomitings 40% to 72% 45% to 69% 
Diarrhoea 9% to 24% 58% to 65% 
Fever 27% to 74% 50% to 84% 
Rebound pain 80% to 87% 69% to 78% 
Leukocytosis 42% to 96% 53% to 76% 
C-reactive-protein 41% to 48% 49% to 57% 

Table 3. Sensibility and specificity of symptoms and signs on the diagnosis of acute 
appendicitis. [7,30,33] 

6.1 Anamnesis 
For the majority of patients who present to the emergency department with acute 
appendicitis, abdominal pain will be their chief complaint. Those presenting within the first 
few hours of onset often describe a poorly defined, constant pain referred to the 
periumbilical or epigastric region. Nausea, vomiting, and anorexia occur in varying degrees, 
though are usually present in more than 50% of cases in all studies. With disease 
progressing as previously outlined, pain becomes well defined and localizes in the right 
lower quadrant near McBurney's point. [2] 
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hands. The diagnosis of acute appendicitis is predominantly a clinical one. An accurate 
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diagnosis is important to prevent unnecessary surgery and avoid complications. The 
probability of appendicitis depends on patient age, setting, and symptoms. The probability 
of appendicitis depends on patient age, setting, and symptoms. [30,33] 
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patients with scores between 4 and 6 have appendicitis, and 78% of patients with scores of 7 
or higher have appendicitis. [12,33] 
No specific diagnostic test for appendicitis exists, but the judicious use of simple urine and 
blood tests, particularly inflammatory response variables, should allow exclusion of other 
pathologies and provide additional evidence to support a clinical diagnosis of appendicitis. 
Scoring systems and algorithms have been proposed to aid the diagnosis of acute 
appendicitis but have not been widely used. (Table 2,3) [7] 
The overall accuracy for diagnosing acute appendicitis is approximately 80%, which 
corresponds to a mean false-negative appendectomy rate of 20%. Diagnostic accuracy 
varies by sex, with a range of 78%–92% in male and 58%–85% in female patients. These 
differences reflect the fact that appendicitis may be extremely difficult to diagnose in 
women of childbearing age, because symptoms of acute gynaecologic conditions such as 
pelvic inflammatory disease may manifest similarly. This diagnostic problem has led to 
false-negative appendectomy rates as high as 47% in female patients aged 10–39 years. 
(Table 3) 
 

SYMPTOMS AND SIGNS  SENSIBILITY SPECIFICITY 
Hyporexia 58% to 91% 37% to 40% 
Nauseas and vomitings 40% to 72% 45% to 69% 
Diarrhoea 9% to 24% 58% to 65% 
Fever 27% to 74% 50% to 84% 
Rebound pain 80% to 87% 69% to 78% 
Leukocytosis 42% to 96% 53% to 76% 
C-reactive-protein 41% to 48% 49% to 57% 

Table 3. Sensibility and specificity of symptoms and signs on the diagnosis of acute 
appendicitis. [7,30,33] 

6.1 Anamnesis 
For the majority of patients who present to the emergency department with acute 
appendicitis, abdominal pain will be their chief complaint. Those presenting within the first 
few hours of onset often describe a poorly defined, constant pain referred to the 
periumbilical or epigastric region. Nausea, vomiting, and anorexia occur in varying degrees, 
though are usually present in more than 50% of cases in all studies. With disease 
progressing as previously outlined, pain becomes well defined and localizes in the right 
lower quadrant near McBurney's point. [2] 
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This classic presentation of acute appendicitis occurs in only one half to two thirds of all 
patients. Accordingly, the clinician should not consider it the sine qua non for the diagnosis 
of acute appendicitis. A failure to recognize other presentations of acute appendicitis will 
lead to a delay in diagnosis and increased patient morbidity. Patients with a retrocaecal 
appendix or those presenting in the later months of pregnancy may have pain limited to the 
right flank or costovertebral angle. Male patients with a retrocaecal appendix may complain 
of right testicular pain. Pelvic or retroileal locations of an inflamed appendix will refer to the 
pelvis, rectum, adnexa, or rarely, the left lower quadrant. Subcaecal and pelvic suprapubic 
pain and urinary frequency may predominate. 

6.2 Physical examination 
By far, the most likely physical finding is abdominal tenderness, which occurs in over 95% 
of patients with acute appendicitis. Patients often find the right lateral decubitus position 
with slight hip flexion as the position of maximal comfort. The abdomen is generally soft 
with localized tenderness at or about McBurney's point. [1] 
The patient is often flushed, with a dry tongue and an associated faetor oris. Temperature 
elevations greater than 1°C are rare until appendiceal inflammation has progressed 
transmurally or perforation has occurred. The presence of pyrexia (up to 38°C) with 
tachycardia is common. A difference between axillary and rectal temperature higher than 1°C 
indicates pelvic inflammation that may be due to appendicitis or other pelvic inflammation. 
Abdominal examination reveals localised tenderness and muscular rigidity after localisation 
of the pain to the right iliac fossa. Rebound tenderness is present, but should not be elicited 
to avoid distressing the patient. Patients often find that movement exacerbates the pain, and 
if they are asked to cough the pain will often be localised to the right iliac fossa. Diarrhoea 
may be present as a result of irritation of the rectum. 
Percussion tenderness, guarding, and rebound tenderness are the most reliable clinical 
findings indicating a diagnosis of acute appendicitis. Bowel sounds vary and are more likely 
to be diminished or absent with advanced inflammation or perforation. Voluntary muscle 
guarding in the right lower quadrant is common and usually precedes localized rebound 
tenderness.  The follow signs of acute appendicitis are the mostly described, but they occur 
in less than 10% of patients with acute appendicitis, and their absence should not prevent 
the examiner from establishing an accurate diagnosis: [1,2,7] 
- Blumberg's rebound pain; (Figure 2A) 
- Rovsing's sign - pain that is referred to the area of maximal tenderness during 

percussion or palpation of the left lower quadrant; (Figure 2B) 
- a positive psoas (right lower quadrant pain with extension of the right hip); (Figure 2C) 
- obturator (right lower quadrant pain with flexion and internal rotation of the right hip) 

sign depends on the location of the appendix in relation to these muscles and the degree 
of appendiceal inflammation. (Figure 2D) 

Findings on per rectal and vaginal examination may be normal, although tenderness to the 
right may be present particularly in a pelvic appendix. Tenderness on rectal examination 
may be suggestive but is not diagnostic of appendicitis. However, the utility of rectal 
examination in patients with acute appendicitis has been brought into question. Repeated 
rectal examinations, especially in children, are burdensome and offer little diagnostic value. 
In patients with signs and symptoms consistent with a classic presentation of acute 
appendicitis, rectal examination offers little toward furthering diagnostic accuracy. Rectal 
examination should be reserved for those in whom pelvic or uterine pathology is suspected, 
or in atypical presentations that suggest pelvic or retrocaecal appendicitis. [1] 
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Fig. 2. Physical exam of a patient with right abdominal pain. 
A) Blumberg's sign. B) Rovsing's sign. C) Psoas sign. D) Obturator sign. 

6.3 Laboratorial findings 
There is not a single laboratory marker for discriminating acute appendicitis from other 
causes of abdominal pain. Laboratory data upon presentation usually reveal a mildly 
elevated leukocytosis with a left shift. The white blood cell (WBC) count is elevated (greater 
than 10,000/mm3) in 70% to 90% of patients with acute appendicitis. Likewise, neutrophilia 
greater than 75% will occur in the majority of cases. Similar results have been found in 
paediatric elderly, and pregnant patients with acute appendicitis. This is not true for elderly, 
immunocompromised patients, with conditions such as malignancy or AIDS; leukocytosis is 
observed in only 12% and 14% of such patients. [1] 
The WBC count is elevated in many other intra-abdominal disease processes, however, both 
surgical (i.e., cholecystitis, intestinal obstruction) and nonsurgical (i.e., gastroenteritis, pelvic 
inflammatory disease). Although statistically significant differences exist between WBC 
elevation observed in appendicitis and that observed in mesenteric adenitis, gastroenteritis, 
and abdominal pain of unknown cause, the usefulness of these differences in the evaluation 
of any individual patient is minimal. 
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may be suggestive but is not diagnostic of appendicitis. However, the utility of rectal 
examination in patients with acute appendicitis has been brought into question. Repeated 
rectal examinations, especially in children, are burdensome and offer little diagnostic value. 
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Fig. 2. Physical exam of a patient with right abdominal pain. 
A) Blumberg's sign. B) Rovsing's sign. C) Psoas sign. D) Obturator sign. 

6.3 Laboratorial findings 
There is not a single laboratory marker for discriminating acute appendicitis from other 
causes of abdominal pain. Laboratory data upon presentation usually reveal a mildly 
elevated leukocytosis with a left shift. The white blood cell (WBC) count is elevated (greater 
than 10,000/mm3) in 70% to 90% of patients with acute appendicitis. Likewise, neutrophilia 
greater than 75% will occur in the majority of cases. Similar results have been found in 
paediatric elderly, and pregnant patients with acute appendicitis. This is not true for elderly, 
immunocompromised patients, with conditions such as malignancy or AIDS; leukocytosis is 
observed in only 12% and 14% of such patients. [1] 
The WBC count is elevated in many other intra-abdominal disease processes, however, both 
surgical (i.e., cholecystitis, intestinal obstruction) and nonsurgical (i.e., gastroenteritis, pelvic 
inflammatory disease). Although statistically significant differences exist between WBC 
elevation observed in appendicitis and that observed in mesenteric adenitis, gastroenteritis, 
and abdominal pain of unknown cause, the usefulness of these differences in the evaluation 
of any individual patient is minimal. 
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Measurement of C-reactive protein (CRP), an acute phase reactant, has been studied. The 
normal value of C reactive protein is < 15 mg / l and in acute appendicitis is > 25 mg / l. In 
presence of gangrenous appendicitis is > 55 mg / l and of perforated appendicitis is 
> 66 mg / l. An elevated CRP appears to have a sensitivity of 47% to 75% and specificity of 
56% to 82% in acute appendicitis. The CRP is most likely to be elevated in appendicitis if 
symptoms are present for more than 12 hours. Interestingly, the combination of an elevated 
CRP, elevated WBC, or neutrophilia greater than 75% improves the sensitivity to 97% to 
100% for the diagnosis of acute appendicitis. Thus, for patients with normal values for all 
three studies, the likelihood of acute appendicitis would be low. 
It has been shown that monitoring the blood level of serotonin or 5-hydroxytryptamine 
(5HT) is a useful test in the diagnosis of appendicitis. During inflammation, 
enterochromaffin cells in the appendix secrete serotonin, and 5-hydroxyindoleacetic acid 
(5-HIAA), a serotonin metabolite excreted in urine, has been found to be elevated in 
patients presenting with acute appendicitis. Serotonin is one of the key signalling 
molecules in the gut. Plasma serotonin rapidly changes to 5-hydroxy-indole-acetic acid in 
the liver. Measuring the urinary level of this metabolite is a reliable test especially in the 
early diagnosis of inflammation in appendicitis. An early study revealed plasma 5-HT to 
have a sensitivity of 58% to 98% and 48% to 100 % specificity in adults within the first 48 
hours of symptoms, suggestive of acute appendicitis. However, there was also a high 
correlation between urinary 5-HIAA levels and diarrheal illnesses, confounding the 
interpretation of 5-HIAA levels in patients presenting with abdominal pain and diarrhoea. 
In addition, gangrenous appendices had similar urinary 5-HIAA levels to normal 
appendices, thought to arise from the destruction of enterochromaffin cells in gangrenous 
cases. [19,20,21] 
Several studies have demonstrated significant increases in other inflammatory markers, 
such serum interleukin 6, and serum phospholipid A2, in cases of acute appendicitis. The 
low specificity of many of these laboratory markers and high false-positive and negative 
rates prevent useful interpretation of them in discriminating acute appendicitis. 
Pregnancy test should also be considered in special cases, to exclude pregnancy. Cultures 
of the peritoneal fluid during appendectomy have been shown to be of no benefit. [2, 
14,21] 
The urinalysis is abnormal in 19% to 40% of patients with acute appendicitis. Women have a 
higher incidence of abnormal urinalysis than men in acute appendicitis. Abnormalities 
include mild pyuria, bacteriuria, and haematuria. However, the presence of more than 30 
red blood cells or more than 20 WBCs should cause the clinician to consider urinary tract 
disease in the differential diagnosis. 

6.4 Imaginological findings 
Imaginological investigations should be done only in patients in whom a clinical and 
laboratorial diagnosis of appendicitis cannot be made. The impact of the introduction of 
imaging techniques on the negative appendectomy rate is unclear. A longitudinal study has 
suggested that despite the introduction of ultrasonography and computed tomography 
scanning the rates of negative appendectomy have remained unchanged. However, other 
studies have evaluated the use of ultrasonography and computed tomography, and both 
showed a decrease in the number of unnecessary admissions and appendectomies. (Table 4) 
[7,8] 
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EXAMS SENSIBILITY SPECIFICITY PREDICTIVE VALUES 
   POSITIVE NEGATIVE 
Abdominal radiography * 97.05% 85.33% 78.94% 98.08% 
Ultrasound 44% - 90% 47% - 95% 89% - 94% 89% - 97% 
Computed tomography 72% - 97% 91% - 99% 92% - 98% 95% - 100% 
Scintigraphy 91% - 98% 91% - 99%   

* Faecal loading image in the caecum. 

Table 4. Accuracy of the images for the diagnosis of acute appendicitis. [7,8,35,36,37] 
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red blood cells or more than 20 WBCs should cause the clinician to consider urinary tract 
disease in the differential diagnosis. 

6.4 Imaginological findings 
Imaginological investigations should be done only in patients in whom a clinical and 
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Fig. 3. Abdominal images of appendicitis. 
A) Abdominal plain radiography showing distension of the caecum with faecal loading image. 
B) Abdominal ultrasound showing an enlarged appendix with a thick wall. 
C) Doppler ultrasound showing an inflamed appendix 
D) Computed tomography of a patient with appendicitis. Observe the faecal loading in the 
caecum. 

6.4.1 Radiography 
Plain abdominal radiographs are abnormal in 24% to 95% of patients with appendicitis, 
depending on the method of the study. Radiographic signs suggestive of appendicitis 
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include appendiceal faecalith; gas in the appendix; air-fluid levels or distension of the 
terminal ileum, caecum, or ascending colon (signs of localized paralytic ileum); loss of the 
caecal shadow; blurring or obliteration of the right psoas muscle; rightward scoliosis of 
the lumbar spine; density or haziness over the right sacroiliac joint; and free 
intraperitoneal air or fluid. Of these, localised ileus appears to be the most common 
radiographic finding. Although much is made of the presence of localized adynamic 
ileum, a calcified faecalith (appendicolith), deformity of the caecum and increase in soft 
tissue density in the lower quadrant, they are present in only a minority of patients with 
acute appendicitis.  
A calcified appendicolith is visualized on an abdominal film in 13% to 22% of patients with 
acute appendicitis; however, the likelihood of perforation has been shown to be significant 
(45% to 100%) if this radiographic finding is visualized. Similarly, nonspecific findings of an 
ileum may also be identified. None of the above radiographic signs are diagnostic or specific 
for appendicitis and have been observed in 38% to 60% of patients without appendicitis. 
(Table 5) [1,2,34,35,36,37] 
In presence of acute pain, abdominal plain abdominal radiography is relevant and helpful, 
but little significance is attached to this exam in appendicitis. In fact the radiological signs 
described in the literature are not constant and none of them is specific for acute 
appendicitis. [35,36,37] 
Since 1999, we have studying a new radiological sign, characterized by faecal loading image 
in the caecum. In a study, with 460 patients with confirmed appendicitis, we verified this 
radiological sign has a sensitivity of 97 % and a specificity of 85% when compared with 
other inflammatory conditions of the right abdomen, such as cholecystitis, pelvic 
inflammatory diseases and nephrolithiasis. Another important finding is the negative 
predictive value that is 98%. Thus in the absence of faecal loading image in the caecum, the 
possibility of acute appendicitis is 1%. This sign disappears during the first day after 
appendectomy in 94% of patients. (Figure 3A) [35,36,37] 
This sign seems to be due to the caecal localised ileum, provoked by the inflammatory 
process. The caecal content is storaged and cannot be conducted to the right colon since little 
movement occurs in the caecum. This condition lead to enlargement of the caecum and 
presence of faecal loading identified at the plain abdominal radiography. (Figure 3A) 
[35,36,37] 
 

RADIOGRAPHIC SIGNS SENSIBLITY (%) 
Faecal loading image in the caecum 97,05 
Localized adynamic ileum  15 to 55 
Image of increasing in soft tissue density 12 to 33 
Image of air inside the appendix  < 2 
Appendicoliths  7 to 22 
Lumbar scoliosis  1 to 14 
Disappearance of caecal image  1 to 8 
Deformity of the caecum  4 to 5 

Table 5. Sensibility (percentage) of radiographic findings on diagnosis of acute appendicitis. 
[1,2,34,35,36,37] 
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Fig. 3. Abdominal images of appendicitis. 
A) Abdominal plain radiography showing distension of the caecum with faecal loading image. 
B) Abdominal ultrasound showing an enlarged appendix with a thick wall. 
C) Doppler ultrasound showing an inflamed appendix 
D) Computed tomography of a patient with appendicitis. Observe the faecal loading in the 
caecum. 

6.4.1 Radiography 
Plain abdominal radiographs are abnormal in 24% to 95% of patients with appendicitis, 
depending on the method of the study. Radiographic signs suggestive of appendicitis 
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ileum may also be identified. None of the above radiographic signs are diagnostic or specific 
for appendicitis and have been observed in 38% to 60% of patients without appendicitis. 
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In presence of acute pain, abdominal plain abdominal radiography is relevant and helpful, 
but little significance is attached to this exam in appendicitis. In fact the radiological signs 
described in the literature are not constant and none of them is specific for acute 
appendicitis. [35,36,37] 
Since 1999, we have studying a new radiological sign, characterized by faecal loading image 
in the caecum. In a study, with 460 patients with confirmed appendicitis, we verified this 
radiological sign has a sensitivity of 97 % and a specificity of 85% when compared with 
other inflammatory conditions of the right abdomen, such as cholecystitis, pelvic 
inflammatory diseases and nephrolithiasis. Another important finding is the negative 
predictive value that is 98%. Thus in the absence of faecal loading image in the caecum, the 
possibility of acute appendicitis is 1%. This sign disappears during the first day after 
appendectomy in 94% of patients. (Figure 3A) [35,36,37] 
This sign seems to be due to the caecal localised ileum, provoked by the inflammatory 
process. The caecal content is storaged and cannot be conducted to the right colon since little 
movement occurs in the caecum. This condition lead to enlargement of the caecum and 
presence of faecal loading identified at the plain abdominal radiography. (Figure 3A) 
[35,36,37] 
 

RADIOGRAPHIC SIGNS SENSIBLITY (%) 
Faecal loading image in the caecum 97,05 
Localized adynamic ileum  15 to 55 
Image of increasing in soft tissue density 12 to 33 
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Disappearance of caecal image  1 to 8 
Deformity of the caecum  4 to 5 

Table 5. Sensibility (percentage) of radiographic findings on diagnosis of acute appendicitis. 
[1,2,34,35,36,37] 
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6.4.2 Ultrasound (US) 
Puylaert proposed the sonographic graded compression technique for diagnosis of 
appendicitis in 1986. US is rapid, non-invasive, inexpensive, and requires no patient 
preparation or contrast material administration. Because US involves no ionizing radiation 
and excels in the depiction of acute gynaecologic conditions, it is recommended as the initial 
imaging study in children, in young women, and during pregnancy. [8,38,39] 
Although operator skill is an important factor in all US examinations, it has particular 
importance in the examination of the patient with right-lower-quadrant pain. The learning 
curve required to develop the technique for scanning the right lower quadrant is 
considerable, and there are many pitfalls to be aware of. Nonetheless, the criteria for the US-
based diagnosis of acute appendicitis are well established and reliable. In experienced 
hands, US has reported sensitivities of 75% to 90%, specificities of 86% to 100%, accuracies of 
87% to 96%, positive predictive values of 91% to 94%, and negative predictive values of 89% 
to 97% for the diagnosis of acute appendicitis. [3,8,14,18,38,39,40] 
US examination of the patient suspected to have appendicitis should include a thorough 
evaluation of both the abdomen and the pelvic organs. In women in whom the answer is not 
evident after the performance of these two examinations, endovaginal US should be added. 
This is of particular importance if one considers the overlap in the symptoms of appendicitis 
with those of gynaecologic disease in women in the childbearing years. A gynaecologic 
explanation for the symptoms may be evident on the endovaginal images. Conversely, the 
appendix may have a pelvic location, in which case it may be seen clearly on the 
endovaginal image when it is not evident on the suprapubic image. [8] 
The specific US approach to the right lower quadrant should include graded compression 
US. Putting the patient in left lateral decubitus position may be helpful in visualizing a 
retrocaecal appendix. Normal and gas-filled loops of gut will be either displaced from the 
field of view or compressed between the layers of musculature of the anterior and the 
posterior abdominal walls. In contrast, abnormal loops of gut, or the obstructed appendix, 
will be non-compressible and optimally seen on the graded compression image. 
[8,18,38,39,40] 
The appendix appears on ultrasound as a lamellated, elongated, blind-ending structure. 
Unlike normal bowel, the inflamed appendix is fixed, non-compressible, and appears round 
on transverse images. Measurements of appendix are performed with full compression. 
Traditionally, the diagnosis of appendicitis is made when the diameter of the compressed 
appendix exceeds 6 mm In contrast, the thick-walled and non-compressible appendix, 
maintained in a fixed position by the compressing transducer, will show circumferential 
colour when inflamed. Appendiceal perforation can be diagnosed when the appendix 
demonstrates irregular contour or when periappendiceal fluid collections are identified. 
Appendicoliths are seen in 30% of appendicitis cases and may confer a higher risk of 
perforation. (Figure 3B) [8,38,39,40] 

6.4.3 Doppler Ultrasound 
The addition of colour Doppler US also is of benefit in the evaluation of inflammatory 
conditions of the intestinal tract. The activity of inflammation is proportional to the amount 
of colour signal detected within the gut wall. The normal gut is thin walled and compliant 
and frequently shows peristaltic activity. Hence, the detection of colour Doppler ultrasound 
signals from the normal gut is extremely difficult. [8,40] 
Doppler examination usually reveals increased vascularity in and around the acutely 
inflamed appendix. Doppler examination is useful as an adjunct sign of appendicitis when 
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the appendiceal measurement is equivocal, in which it is uncertain as to whether the imaged 
appendix is normal or inflamed. When increased flow is seen, it is a sensitive sign of 
appendicitis (reported sensitivity of 87%), but blood flow decreases in advanced 
inflammation, when intraluminal pressures exceed perfusion pressures. Doppler signal is 
diminished when the appendix is gangrenous or close to necrosis. Therefore, Doppler 
examination cannot reliably distinguish between normal and abnormal appendix. (Figure 
3C) [8, 18,38,39,40] 

6.4.4 Computed Tomography (CT) 
CT represents an excellent diagnostic alternative for all other patients. CT is complementary 
to US and is recommended whenever US results are suboptimal, indeterminate, or normal 
in patients with acute abdominal pain. US is also complementary to CT and may be 
particularly useful in thin patients in whom the results of initial CT, no matter how it is 
performed, are equivocal. CT to be superior to graded compression US in the diagnosis of 
acute appendicitis. Analysis of the data for CT and US revealed similar specificities (89% vs 
91%, respectively) and positive predictive values (96% vs 95%, respectively); however, CT 
demonstrated higher sensitivity (96% vs 76%), accuracy (94% vs 83%), and negative 
predictive value (95% vs 76%). CT was shown to be more accurate in staging 
periappendiceal inflammation, more useful in diagnosing acute abdominal conditions 
unrelated to appendicitis, and more sensitive in demonstrating a normal appendix and in 
excluding acute appendicitis from the differential diagnosis. [2,6,8,28,38,39,40,41] 
CT is a highly accurate and effective cross-sectional imaging technique for diagnosing and 
staging acute appendicitis. CT is readily available, is operator-independent, is relatively 
easy to perform, and has results that are easy to interpret. Moreover, extremes of body 
habitus rarely limit study acquisition or interpretation when optimized scanning methods 
are used. [8] 
Helical CT has reported sensitivities of 90% to 100%, specificities of 91% to 99%, accuracies 
of 94% to 98%, positive predictive values of 92% to 98%, and negative predictive values of 
95% to 100% for the diagnosis of acute appendicitis. These results are comparable to those 
achieved by experienced investigators  who have used thin-section, conventional, contrast 
material-enhanced CT and are superior to recently reported clinical accuracy. The diagnostic 
accuracy of non-contrast CT for the diagnosis of acute appendicitis in the adult population is 
adequate for clinical decision making. [2,6,8,28,38,39,40,41] 
Appendiceal CT protocols differ considerably with regard to the anatomic area to be 
included in the scan and to the use of intravenously, orally, and rectally administered 
contrast material. The most popular and conservative approach is to perform helical CT 
scanning of the entire abdomen and pelvis with intravenous and oral contrast material. 
Proponents of this technique believe that contrast-enhanced CT is essential in the diagnosis 
and staging of numerous inflammatory, ischemic, and neoplasic processes that may cause 
acute abdominal pain and may simulate appendicitis.  
The best results are achieved when the caecum is opacified by contrast, allowing detection 
of secondary colonic pathology. To take advantage of oral contrast in this way, one must 
wait one hour or more after administration of oral contrast to image the patient. This delay 
is the main disadvantage of this protocol, although it is unclear if it is long enough to 
adversely effect outcomes.  
An alternative involves administration of rectal contrast and scanning only the lower 
abdomen (below the lower pole of the right kidney) and upper pelvis. The reported 
sensitivity, specificity, and accuracy of this technique are 98%. The inflamed appendix 
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6.4.2 Ultrasound (US) 
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US examination of the patient suspected to have appendicitis should include a thorough 
evaluation of both the abdomen and the pelvic organs. In women in whom the answer is not 
evident after the performance of these two examinations, endovaginal US should be added. 
This is of particular importance if one considers the overlap in the symptoms of appendicitis 
with those of gynaecologic disease in women in the childbearing years. A gynaecologic 
explanation for the symptoms may be evident on the endovaginal images. Conversely, the 
appendix may have a pelvic location, in which case it may be seen clearly on the 
endovaginal image when it is not evident on the suprapubic image. [8] 
The specific US approach to the right lower quadrant should include graded compression 
US. Putting the patient in left lateral decubitus position may be helpful in visualizing a 
retrocaecal appendix. Normal and gas-filled loops of gut will be either displaced from the 
field of view or compressed between the layers of musculature of the anterior and the 
posterior abdominal walls. In contrast, abnormal loops of gut, or the obstructed appendix, 
will be non-compressible and optimally seen on the graded compression image. 
[8,18,38,39,40] 
The appendix appears on ultrasound as a lamellated, elongated, blind-ending structure. 
Unlike normal bowel, the inflamed appendix is fixed, non-compressible, and appears round 
on transverse images. Measurements of appendix are performed with full compression. 
Traditionally, the diagnosis of appendicitis is made when the diameter of the compressed 
appendix exceeds 6 mm In contrast, the thick-walled and non-compressible appendix, 
maintained in a fixed position by the compressing transducer, will show circumferential 
colour when inflamed. Appendiceal perforation can be diagnosed when the appendix 
demonstrates irregular contour or when periappendiceal fluid collections are identified. 
Appendicoliths are seen in 30% of appendicitis cases and may confer a higher risk of 
perforation. (Figure 3B) [8,38,39,40] 

6.4.3 Doppler Ultrasound 
The addition of colour Doppler US also is of benefit in the evaluation of inflammatory 
conditions of the intestinal tract. The activity of inflammation is proportional to the amount 
of colour signal detected within the gut wall. The normal gut is thin walled and compliant 
and frequently shows peristaltic activity. Hence, the detection of colour Doppler ultrasound 
signals from the normal gut is extremely difficult. [8,40] 
Doppler examination usually reveals increased vascularity in and around the acutely 
inflamed appendix. Doppler examination is useful as an adjunct sign of appendicitis when 
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the appendiceal measurement is equivocal, in which it is uncertain as to whether the imaged 
appendix is normal or inflamed. When increased flow is seen, it is a sensitive sign of 
appendicitis (reported sensitivity of 87%), but blood flow decreases in advanced 
inflammation, when intraluminal pressures exceed perfusion pressures. Doppler signal is 
diminished when the appendix is gangrenous or close to necrosis. Therefore, Doppler 
examination cannot reliably distinguish between normal and abnormal appendix. (Figure 
3C) [8, 18,38,39,40] 

6.4.4 Computed Tomography (CT) 
CT represents an excellent diagnostic alternative for all other patients. CT is complementary 
to US and is recommended whenever US results are suboptimal, indeterminate, or normal 
in patients with acute abdominal pain. US is also complementary to CT and may be 
particularly useful in thin patients in whom the results of initial CT, no matter how it is 
performed, are equivocal. CT to be superior to graded compression US in the diagnosis of 
acute appendicitis. Analysis of the data for CT and US revealed similar specificities (89% vs 
91%, respectively) and positive predictive values (96% vs 95%, respectively); however, CT 
demonstrated higher sensitivity (96% vs 76%), accuracy (94% vs 83%), and negative 
predictive value (95% vs 76%). CT was shown to be more accurate in staging 
periappendiceal inflammation, more useful in diagnosing acute abdominal conditions 
unrelated to appendicitis, and more sensitive in demonstrating a normal appendix and in 
excluding acute appendicitis from the differential diagnosis. [2,6,8,28,38,39,40,41] 
CT is a highly accurate and effective cross-sectional imaging technique for diagnosing and 
staging acute appendicitis. CT is readily available, is operator-independent, is relatively 
easy to perform, and has results that are easy to interpret. Moreover, extremes of body 
habitus rarely limit study acquisition or interpretation when optimized scanning methods 
are used. [8] 
Helical CT has reported sensitivities of 90% to 100%, specificities of 91% to 99%, accuracies 
of 94% to 98%, positive predictive values of 92% to 98%, and negative predictive values of 
95% to 100% for the diagnosis of acute appendicitis. These results are comparable to those 
achieved by experienced investigators  who have used thin-section, conventional, contrast 
material-enhanced CT and are superior to recently reported clinical accuracy. The diagnostic 
accuracy of non-contrast CT for the diagnosis of acute appendicitis in the adult population is 
adequate for clinical decision making. [2,6,8,28,38,39,40,41] 
Appendiceal CT protocols differ considerably with regard to the anatomic area to be 
included in the scan and to the use of intravenously, orally, and rectally administered 
contrast material. The most popular and conservative approach is to perform helical CT 
scanning of the entire abdomen and pelvis with intravenous and oral contrast material. 
Proponents of this technique believe that contrast-enhanced CT is essential in the diagnosis 
and staging of numerous inflammatory, ischemic, and neoplasic processes that may cause 
acute abdominal pain and may simulate appendicitis.  
The best results are achieved when the caecum is opacified by contrast, allowing detection 
of secondary colonic pathology. To take advantage of oral contrast in this way, one must 
wait one hour or more after administration of oral contrast to image the patient. This delay 
is the main disadvantage of this protocol, although it is unclear if it is long enough to 
adversely effect outcomes.  
An alternative involves administration of rectal contrast and scanning only the lower 
abdomen (below the lower pole of the right kidney) and upper pelvis. The reported 
sensitivity, specificity, and accuracy of this technique are 98%. The inflamed appendix 
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usually does not fill with rectal contrast or gas, but if the point of obstruction is not at the 
base, a small amount of fluid or contrast can leak into the proximal portion of the appendix. 
Gas also may be present within the inflammed appendix because of the presence of gas-
forming micro-organisms. [8,18,38,40] 
The fastest CT protocol uses a non-enhanced helical CT of the entire abdomen and pelvis. 
This examination may be performed in 10 minutes, does not expose the patient to the 
potential risks associated with iodinated contrast agents, requires no bowel preparation, and 
represents the most cost-effective imaging alternative to US. This procedure is most effective 
in patients with large body habitus, as diagnostic accuracy may be compromised in patients 
with little abdominal and intrapelvic fat. These investigators have shown that non-enhanced 
CT is an accurate technique for establishing an alternative diagnosis in patients suspected to 
have appendicitis. [8,40,41] 
When seen, the normal appendix appears as a tubular or ringlike peri-caecal structure that is 
either totally collapsed or partially filled with fluid, contrast material, or air. The normal 
appendiceal wall measures less than 1–2 mm in thickness. The periappendiceal fat should 
appear homogeneous, although a thin mesoappendix may be present. The inflamed 
appendix appears as an enlarged blind-ending tubular structure, frequently associated with 
inflammatory stranding in the surrounding fat. Identification of the appendix is possible 
with most of the modern CT protocols. The entire appendix should be examined, from 
caecal insertion to the tip, and the largest transverse diameter should be reported. 
Traditionally, the threshold diameter of 6 mm was used for diagnosis of appendicitis. 
However, studies of healthy adults revealed that the normal range of appendiceal size in an 
adult patient is 3 to 10 mm. Thus, using an appendiceal threshold size of 9 mm is more 
accurate for diagnosis of appendicitis. (Figure 3D) [8] 
A definitive CT diagnosis of acute appendicitis can be made if an abnormal appendix is 
identified or if a calcified appendicolith is seen in association with peri-caecal inflammation. 
The appearance of the abnormal appendix varies with the stage and severity of the disease 
process. In patients with mild, non-perforating appendicitis who undergo scanning shortly 
after the onset of symptoms, the appendix may appear as a minimally distended, fluid-
filled, tubular structure 5 to 6 mm in diameter surrounded by the homogeneous fat 
attenuation of the normal mesentery. This appearance is seen in only the most incipient 
forms of acute appendicitis and, in our experience, occurs in fewer than 5% of patients who 
undergo scanning. The signs of perforated appendicitis include phlegmon, abscess, 
extraluminal gas, extraluminal appendicolith, and focal defect in the enhancement of the 
appendiceal wall. [2,8] 

6.4.5 Magnetic Resonance (MR) 
MR imaging is emerging as an alternative to CT in pregnant patients and in patients who 
have an allergy to iodinated contrast material. MR imaging has a limited role in the work-up 
of suspected appendicitis. Although the use of MR imaging avoids ionizing radiation, it has 
several disadvantages, including high cost, long duration of studies, and limited availability 
on an emergent basis. According some authors, the use of MR imaging is limited to 
pregnant patients in whom ultrasound is inconclusive. 
There are no known adverse effects of MR imaging in human pregnancy, but the safety of 
MR imaging has not been proven unequivocally. Although tissue heating from 
radiofrequency pulses, acoustic stimulation potentially harm the foetus. It remains there for 
an indefinite amount of time, excreted by the foetal kidneys and subsequently swallowed by 
the foetus with amniotic fluid. Although there is no evidence of mutagenic or teratogenic 
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effects of gadolinium in humans, mutagenic effects were seen in animal studies. Therefore a 
conservative approach avoids using gadolinium when possible in the first trimester.[40] 
On MR imaging, the appendix is identified as a tubular structure with intraluminal T1 and 
T2 prolongation. Appendicitis is diagnosed using thresholds of the size used for CT. 
Inflammatory changes are visualized as T2 hyperintensity in the periappendiceal fat. In 
pregnant women, the abdomen must be examined carefully for an unusual location of the 
appendix because pregnant uterus displaces the appendix significantly.  

6.4.6 Scintigraphy 
An inflamed bowel has strong chemotactic properties, and leukocytes actively invade the 
appendix in acute appendicitis. The migration and accumulation of radioactive leukocytes 
in the appendix is the basis for this study in patients believed to have acute appendicitis. 
Indium-111–labelled leukocyte scanning had a sensitivity of 86% and specificity of 93% for 
the diagnosis of acute appendicitis. Although the majority of these scans were performed at 
2 hours after injection, occasionally delayed images up to 17 to 24 hours were required.  
Technetium-99m-albumin–colloid–labelled leukocyte (TAC-WBC) scanning appears to be 
superior to indium-111 because it is less expensive, requires shorter preparation time, 
requires less delay in time to positive scan (within 2 hours), and has a lower radiation-
absorbed dose, compared with indium-111. The overall sensitivity of this method is of 89% 
and its specificity is of 92% It is not reliable in diagnosing appendicitis in women, with only 
a 75% sensitivity and 43% positive predictive value in this subgroup. Limitations of 
radionuclide-labelled leukocyte scanning include cost, delay in diagnosis, exposure to 
radiation, relatively large percentage of indeterminant scans, and decreased sensitivity and 
specificity in women. [1] 

7. Differential diagnosis 
The differential diagnosis of appendicitis is that of an acute abdomen. At the extremes of 
age, the threshold for referral for further assessment should be low because of the high 
mortality associated with delayed presentation or diagnosis. Traditionally, a high negative 
 
FREQUENT RARE 
Acute gastroenteritis Epiploic appendagitis 
Acute mesenteric adenitis Acute pancreatitis 
Acute cholecystitis Colonic and appendiceal diverticulitis 
Intestinal intussusceptions (children) Intestinal obstruction 
Perforated peptic ulcer Crohn's disease 
Meckel's diverticulitis Yersiniosis 
Rectus sheath haematoma  Henoch-Schönlein purpura 
Right Spighelian hernia Diabetic ketoacidosis 
Urinary tract infection Right pyelonephritis 
Right uretheral stone Right pneumonia 
Ruptured right Graafian follicle Ruptured ectopic pregnancy 
Right salpingitis Pain on the right 10th and 11th dorsal nerves 
Endometriosis Porphyria 
Ovarian torsion Other abdominal inflammatory conditions 

Table 6. Differential diagnosis of acute appendicitis. [6,7] 
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usually does not fill with rectal contrast or gas, but if the point of obstruction is not at the 
base, a small amount of fluid or contrast can leak into the proximal portion of the appendix. 
Gas also may be present within the inflammed appendix because of the presence of gas-
forming micro-organisms. [8,18,38,40] 
The fastest CT protocol uses a non-enhanced helical CT of the entire abdomen and pelvis. 
This examination may be performed in 10 minutes, does not expose the patient to the 
potential risks associated with iodinated contrast agents, requires no bowel preparation, and 
represents the most cost-effective imaging alternative to US. This procedure is most effective 
in patients with large body habitus, as diagnostic accuracy may be compromised in patients 
with little abdominal and intrapelvic fat. These investigators have shown that non-enhanced 
CT is an accurate technique for establishing an alternative diagnosis in patients suspected to 
have appendicitis. [8,40,41] 
When seen, the normal appendix appears as a tubular or ringlike peri-caecal structure that is 
either totally collapsed or partially filled with fluid, contrast material, or air. The normal 
appendiceal wall measures less than 1–2 mm in thickness. The periappendiceal fat should 
appear homogeneous, although a thin mesoappendix may be present. The inflamed 
appendix appears as an enlarged blind-ending tubular structure, frequently associated with 
inflammatory stranding in the surrounding fat. Identification of the appendix is possible 
with most of the modern CT protocols. The entire appendix should be examined, from 
caecal insertion to the tip, and the largest transverse diameter should be reported. 
Traditionally, the threshold diameter of 6 mm was used for diagnosis of appendicitis. 
However, studies of healthy adults revealed that the normal range of appendiceal size in an 
adult patient is 3 to 10 mm. Thus, using an appendiceal threshold size of 9 mm is more 
accurate for diagnosis of appendicitis. (Figure 3D) [8] 
A definitive CT diagnosis of acute appendicitis can be made if an abnormal appendix is 
identified or if a calcified appendicolith is seen in association with peri-caecal inflammation. 
The appearance of the abnormal appendix varies with the stage and severity of the disease 
process. In patients with mild, non-perforating appendicitis who undergo scanning shortly 
after the onset of symptoms, the appendix may appear as a minimally distended, fluid-
filled, tubular structure 5 to 6 mm in diameter surrounded by the homogeneous fat 
attenuation of the normal mesentery. This appearance is seen in only the most incipient 
forms of acute appendicitis and, in our experience, occurs in fewer than 5% of patients who 
undergo scanning. The signs of perforated appendicitis include phlegmon, abscess, 
extraluminal gas, extraluminal appendicolith, and focal defect in the enhancement of the 
appendiceal wall. [2,8] 

6.4.5 Magnetic Resonance (MR) 
MR imaging is emerging as an alternative to CT in pregnant patients and in patients who 
have an allergy to iodinated contrast material. MR imaging has a limited role in the work-up 
of suspected appendicitis. Although the use of MR imaging avoids ionizing radiation, it has 
several disadvantages, including high cost, long duration of studies, and limited availability 
on an emergent basis. According some authors, the use of MR imaging is limited to 
pregnant patients in whom ultrasound is inconclusive. 
There are no known adverse effects of MR imaging in human pregnancy, but the safety of 
MR imaging has not been proven unequivocally. Although tissue heating from 
radiofrequency pulses, acoustic stimulation potentially harm the foetus. It remains there for 
an indefinite amount of time, excreted by the foetal kidneys and subsequently swallowed by 
the foetus with amniotic fluid. Although there is no evidence of mutagenic or teratogenic 
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effects of gadolinium in humans, mutagenic effects were seen in animal studies. Therefore a 
conservative approach avoids using gadolinium when possible in the first trimester.[40] 
On MR imaging, the appendix is identified as a tubular structure with intraluminal T1 and 
T2 prolongation. Appendicitis is diagnosed using thresholds of the size used for CT. 
Inflammatory changes are visualized as T2 hyperintensity in the periappendiceal fat. In 
pregnant women, the abdomen must be examined carefully for an unusual location of the 
appendix because pregnant uterus displaces the appendix significantly.  

6.4.6 Scintigraphy 
An inflamed bowel has strong chemotactic properties, and leukocytes actively invade the 
appendix in acute appendicitis. The migration and accumulation of radioactive leukocytes 
in the appendix is the basis for this study in patients believed to have acute appendicitis. 
Indium-111–labelled leukocyte scanning had a sensitivity of 86% and specificity of 93% for 
the diagnosis of acute appendicitis. Although the majority of these scans were performed at 
2 hours after injection, occasionally delayed images up to 17 to 24 hours were required.  
Technetium-99m-albumin–colloid–labelled leukocyte (TAC-WBC) scanning appears to be 
superior to indium-111 because it is less expensive, requires shorter preparation time, 
requires less delay in time to positive scan (within 2 hours), and has a lower radiation-
absorbed dose, compared with indium-111. The overall sensitivity of this method is of 89% 
and its specificity is of 92% It is not reliable in diagnosing appendicitis in women, with only 
a 75% sensitivity and 43% positive predictive value in this subgroup. Limitations of 
radionuclide-labelled leukocyte scanning include cost, delay in diagnosis, exposure to 
radiation, relatively large percentage of indeterminant scans, and decreased sensitivity and 
specificity in women. [1] 

7. Differential diagnosis 
The differential diagnosis of appendicitis is that of an acute abdomen. At the extremes of 
age, the threshold for referral for further assessment should be low because of the high 
mortality associated with delayed presentation or diagnosis. Traditionally, a high negative 
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appendectomy rate of 10% to 20% has been considered acceptable to minimize the number 
of missed cases of appendicitis. However, removal of a normal appendix is associated with 
an early complication rate of 7% to 13% and a late complication rate of 4%, hence, it is not a 
benign procedure. The clinical presentation of acute appendicitis is often atypical and may 
mimic other abdominal conditions, confounding its clinical diagnosis and resulting in a 
clinical diagnostic accuracy of only 60% to 80%. (Table 6) [6,7] 

8. Complications 
Any delay of time for treating acute appendicitis is unwarranted. When the total time 
interval of symptoms was less than 12 hours, 94% of patients had simple appendicitis, but 
6% had perforation. Rupture rates rise significantly 36 hours after presentation symptoms. 
The overall incidence of perforation is 16% to 39%. Perforation rates are strongly age related 
and are highest in the very young (40% to 57%) and in the elderly (55%  to 70%), in whom 
misdiagnosis and delayed diagnosis are common. The relationship between diagnostic 
accuracy and perforation remains controversial. (Figure 4D) [3,5,8,11] 
In patients with a delayed presentation, a tender mass with overlying muscle rigidity may 
be felt in the right iliac fossa. The presence of a mass may be confirmed on ultrasonography 
or computed tomography scan; underlying neoplasm must be excluded, especially in 
elderly people. [7] 
Patients with an appendix abscess have a tender mass with a swinging pyrexia, tachycardia, 
and leukocytosis. The abscess is most often located in the lateral aspect of the right iliac 
fossa but may be pelvic; a rectal examination is useful to identify a pelvic collection. The 
abscess can be shown by ultrasonography or computed tomography scanning, and a 
percutaneous radiological drainage may be done. Open drainage has the added advantage 
of allowing an appendectomy to be done.[5,7] 
A history of appendectomy is associated with delayed onset of disease and a less severe 
disease phenotype in patients with ulcerative colitis. The influence of appendectomy in 
Crohn's disease is not as clear; some evidence suggests a delayed onset of disease in patients 
after appendectomy, although contradictory evidence also exists to suggest an increased risk 
of developing the condition depending on the patient's age, sex, and diagnosis at the time of 
operation. There are circumstantial reports that suggest association between inflammatory 
bowel or intestinal cancer and appendicitis. However there is no scientific evidence of such an 
association. Otherwise, chronic appendicitis does not seem to represent any risk of cancer. [7] 

9. Therapeutic decisions 
Appropriate care followed by expedient appendectomy is the treatment of choice. No 
evidence exists to support the notion that analgesia should be withheld on the grounds that 
it may cloud the clinical picture. All patients should receive broad spectrum perioperative 
antibiotics (one to three doses), as they have been shown to decrease the incidence of 
postoperative wound infection and intra-abdominal abscess formation. [7,42] 
According to some authors, the initial nonoperative management of these patients has been 
established as safe and effective, and is likely the preferred method of treatment. [29,43] 

9.1 Non-operative treatment 
Non-operative management with antibiotics has been established for the treatment of 
uncomplicated diverticulitis, salpingitis, enterocolitis and other abdominal inflammatory 
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diseases. It is surprising that non-operative management of uncomplicated acute 
appendicitis remains largely unexplored despite evidence that uncomplicated acute 
appendicitis often resolves, either spontaneously or with antibiotic therapy, and has been 
shown by limited studies to have outcomes equivalent to those of appendectomy. 
[17,40,42,43,44] 
Evidence suggests that spontaneous resolution of untreated, non-perforated appendicitis is 
common and that perforation can be prevented. This motivates a shift in focus from the 
prevention of perforation to the early detection and treatment of advanced appendicitis. In 
patients with an equivocal diagnosis where advanced appendicitis is deemed less likely a 
correct diagnosis is more important than a rapid diagnosis. These patients can safely be 
managed by active observation with an improved diagnostic work-up under observation. 
[15,40,43,44] 
Appendicitis can be treated non-operatively with IV antibiotics with the performance of 
percutaneous drainage if an abscess is present. There are several schemes of antibiotics 
(usually cefoxitin and gentamicin or trimethoprim/sulfamethoxazole and metronidazole) 
described in the literature, all of them with good results. (Table 7) [17,42] 
Success rates have been reported as between 88% and 100%, with the incidence of recurrent 
appendicitis 5% to 38%. The protocol for suspected acute appendicitis consists of bowel rest 
and parenteral fluids. Antibiotics active against gram-negative and anaerobic organisms 
should be administered. Initial successful nonoperative management is achieved in 95% of 
patients. The incidence of progression to diffuse peritonitis during nonoperative treatment 
for palpable periappendiceal mass is 0.6% to 5%. Progression to peritonitis is a concern, 
because patients without a palpable mass may not have developed localization and isolation 
of appendicitis. This condition is more frequent in elders and in immunossupressed 
patients, such as those in use of steroids, chemotherapy, etc. These patients should not been 
included in non-operative protocols. [16,29,40,43,44] 
Over the initial 48 to 72 hours of hospitalization, the patients must be serially examined. If 
the patient’s abdominal examination deteriorated or if the patient subjectively or objectively 
did not improve, percutaneous abscess drainage is undertaken if possible. If a fluid 
collection amenable to drainage did not exist, urgent appendectomy is undertaken. If the 
patient improved, parenteral antibiotics are continued until the patient remained afebrile for 
24 hours. The average length of hospitalization is one week. [29] 
 
AUTHOR ANTIBIOTIC (IV) SUCCESS RECURRENCE 
Coldrey (1959) Penicillin + streptomycin  

+chloramphenicol 
92 14 

Adams (1990) Clindamycin + gentamicin 56 13 
Eriksson, Granstrom (1995) Cefotaxime + tinidazole 95 35 
Winn et al. (2004) Gentamicin + metronidazole 92 5 
Styrud et al. (2006) Cefotaxime  + tinidazole (IV) 88 14 

Table 7. Clinical studies documenting success and recurrence (percentages) of non-operative 
management (with antibiotics) of uncomplicated acute appendicitis. [15,16,17,29,40] 

9.2 Operative treatment 
The treatment of appendicitis depends on both the patient’s general condition and the state 
of the appendix. Traditionally, open appendectomy has been done through a muscle 
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appendectomy rate of 10% to 20% has been considered acceptable to minimize the number 
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diseases. It is surprising that non-operative management of uncomplicated acute 
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splitting gridiron incision over McBurney's point made perpendicular to a line joining the 
umbilicus and anterior superior iliac spine or through a more cosmetically acceptable Lanz's 
incision. The proportion of open procedures done has fallen with the increased use of 
laparoscopic techniques. The use of drains has not proved useful except perhaps in cases of 
walled-off abscess cavities. [23] When the process is spread as a general peritonitis, a 
median or a right medial paramedian pararectal incision are indicated, in order to aspirate 
the septic secretion and to treat all complications. Abdominal drainage did not prove to 
have any benefit. [45] 
Since the advent of laparoscopic surgery for appendectomy in 1983, its use has steadily 
increased through the past decade. Laparoscopy is now the standard method of 
investigating acute lower abdominal pain. If appendectomy is considered necessary, then it 
is logical to remove the appendix using laparoscopic techniques. The proposed advantages 
of laparoscopic compared with open appendectomy have seemed less compelling than 
laparoscopy in other abdominal procedures, and many surgeons still favour open repair 
because they believe that the overall morbidity is primarily a function of the degree of 
appendicitis. Compared with open surgery, a systematic review found that laparoscopic 
appendectomy in adults reduces wound infections, postoperative pain, length of hospital 
stay, and time taken to return to work. In children, laparoscopic appendectomy reduced the 
number of wound infections and the length of hospital stay compared with open surgery, 
but no significant differences in postoperative pain, time to mobilisation, or proportion of 
intra-abdominal abscesses were seen. [13,45,46,47,48] 
With advances in laparoscopic instruments and skills, laparoscopic single-port surgery has 
been developed and applied to appendectomy. It offers better cosmetic results (scarless 
abdominal surgery via umbilical incision), less incisional pain, and the capability to convert 
to multiport surgery if required. [49,50,51,52,53,54,55] 

9.3 Perioperative period 
Children with appendicitis are often dehydrated and may be febrile, acidotic, and septic. 
Intravenous fluids and antibiotics are always indicated preoperatively. All the patients 
followed the same preoperative protocol, with antibiotic prophylaxis before the operation 
and postoperative antibiotic treatment according to the macroscopic characteristics of the 
appendix and whether purulent free liquid into the abdominal cavity was present or not.  
The antibiotic regimen selected should be effective against the bacterial flora found in the 
appendix, which consists chiefly of anaerobes and gram-negative coliforms. Anaerobes 
make up most of the colonic flora and include Bacteroides, Clostridial, and Peptostreptococcus 
species. Gram-negative aerobes, such as Escherichia coli, Pseudomonas aeruginosa, Enterobacter, 
and Klebsiella, are also important. Gram-positive organisms are less commonly found in the 
colon, and the need for coverage for them (primarily Enterococcus) is controversial.  
For non-perforated appendicitis, a single agent such as cefoxitin, cefotetan, 
ampicillin/sulbactam, ticarcillin/clavulanate, or piperacillin/tazobactam is typically 
prescribed. In cases of perforated appendicitis, most surgeons select either traditional 
“triple” antibiotics (ampicillin, gentamycin, and clindamycin or metronidozole or 
piperacillin/tazobactam) or a combination such as ceftriaxone/metronidozole or 
ticarcillin/clavulante plus gentamycin. [11,14,42] 
Appendectomy is a relatively safe procedure with a mortality rate for non-perforated 
appendicitis of 0.8 per 1000. The mortality and morbidity are related to the stage of disease 
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and increase in cases of perforation; mortality after perforation is 5.1 per 1000. As stated 
above, the average rate of perforation at presentation is between 16% and 30%, but this is 
significantly increased in elderly people and young children, in whom the rate can be up to 
97%, usually because of a delay in diagnosis. Wound complications, ileum, and partial small 
bowel obstruction are the most common complications. [7,29] 
The increased mortality and morbidity associated with perforation has been used as 
justification for high rates of negative appendectomy, quoted as between 20% and 25%. 
Despite this, complications can occur after removal of a normal appendix, and the surgical 
community continues to strive to reduce the numbers of negative procedures. According to 
a large historical cohort study, a perforated appendix during childhood does not seem to 
have a long term detrimental effect on subsequent female fertility.  
The rate of postoperative wound infection is determined by the intraoperative wound 
contamination. Rates of infection vary from < 5% in simple appendicitis to 20% in cases with 
perforation and gangrene. The use of perioperative antibiotics has been shown to decrease 
the rates of postoperative wound infections. For perforated appendicitis, LA is associated 
with a higher rate of intra-abdominal abscess drainage and intraoperative complications 
compared with OA. In contrast, there is a trend towards significance for LA to be associated 
with lower rates of wound infections and postoperative intestinal obstructions. 
[7,42,45,48,50] 
Intra-abdominal or pelvic abscesses may form in the postoperative period after gross 
contamination of the peritoneal cavity. The patient presents with a swinging pyrexia, and 
the diagnosis can be confirmed by ultrasonography or computed tomography scanning. 
Abscesses can be treated radiologically with a pigtail drain, although open or per rectal 
drainage may be needed for a pelvic abscess. The use of perioperative antibiotics has been 
shown to decrease the incidence of abscesses. Male and older patients also had an increased 
risk of intra-abdominal abscess drainage. [7,42,45,48,50] 
Wound infections are the most common complication, yet they are substantially less 
common in children than in adults and may not be related to type or timing of antibiotics or 
to the type of postoperative wound management. [14,42] 
Mortality from appendectomies has been strongly linked to 2 factors in particular—patient 
age and diagnosis at time of surgery. [2,3] 
The most common complications found during the early postoperative period are wound 
infections and local abscess. After perforated or gangrenous appendicitis subphrenic and 
pelvic abscesses may occur as well. Peritonitis fistulas and incisional hernias are 
complications provoked by a not well conducted surgery and may be considered iatrogenic 
damages that should not occur. All these adverse events are followed by disturbances on the 
metabolic response to trauma. 

10. Final considerations 
The appendix is still a mysterious organ. Despite the over 150 years of intense research and 
many thousands researches developed on all fields related to the appendix we still do not 
know what is the role of this organ. A hypothesis suggests this organ is turning down and 
going to disappear. However this is still a very controversial theory not accepted by most of 
investigators. However this is still a very controversial theory not accepted by most of 
investigators. 
The pathophysiology of appendicitis is still not established. The theory that ascribes to an 
obstructive phenomenon the initial stage of appendicitis was not proved and it is not 
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bowel obstruction are the most common complications. [7,29] 
The increased mortality and morbidity associated with perforation has been used as 
justification for high rates of negative appendectomy, quoted as between 20% and 25%. 
Despite this, complications can occur after removal of a normal appendix, and the surgical 
community continues to strive to reduce the numbers of negative procedures. According to 
a large historical cohort study, a perforated appendix during childhood does not seem to 
have a long term detrimental effect on subsequent female fertility.  
The rate of postoperative wound infection is determined by the intraoperative wound 
contamination. Rates of infection vary from < 5% in simple appendicitis to 20% in cases with 
perforation and gangrene. The use of perioperative antibiotics has been shown to decrease 
the rates of postoperative wound infections. For perforated appendicitis, LA is associated 
with a higher rate of intra-abdominal abscess drainage and intraoperative complications 
compared with OA. In contrast, there is a trend towards significance for LA to be associated 
with lower rates of wound infections and postoperative intestinal obstructions. 
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Intra-abdominal or pelvic abscesses may form in the postoperative period after gross 
contamination of the peritoneal cavity. The patient presents with a swinging pyrexia, and 
the diagnosis can be confirmed by ultrasonography or computed tomography scanning. 
Abscesses can be treated radiologically with a pigtail drain, although open or per rectal 
drainage may be needed for a pelvic abscess. The use of perioperative antibiotics has been 
shown to decrease the incidence of abscesses. Male and older patients also had an increased 
risk of intra-abdominal abscess drainage. [7,42,45,48,50] 
Wound infections are the most common complication, yet they are substantially less 
common in children than in adults and may not be related to type or timing of antibiotics or 
to the type of postoperative wound management. [14,42] 
Mortality from appendectomies has been strongly linked to 2 factors in particular—patient 
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damages that should not occur. All these adverse events are followed by disturbances on the 
metabolic response to trauma. 
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know what is the role of this organ. A hypothesis suggests this organ is turning down and 
going to disappear. However this is still a very controversial theory not accepted by most of 
investigators. However this is still a very controversial theory not accepted by most of 
investigators. 
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possible to provoke appendicitis in an experimental model. We do not have idea about the 
role of the enterochromaffin cells in the appendix. Adenocarcinoma is the main cancer of all 
the digestive system except in the appendix where the characteristic tumour is the carcinoid. 
Many other doubts have been proposed without satisfactory response. 
Traditionally, when the medicine is not able to understand a disease, the removal of the 
organ is indicated. For this reason most of physicians still prefer appendectomy as the best 
treatment to heal appendicitis. The advances in technology allowed a safer operations with 
aesthetically best results, without complications, and no death is accepted independently the 
stage of the inflammation. On the other side even the clinical treatment based on antibiotics 
is able to heal this inconvenient disease. 
We are not able to preview the future of the studies on appendicitis and its treatment, but 
for sure all the investigations will make possible to understand this fascinating organ its 
inflammation and indicate the best treatment and even prevent its occurrence. 
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1. Introduction 
Malignant pericardial disease represents a common cause of morbidity and mortality in 
patients with cancer. Malignant tumours of the pericardium may occur as primary or 
secondary tumours. Primary tumours of the pericardium occur rarely, and secondary 
involvement of the pericardium constitutes the majority of the cases of malignant disease of 
the pericardium. In necropsy series, the pericardium is involved in 5 to 40% of patients with 
malignant disease (1-3). Autopsy studies overestimate the clinical problem because they 
mostly include terminally ill patients and also identify microscopic metastases even without 
pericardial effusion. For the majority of patients, a clinical manifestation of neoplastic 
pericarditis is absent or remains unrecognised during their lifetime. In a study comparing 
clinical and pathologic features of pericardial metastases, 60%-70% were clinically non 
significant (4). Clinically, neoplastic pericarditis presents itself as acute pericarditis, 
pericardial effusion, effusive-constrictive pericarditis or cardiac tamponade (5). In their 
retrospective analysis from the years 1979 to 2000, the Mayo Clinic reported a decrease of 
the prevalence of cancer among symptomatic pericardial effusion, mainly due to an increase 
of pericardial effusion due to postoperative procedures or perforations from invasive 
procedures, rather than to a decrease of malignant pericarditis cases (6). A Spanish study 
observing the years 1998-2002 and an Italian study observing the years 1996-2003, report a 
neoplastic etiology among pericardial effusion in 13% and 7.3%, respectively (7,8). The 
relative proportions of neoplastic pericarditis in particular population depends on the 
prevalence of cancer and the prevalence of other causes of effusion in particular 
populations.  

2. Clinical picture 
Clinically, neoplastic pericarditis can be presented as acute pericarditis where at least 2 
criteria of the following 4 should be present: 1. characteristic chest pain; 2. pericardial 
friction rub; 3. suggestive electrocardiographic changes; and 4. new or worsening 
pericardial effusion (9). Neoplastic pericarditis is also manifested as effusive-constrictive 
pericarditis where the diastolic filling is limited by the by restricted inelastic pericardium, 
which is inflamed, scarred, or calcified and thicker than normal. Two other clinical 
pictures are pericardial effusions and cardiac tamponade (4,10). In rare cases, pericardial 
effusion is the initial manifestation of malignancy, and the first review of 29 isolated cases 
of cancer first manifested with pericardial effusion was published by Fraser in 1974 
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(11,12). Reports of cardiac tamponade as an initial presentation of malignancy are even 
much less prevalent, but we report a patient with cardiac tamponade as the first 
manifestation of lung cancer, although the occurrence of malignant cardiac tamponade is 
underestimated due to non-specific signs and symptoms (13,14). Acute dyspnea is the 
most commonly presented symptom in a review of malignant tamponade pooling several 
series with an incidence of 78%. The other reported symptoms were cough (46%), chest 
pain (27%), orthopnea (26%), and weakness (19%). On physical examination the most 
frequently detected findings are sinus tachycardia (50%), jugular venous distention (45%), 
hepatomegaly (36%) and peripheral edema (35%). Classical findings of pericardial 
tamponade such as pulsus paradoxus, pericardial rub and Kussmaul’s sign – occurred in 
only 30%, 12% and 5%, respectively (13-15). Despite the assumption that patient presented 
with tamponade have a worse prognosis than the patient with pericardial effusion 
without tamponade, no data are available to allow the stratification of the prognosis 
based on clinical presentation.  

3. Diagnosis 
The ECG changes were suggestive of pericardial involvement in some patients. There are 
reports of sinus tachycardia which is usual in terminal malignancy, but should also be 
considered as an important sign of cardiac involvement. The presence of low voltage in limb 
leads, non-specific T-wave abnormalities, ST-segment elevation, atrial fibrillation and 
electrical alternans are neither common nor specific findings for malignant pericardial 
effusion (5). The chest x-ray showed non-specific cardiomegaly and indicates at least 200 ml 
of pericardial fluid (16). Pleural effusion is presented in more than half of the patients in 
literature (5). The echocardiogram documented the presence and magnitude of pericardial 
effusion which is detected as an echo-free space between the left ventricular posterior wall 
and the lung. As effusion grows in size, we observed besides the echo-free space the 
swinging of the heart, and abnormal septal motion. Echocardiography differentiates cardiac 
tamponade from other causes of systemic venous hypertension and arterial hypotension, 
including constrictive pericarditis, cardiomyopathy and right ventricular infarction. Typical 
echocardiographic findings in tamponade include late diastolic collapse of the right atrium 
and early diastolic collapse of the right ventricle when the intrapericardial pressure exceeds 
intracavitary pressure. Left atrial collapse, which can occur in tamponade, is very specific 
but is not sensitive for tamponade. Abnormal septal motion is described with bulges of the 
intraventricular septum during inspiration into the left ventricle due to an increased 
systemic venous return to the right ventricle and a limited expansion of the right ventricular 
free wall due to the increase in intrapericardial pressure. With expiration, the transmitral 
pressure gradient increases and the systemic venous return decreases and we observe a 
reversal of diastolic flow in the hepatic veins (17). Echocardiography also guides 
pericardiocentesis (18). Cardiac computed tomography (CT) and cardiac magnetic 
resonance imaging (CMR) are increasingly being used in the diagnosis of pericardial 
diseases. Both imaging modalities are very sensitive in the detection of generalised or 
loculated effusions and can also be used to measure the pericardial thickness (19).  
Pericardial effusions in patients with cancer are not always due to malignancy. Other causes 
of pericardial effusion are radiation-induced, idiopathic, hypoalbuminemic, drug-related or 
uremic (5). Defining the cause of a pericardial effusion in a patient with cancer is of vital 
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importance. The gross appearance of the pericardial fluid is not useful in differentiating 
malignant from non-malignant effusion (20). A cytological examination of pericardial fluid 
confirmed the diagnosis of malignant pericardial effusion in 65% to 85% of cases (21). Even 
with accurate sampling and cytopreparatory techniques, the diagnosis is not always simple, 
and sometimes impossible. In cytology-negative samples of pericardial fluid the dosage of 
tumour markers such as carcinoembryonic antigen (CEA), neuron-specific enolase (NSE), 
serum cytocheratin 19 fragments (CYFRA 21-1) and carbohydrate antigens CA 125, CA 15-3 
and CA 19-9 may be helpful in the setting of an equivocal diagnosis (22). However, there is 
no tumor marker that alone has sufficient diagnostic accuracy in discriminating between 
malignant and benign pericardial diseases. Measuring a panel of tumor markers as was 
proposed for the diagnosis in pleural effusion also does not provide a much higher 
sensitivity. At present, for the confirmation of the diagnosis of malignant pericardial 
effusion, there is a firm recommendation for the assessment of CEA and CYFRA 21-1 (23-
26). Open pericardial biopsy or pericardoscopy with visualisation of the pericardial surface 
and guided biopsies of suspicious areas can identify most of the remaining cases (5). A 
search for the primary tumour must be undertaken because metastases to the pericardium 
are much more common than the primary tumour and furthermore,  primary tumors of the 
heart are far less common than metastatic tumours to the heart. Primary tumours of the 
pericardium are usually sarcomas or mesotheliomas (27,28). The metastatic cancer is most 
often carcinoma of the lung (40%), breast (22%), leukemia and lymphoma (15%), sarcomas 
(3.5%) and melanoma (2.7%) (10).  
The reason for the heart and the pericardium not being affected by primary cancer, and 
cardiac tissue mostly being invaded by the metastatic process can probably be explained 
with the concept of immune privilege which was first proposed in the 1940s by the Nobel 
laureate, P.B. Medawar and colleagues. At present, the eye, brain and reproductive organs 
are endowed with immune privilege where inflammation is self-regulated so as to preserve 
organ functions (29,30). There are also a lot of reports which might indicate self-regulated 
inflammation of the heart and pericardium as well. The reaction of cardiac tissue to acute 
injury involves interacting cascades of cellular and molecular responses that encompass 
inflammation, hormonal signalling, extracellular matrix remodelling, and compensatory 
adaptation of cardiomyocytes. There is a significant importance of acute inflammation 
occurring during acute myocardial infarction where the infarct scar is a dynamic tissue: 
cellular, vascularised, metabolically active and contractile. Although the induction of pro-
inflammatory mediators is important for the clearance of the wound from dead 
cardiomyocytes and matrix debris, the activation of inflammatory pathways is transient and 
followed by the repression of inflammatory gene synthesis and the resolution of the 
leukocytic infiltrate (31). There is also evidence of heart specific cardiomyocytes apoptosis 
and changes in interstitial tissue of the heart in the progression of heart failure, as in 
hypertension, myocarditis and after myocardial infarction. Ongoing inflammation is of great 
importance in chronic heart failure. The marker of inflammation, the C-reactive protein 
(CRP), is elevated in chronic heart failure and is produced by the liver in response to 
cytokines such as IL-1, IL-6, and TNF-alpha. Inflammatory cytokines and chemokines plays 
an active role in cardiac deterioration in chronic heart failure through the induction of 
endothelial dysfunction and apoptosis of cardiomyocytes (32,33). Therefore, a chronic 
inflammatory response in heart and vessels also produces different end stage complications 
compared to other tissue and due to their close interaction with angiogenesis, apoptosis and 
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are much more common than the primary tumour and furthermore,  primary tumors of the 
heart are far less common than metastatic tumours to the heart. Primary tumours of the 
pericardium are usually sarcomas or mesotheliomas (27,28). The metastatic cancer is most 
often carcinoma of the lung (40%), breast (22%), leukemia and lymphoma (15%), sarcomas 
(3.5%) and melanoma (2.7%) (10).  
The reason for the heart and the pericardium not being affected by primary cancer, and 
cardiac tissue mostly being invaded by the metastatic process can probably be explained 
with the concept of immune privilege which was first proposed in the 1940s by the Nobel 
laureate, P.B. Medawar and colleagues. At present, the eye, brain and reproductive organs 
are endowed with immune privilege where inflammation is self-regulated so as to preserve 
organ functions (29,30). There are also a lot of reports which might indicate self-regulated 
inflammation of the heart and pericardium as well. The reaction of cardiac tissue to acute 
injury involves interacting cascades of cellular and molecular responses that encompass 
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adaptation of cardiomyocytes. There is a significant importance of acute inflammation 
occurring during acute myocardial infarction where the infarct scar is a dynamic tissue: 
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inflammatory mediators is important for the clearance of the wound from dead 
cardiomyocytes and matrix debris, the activation of inflammatory pathways is transient and 
followed by the repression of inflammatory gene synthesis and the resolution of the 
leukocytic infiltrate (31). There is also evidence of heart specific cardiomyocytes apoptosis 
and changes in interstitial tissue of the heart in the progression of heart failure, as in 
hypertension, myocarditis and after myocardial infarction. Ongoing inflammation is of great 
importance in chronic heart failure. The marker of inflammation, the C-reactive protein 
(CRP), is elevated in chronic heart failure and is produced by the liver in response to 
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cell proliferation. Cardiac tissue specific immune response may also influence 
carcinogenesis (34). Plausible immune privilege of the heart and pericardium can also be 
due to the complex structure of the lymphatic system in the heart, which is a three-tiered 
structure: the subepicardial, the myocardial and the subendocardial nets and drain from the 
heart to the mediastinum. Considering that lymphatics represent the major route to cardiac 
metastases, a blockade of the common lymphatic node by neoplastic cells coming from the 
metastasised mediastinum lymph nodes is a key event leading to the formation of 
metastases (35). Immune privilege might explain the relatively low incidence of secondary 
tumors in the heart compared with other organs.  

4. Treatment 
The ideal treatment for pericardial effusion ensures the complete removal of fluid, relives 
tamponade if present and therefore relives symptoms. Other goals in the treatment are to 
prevent recurrent effusion and treat the local neoplastic disease with the aim of prolonging 
survival.  
Pericardiocentesis using the Seldinger technique is successful in removing fluid and 
alleviating symptoms in 97% of patients, with 3% of major complications (6,36). There is 
only a sporadic report on the rate of recurrence of pericardial effusion which was reported 
to be 40%, without additional treatment (36,37). The number of patients reported in 
literature not receiving any additional therapy is too small to make a firm conclusion of the 
spontaneous re-accumulation rate of malignant effusion after pericardiocentesis (38-41). 
Tsang et al. reported of reducing the rate of recurrence by extending the drainage for several 
days (6,37). The indwelling pericardial catheter was left in place in the study of Gatenbey et 
al. for 4.8 days (42), but in the majority of studies it was used in conjunction with systemic 
therapy or sclerosing agents.   
The rationale for sclerosing therapy is to prevent the recurrence of effusion by creating 
adhesions of the visceral and parietal pericardium. Antibiotic agents doxycycline and 
previously tetracycline were first used as pure sclerosing agents for this purpose with short-
term efficacy in preventing early recurrences (43,44-46). It should be noted, however, that 
the effusion control of tetracyclines is only due to sclerosing activity and not to specific 
antineoplastic action. Tetracyclines have many adverse effects and a potential for the 
development of the constrictive pericarditis secondary to fibrosis in long-term survivors 
(table 1). The OK-432, an immunomodulator available in Japan has been used in small group 
of patients with neoplastic pericarditis. Despite that, the OK-432 has the ability to stimulate 
cell-mediated immunity and besides the direct cytotoxic effect against malignant cells it has 
no significant advantages over other agents. The OK-432 also has common side effects (47). 
Bleomycin and thiotepa are anticancer agents with sclerosing properties and are used for 
local therapy with good results and few side effects (45,48-52).  
The rationale for intrapericardial instillation of the antineoplastic drug is to provide a high 
and long-lasting concentration of the intrapericardial drug. Various chemotherapeutic 
agents have been used for local chemotherapy with the purpose to prevent recurrent 
effusion or prolong the effusion-free period and prolong survival. The use of 
intrapericardial cis-platinum was first reported in 1985 and after that drug was often used 
(41,53-57). Nitrogen mustard, mitomycin C, mitoxantrone and 5-fluorouracil have also been 
used intrapericardially (58-62). The reported experiences with sclerosing agents and 

 
Neoplastic Pericardial Disease 

 

205 

chemotherapeutic agents are summarized in table 1. Lestuzzi et al. have suggested a 
“tumour specific” treatment algorithm for neoplastic pericardial effusion in which he 
preferred cisplatin in pericardial lung carcinoma metastases and bleomycin in pericardial 
breast carcinoma metastases. Authors reported a low complication rate and significant 
effectiveness of local chemotherapy. On the basis of personal experience and the review of 
literature, they conclude that sclerosing therapy should not be considered as the first choice 
 

 
Itrapericardial 
treatment 
(references) 

Chemical natures and 
action 

Treatment 
success 
(%) 

Current
use 

Side effects and 
complications 

Tetracycline 
or Doxycyline 
(43-46)  

Antibiotics 
sclerosis 

73-75  Severe pain (15-70%) 
Atrial arrhythmias (9-10%) 
Fever (7.5-50%) 
Infection (0.5%) 
Constriction (2%) 

OK-432  
(47) 

Immunomodulator 70  Fever (60%) 
Pain (50%) 

Bleomycin  
(45,48,49) 

Antineoplastic agent, 
Antibiotic 
Inhibits synthesis of 
DNA and sclerosis  

71-100  Constriction (2.4%) 
Fever (18%) 
Atrial fibrillation (9%) 

Thiotepa 
(50-52) 

Antineoplastic agent, 
Alkylating agent  

79-91  Thrombocytopenia (0.9%) 
Leucopoenia (0.9%) 

Mitomycin C 
(58) 

Antineoplastic agent, 
Antibiotic 
Act like an alkylating 
agent 

70  Constriction after several 
months (5%) 

Mitoxantrone  
(59) 

Antineoplastic agent, 
Anthracenedione 
Inhibits DNA and 
RNA synthesis 

60  None 

Cisplatin  
(41,42,53-57)  

Antineoplastic agent, 
Alkylating agent 
Inhibits DNA 
synthesis 

50-100  Nausea (6.7%) 
Atrial arrhythmias (4.4%) 
Constriction (1.1%) 
Myocardial ischemia (1%) 

Nitrogen 
mustard 
(60,61) 

Antineoplastic agent, 
Alkylating agent 
Inhibits DNA and 
RNA synthesis 

100  Pain (% no report) 
Nausea (% no report) 
Vomiting (% no report) 
Leucopenia (% no report) 
Fever (% no report) 

5-Fluorouracil 
(62) 

Antineoplastic agent, 
Pyrimidine analogue- 
Antimetabolite 
Interferes with DNA 
and RNA synthesis 

100  Nausea (% no report) 
Leucopenia (% no report) 
Premature beats (% no 
report) 

Table 1. . 
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cell proliferation. Cardiac tissue specific immune response may also influence 
carcinogenesis (34). Plausible immune privilege of the heart and pericardium can also be 
due to the complex structure of the lymphatic system in the heart, which is a three-tiered 
structure: the subepicardial, the myocardial and the subendocardial nets and drain from the 
heart to the mediastinum. Considering that lymphatics represent the major route to cardiac 
metastases, a blockade of the common lymphatic node by neoplastic cells coming from the 
metastasised mediastinum lymph nodes is a key event leading to the formation of 
metastases (35). Immune privilege might explain the relatively low incidence of secondary 
tumors in the heart compared with other organs.  

4. Treatment 
The ideal treatment for pericardial effusion ensures the complete removal of fluid, relives 
tamponade if present and therefore relives symptoms. Other goals in the treatment are to 
prevent recurrent effusion and treat the local neoplastic disease with the aim of prolonging 
survival.  
Pericardiocentesis using the Seldinger technique is successful in removing fluid and 
alleviating symptoms in 97% of patients, with 3% of major complications (6,36). There is 
only a sporadic report on the rate of recurrence of pericardial effusion which was reported 
to be 40%, without additional treatment (36,37). The number of patients reported in 
literature not receiving any additional therapy is too small to make a firm conclusion of the 
spontaneous re-accumulation rate of malignant effusion after pericardiocentesis (38-41). 
Tsang et al. reported of reducing the rate of recurrence by extending the drainage for several 
days (6,37). The indwelling pericardial catheter was left in place in the study of Gatenbey et 
al. for 4.8 days (42), but in the majority of studies it was used in conjunction with systemic 
therapy or sclerosing agents.   
The rationale for sclerosing therapy is to prevent the recurrence of effusion by creating 
adhesions of the visceral and parietal pericardium. Antibiotic agents doxycycline and 
previously tetracycline were first used as pure sclerosing agents for this purpose with short-
term efficacy in preventing early recurrences (43,44-46). It should be noted, however, that 
the effusion control of tetracyclines is only due to sclerosing activity and not to specific 
antineoplastic action. Tetracyclines have many adverse effects and a potential for the 
development of the constrictive pericarditis secondary to fibrosis in long-term survivors 
(table 1). The OK-432, an immunomodulator available in Japan has been used in small group 
of patients with neoplastic pericarditis. Despite that, the OK-432 has the ability to stimulate 
cell-mediated immunity and besides the direct cytotoxic effect against malignant cells it has 
no significant advantages over other agents. The OK-432 also has common side effects (47). 
Bleomycin and thiotepa are anticancer agents with sclerosing properties and are used for 
local therapy with good results and few side effects (45,48-52).  
The rationale for intrapericardial instillation of the antineoplastic drug is to provide a high 
and long-lasting concentration of the intrapericardial drug. Various chemotherapeutic 
agents have been used for local chemotherapy with the purpose to prevent recurrent 
effusion or prolong the effusion-free period and prolong survival. The use of 
intrapericardial cis-platinum was first reported in 1985 and after that drug was often used 
(41,53-57). Nitrogen mustard, mitomycin C, mitoxantrone and 5-fluorouracil have also been 
used intrapericardially (58-62). The reported experiences with sclerosing agents and 
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chemotherapeutic agents are summarized in table 1. Lestuzzi et al. have suggested a 
“tumour specific” treatment algorithm for neoplastic pericardial effusion in which he 
preferred cisplatin in pericardial lung carcinoma metastases and bleomycin in pericardial 
breast carcinoma metastases. Authors reported a low complication rate and significant 
effectiveness of local chemotherapy. On the basis of personal experience and the review of 
literature, they conclude that sclerosing therapy should not be considered as the first choice 
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therapy for malignant pericardial effusion because the goal of treatment is not simply to 
mechanically prevent the accumulation of pericardial fluid, but trying to cure pericardial 
metastases (63). 
Systemic chemotherapy and radiation therapy are successfully used in breast cancer and 
leukemia and lymphoma after the initial pericardiocentesis to prevent the recurrence of 
effusion and to treat primary cancer (37-39). In cases of recurrent effusion and persistent 
symptoms various surgical drainage procedures are available. Total pericardiectomy is 
seldom performed today for pericardial effusions associated with malignancy because the 
operative risks are too high. Recent literature favours the creation of a pericardial window 
either by thoracotomy, by a subxiphoid route, or by thoracoscopy (40).  
The epidemiology, therapy, and prognosis of neoplastic pericarditis have changed over 
time. The comparison of many observational studies is misleading, since in the largest 
studies, different tumours and/or different treatments were analyzed together. The most 
important bias in the articles reporting the efficacy of various local treatments is the 
concomitant use of systemic chemotherapy. 

5. Conclusion 
Clinical suspicion of pericardial involvement is crucial for the identification of a patient with 
neoplastic pericarditis because of non-specific symptoms and signs and because chest x-ray, 
ECG and even echocardiographic findings are not 100% sensitive or specific either. 
Pericardiocentesis provides the diagnosis and offers this group of patients immediate relief, 
but trials with various chemotherapeutic agents and radiotherapy, in addition to the new 
surgical procedure will hopefully change the survival rate for this group of oncologic 
patients. 
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1. Introduction 
Within the complex array of numerous immunological processes that protect the host from 
invading pathogens and at the same time avoid excessive immune reactions with induction 
and maintenance of tolerance to self, the dendritic cells (DCs) have been designated as 
central players. Discovered and morphologically described by Steinman and Cohn almost 30 
years ago, DCs have gained an ever-increasing interest from the scientific community 
(Steinman, Topliss et al. 1973). This has been even more pronounced throughout the last 
decade with the discovery that DCs not only serve as primary initiators of antigen (Ag)-
specific immune responses, but can also induce immunological tolerance and contribute to 
immune homeostasis maintenance by various mechanisms, including induction of 
regulatory T cells (Treg) (Steinman, Hawiger et al. 2003). Indeed, the DCs possess a unique 
set of biological tools that allows them to present Ag information to effector cells of the 
immune system in a way to promote tolerance induction by functional mechanisms such as 
T-cell anergy, deletion, apoptosis and instruction of different Treg types. Direct delivery of 
tolerogenic signals by DCs, most commonly to respective Ag-specific T cells, is in a great 
way determined by the DCs preliminary activation state, which itself is orchestrated by 
various environments that DCs find themselves in under both physiological and 
pathophysiological conditions. Today it is well-documented, that a number of 
immunosuppressive factors, either related to specific tissue microenvironments, microbial 
components or pharmacological immunosuppressants, can act on DCs in a way to cause 
their alternative activation or tolerogenic state (Weiner 2001; Hackstein and Thomson 2004; 
Rutella, Danese et al. 2006). In addition to immature (iDCs) which are known to act in an 
immunosuppressive fashion, the tolerogenic DCs (TDCs) can be said to do the same but in 
an even more efficient manner. Whereas tolerance induction by iDCs seems to rely mostly 
on insufficient delivery of co-stimulatory signals, TDCs express more elements of active 
tolerance induction, including surface inhibitory molecules and production of anti-
inflammatory cytokines, that are expressed depending on the nature of DC activation 
and/or development. 
With DCs able to achieve greatly opposing states regarding their immunostimulatory status, 
together with the notion of manipulating DC function in the lab, scientists have put ongoing 
efforts into resolving the underlying mechanisms of DC-mediated tolerance induction. The 
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development of quality protocols for in vitro/ex vivo generation of efficient TDCs still 
remains a hot topic. We are now witnessing the beginning of first clinical trials involving 
TDCs for the treatment of immune-mediated diseases and can expect a lot of development 
in this field in the near future. In this chapter, we will focus on up-to-date discoveries 
regarding the nature of TDCs and how this knowledge can be exploited for the benefit of 
successful future treatments of various immune-mediated disorders. 

2. Role of DCs in immunity and immune homeostasis 
In a sense of immunological function by definition, the role of DCs in general is that of a 
sentinel, which literally means that they are rather the carriers of antigenic information, 
rather than being effector cells per se. In the body, under physiological conditions, the DCs 
predominantly reside in tissues at body surfaces, where their main task is to actively sample 
the environment and process both endogenous and exogenous Ags, with the aim to be 
presented to Ag-specific T cells in secondary lymphoid tissues (Banchereau and Steinman 
1998). As Ags are internalized and processed, they are targeted to MHC (major 
histocompatibility complex) class II-positive lysosomes. There, they are not immediately 
loaded into MHC II-peptide complexes, but are retained for later use as immunogenic 
peptides (Inaba, Turley et al. 2000). The activation state in which these DCs excel with their 
unique Ag-processing machinery is called an immature state. There are many specific 
characteristics that separate iDCs from their fully activated state that DCs encompass after 
full and optimal maturation process. Besides the ability of endocytosing Ag material, iDCs 
are characterized by low expression of co-stimulatory molecules, low or absent production 
of pro-inflammatory cytokines and low allo-stimulatory capacity, the latter also being 
associated with relatively low expression of MHC class I and II molecules on DC surface. It 
is thus said that iDCs, when in contact with the responding T cells, can induce tolerogenic 
outcomes via elements of passive tolerance (Lutz and Schuler 2002). In other words, the lack 
of co-stimulatory signals derived from iDCs, particularly signal 2 (co-stimulatory molecules) 
and signal 3 (pro-inflammatory cytokines), results in failure to initiate effector immune 
responses, but induce anergy and also Tregs instead. 
In contrast, when iDCs are activated by various ligands that bind pattern recognition 
receptors or PRRs (e.g. LPS for toll-like receptor (TLR)4, viral RNA for TLR3, muramyl 
dipeptide (MDP) for nucleotide oligomerization domain (NOD) receptors, etc.) they change 
drastically in both their appearance and function (Banchereau and Steinman 1998; Mellman 
and Steinman 2001). This so called mature DC state, has for a long time, together with 
immature state on the other side, defined what has been understood by immunologists as 
two existing and opposing states of DC activation (Cella, Sallusto et al. 1997). Indeed, after 
maturation the function of DCs changes greatly towards the presentation of Ags processed 
under physiological conditions with the main task to induce effector T cell responses of 
different types including Th1, Th2 and Th17 (Lanzavecchia and Sallusto 2001; Moser 2003; 
Kadowaki 2007). This ability is associated with a number of morphological and 
phenotypical changes. In this manner, upon PRR activation by respective ligands, maturing 
DCs seize their Ag-sampling function and begin to express peptide-MHC complexes on 
their surface. In addition, down-regulation of tissue-homing chemokine receptors such as 
CCR1, CCR2 and CCR5 is initiated and they begin to express CCR7 which guides maturing 
DCs to lymph nodes. Mature DCs generally express high levels of MHC molecules and 
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CD80, CD86, other co-stimulatory molecules, however they influence the T cell 
differentiation towards various effector types in a great way by the so called third signal, 
which represents the cytokine-producing profile of DCs. The latter is in great way 
dependant on the manner in which the DCs were activated, in other words, what type of 
danger signal induced their maturation. In response to certain bacteria, viruses and 
parasites, the DCs are instructed to produce large quantities of IL-12, as well as type I 
interferons (IFNs) (Banchereau and Steinman 1998; Pulendran, Palucka et al. 2001). Such 
DCs have the capacity to orchestrate Th1-type effector T cells, which later assist in the 
activation of macrophages and cytotoxic CD8+ T cells to kill respective pathogens that were 
encountered. Extracellular pathogens, for example helminthes, activate DCs in a way that 
they produce lower quantities of IL-12, but on the other hand increased amounts of IL-10 
and IL-4, which can then shift the balance towards Th2 effectors (MacDonald and Maizels 
2008). Other factors besides signal 3-mediators have been found recently to contribute to 
Th2 development. Indeed, the co-stimulator OX40L expressed by DCs has been recently 
found important (Blazquez and Berin 2008). It also must be noted, that induction of a Th2 
profile is also significantly regulated by environmental instruction such as specific tissue 
derived factors and lipid mediators including prostaglandin D and E (MacDonald and 
Maizels 2008). Next, stimulation of DCs through the NOD2 receptor instructs DCs to 
produce IL-1, IL-6 and IL-23, which then induce IL-17 production and the differentiation of 
Th17 effector T cells (van Beelen, Zelinkova et al. 2007). 
Besides effective Ag-sampling, the ability to induce immunosuppressive outcomes is 
another vital attribute of iDCs, that has been recently appointed with potential importance 
in the induction and maintenance of so-called peripheral tolerance. When we question the 
immunogenicity of a specific Ag, be it e.g. a protein or a peptide, we soon encounter a 
complex issue consisting of many factors that are implicated in the way in which such Ag is 
presented to cells of the immune system. Indeed, many of these factors are directly 
associated or governed by DCs as professional antigen-presenting cells (APCs), as they can 
directly shape the way in which a naïve T cell “sees” the Ag itself. While strong Th1- or Th2-
type immune responses can only be induced by mature DCs (mDCs), iDCs can present the 
same Ag to induce tolerance, and in the peripheral immune networks, the latter seems to be 
of great importance. Just recently, there were theoretical challenges to such beliefs, since 
iDCs are known to reside mainly in tissues and do not express proper homing receptors, 
such as the chemokine receptor CCR7 and the ability to respond to lymph node homing 
ligands CCL19 and CCL21, that would guide these cells to secondary lymph nodes to allow 
sufficient DC-T cell contact. In addition, insufficient Ag-presentation on the surface of iDCs 
would hamper the recognition of Ag by T cells (Inaba, Turley et al. 2000). However, there is 
now proof that iDCs can migrate via afferent lymph and that they contribute significantly to 
peripheral tolerance to self, by up-take of apoptotic material from normal cell turnover. 
Antigenic material from apoptotic cells is then presented to naïve T cells by such iDCs 
which leads to tolerance induction due to lack of co-stimulation (Steinman, Turley et al. 
2000). Thus iDCs constantly traffic from tissues to secondary lymph nodes carrying self-Ags 
to which they can cause anergic or regulatory responses upon encounter with naïve T cells. 
These findings and the importance of iDCs in peripheral tolerance were supported by 
several discoveries, demonstrating the tolerogenic ability of iDCs both in vitro and in vivo. It 
has been shown that when DCs in their immature state are injected into the recipient, they 
can inhibit established effector T cell responses and contribute to generation of Tregs 
(Dhodapkar, Steinman et al. 2001). In addition, iDCs are well-known to induce IL-10-
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receptors or PRRs (e.g. LPS for toll-like receptor (TLR)4, viral RNA for TLR3, muramyl 
dipeptide (MDP) for nucleotide oligomerization domain (NOD) receptors, etc.) they change 
drastically in both their appearance and function (Banchereau and Steinman 1998; Mellman 
and Steinman 2001). This so called mature DC state, has for a long time, together with 
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maturation the function of DCs changes greatly towards the presentation of Ags processed 
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CCR1, CCR2 and CCR5 is initiated and they begin to express CCR7 which guides maturing 
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CD80, CD86, other co-stimulatory molecules, however they influence the T cell 
differentiation towards various effector types in a great way by the so called third signal, 
which represents the cytokine-producing profile of DCs. The latter is in great way 
dependant on the manner in which the DCs were activated, in other words, what type of 
danger signal induced their maturation. In response to certain bacteria, viruses and 
parasites, the DCs are instructed to produce large quantities of IL-12, as well as type I 
interferons (IFNs) (Banchereau and Steinman 1998; Pulendran, Palucka et al. 2001). Such 
DCs have the capacity to orchestrate Th1-type effector T cells, which later assist in the 
activation of macrophages and cytotoxic CD8+ T cells to kill respective pathogens that were 
encountered. Extracellular pathogens, for example helminthes, activate DCs in a way that 
they produce lower quantities of IL-12, but on the other hand increased amounts of IL-10 
and IL-4, which can then shift the balance towards Th2 effectors (MacDonald and Maizels 
2008). Other factors besides signal 3-mediators have been found recently to contribute to 
Th2 development. Indeed, the co-stimulator OX40L expressed by DCs has been recently 
found important (Blazquez and Berin 2008). It also must be noted, that induction of a Th2 
profile is also significantly regulated by environmental instruction such as specific tissue 
derived factors and lipid mediators including prostaglandin D and E (MacDonald and 
Maizels 2008). Next, stimulation of DCs through the NOD2 receptor instructs DCs to 
produce IL-1, IL-6 and IL-23, which then induce IL-17 production and the differentiation of 
Th17 effector T cells (van Beelen, Zelinkova et al. 2007). 
Besides effective Ag-sampling, the ability to induce immunosuppressive outcomes is 
another vital attribute of iDCs, that has been recently appointed with potential importance 
in the induction and maintenance of so-called peripheral tolerance. When we question the 
immunogenicity of a specific Ag, be it e.g. a protein or a peptide, we soon encounter a 
complex issue consisting of many factors that are implicated in the way in which such Ag is 
presented to cells of the immune system. Indeed, many of these factors are directly 
associated or governed by DCs as professional antigen-presenting cells (APCs), as they can 
directly shape the way in which a naïve T cell “sees” the Ag itself. While strong Th1- or Th2-
type immune responses can only be induced by mature DCs (mDCs), iDCs can present the 
same Ag to induce tolerance, and in the peripheral immune networks, the latter seems to be 
of great importance. Just recently, there were theoretical challenges to such beliefs, since 
iDCs are known to reside mainly in tissues and do not express proper homing receptors, 
such as the chemokine receptor CCR7 and the ability to respond to lymph node homing 
ligands CCL19 and CCL21, that would guide these cells to secondary lymph nodes to allow 
sufficient DC-T cell contact. In addition, insufficient Ag-presentation on the surface of iDCs 
would hamper the recognition of Ag by T cells (Inaba, Turley et al. 2000). However, there is 
now proof that iDCs can migrate via afferent lymph and that they contribute significantly to 
peripheral tolerance to self, by up-take of apoptotic material from normal cell turnover. 
Antigenic material from apoptotic cells is then presented to naïve T cells by such iDCs 
which leads to tolerance induction due to lack of co-stimulation (Steinman, Turley et al. 
2000). Thus iDCs constantly traffic from tissues to secondary lymph nodes carrying self-Ags 
to which they can cause anergic or regulatory responses upon encounter with naïve T cells. 
These findings and the importance of iDCs in peripheral tolerance were supported by 
several discoveries, demonstrating the tolerogenic ability of iDCs both in vitro and in vivo. It 
has been shown that when DCs in their immature state are injected into the recipient, they 
can inhibit established effector T cell responses and contribute to generation of Tregs 
(Dhodapkar, Steinman et al. 2001). In addition, iDCs are well-known to induce IL-10-
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secreting Tr1-type Tregs in vitro after repetitive stimulation (Jonuleit, Schmitt et al. 2000). 
Recently, Ohnmacht et al. performed an ingenious experiment, where they depleted most 
crucial DC types (conventional DCs, plasmacytoid DCs and Langerhans DCs) from the mice 
using diphtheria toxin A (DTA) cross-breeding with CD11c-Cre mice. Such DC ablation 
resulted in development of spontaneous autoimmunity and high incline in the number of 
effector Th1 and Th17 cells (Ohnmacht, Pullner et al. 2009). 

3. Tolerogenic dendritic cells (TDCs) 
The long lasting perception of DC maturity and immaturity as two extremes of DC 
immunomodulatory function was enriched through recent years with several discoveries. 
These highlighted even further the unique functional plasticity of DCs as APCs, presenting 
facts that DCs can achieve alternative activation states under specific circumstances that 
grant them superior immunosuppressive properties. In this manner, TDCs possess several 
characteristics which separate them from iDCs. First and foremost, TDCs are equipped with 
active mechanisms to induce immune tolerance which we will outline below and can 
therefore achieve stronger immunosuppressive effects in shorter time periods.  

3.1 Immunosuppressive mechanisms of TDCs 
The stimulation of T cells by DCs is a finely orchestrated process involving the interplay of 
many factors starting with TCR engagement, interaction of various co-stimulatory 
molecules and the effect of soluble effector molecules produced by DCs, as well as T cells 
and surrounding tissues. Whenever the T cells are stimulated via TCR (signal 1) with absent 
or insufficient further stimuli, their activation results in T-cell unresponsiveness or even 
apoptosis (Steinman, Hawiger et al. 2003). Induction of tolerance by iDCs, due to their 
immature state, can therefore be viewed upon as passive induction of tolerogenic immune 
response due to lack of additional necessary stimuli required for optimal T cell activation.  

3.1.1 IDO competence 
In case of TDCs, the increased activity of enzyme indoleamine-2,3-dioxygenase (IDO) is one 
of major mechanisms contributing to TDC immunosuppressive function. IDO catabolizes 
tryptophan, thereby causing its depletion and the formation of bioactive kynurenine 
byproducts. Both local depletion of tryptophan, as well as formation of kynurenines have 
been shown to affect T cell proliferation and survival, since tryptophan itself represents an 
essential amino acid required for their growth (Grohmann, Fallarino et al. 2003). IDO is 
encoded by the IDO1 gene and its expression can be found at low levels in several tissues 
(i.e., gut, brain, thymus, etc.), however high expression of IDO is strictly regulated and can 
be found particularly in APCs, such as DCs, in response to IFN-γ, but can be induced by 
type I IFNs as well (IFN-α and IFN-β) (Mellor and Munn 2004). Many studies have shown 
that IDO importantly regulates adaptive immune responses of T cells, thereby contributing 
to immune homeostasis. In animal models, the administration of 1-methyl-tryptophan, a 
small-molecule IDO inhibitor, into pregnant mice resulted in immediate rejection of an 
allogeneic fetus, confirming its role in maternal immune tolerance towards paternal 
alloantigens (Munn, Zhou et al. 1998; Mellor and Munn 2004). In this manner, it has been 
shown that IDO not only contributes to maternal tolerance but can control allograft rejection 
(Grohmann, Orabona et al. 2002; Cook, Bickerstaff et al. 2008) and ameliorate autoimmune 
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diseases as well (Grohmann, Fallarino et al. 2003; Platten, Ho et al. 2005). In addition, IDO-
mediated immunosuppression has been demonstrated to play a role in decreased 
immunosurveillance of tumor tissues and its inhibition by pharmacological agents such as 
1-L-methyl-tryptophan (1-MT) results in improved anti-tumor responses (Hou, Muller et al. 
2007). In the center of all such and similar scenarios, the DCs themselves seem to be the 
main discriminatory factor in IDO-mediated tolerance induction, which is in many cases 
associated with either paracrine or autocrine signaling by IFN-γ (Grohmann, Bianchi et al. 
2000; Grohmann, Fallarino et al. 2003). In DCs, IDO can also be induced by the crosstalk 
between DCs and T cells. In this scenario, when the CD80 and CD86 molecules are engaged 
by inhibitory ligand CTLA-4 expressed on Tregs and also activated T cells, IDO is induced 
in a IFN-γ fashion (Grohmann, Orabona et al. 2002; Fallarino, Grohmann et al. 2003), which 
strengthens the tolerogenic circuit and represents one of potential mechanisms through 
which DC tolerance is induced by interacting with Tregs. 
Increased IDO-competence in TDCs therefore produces its immunosuppressive effects in 
two major ways: either by tryptophan starvation (which can affect the responding T cells 
directly as well as mediate by-stander suppression due to local depletion (Grohmann, 
Fallarino et al. 2003) or by the effects of bioactive tryptophan metabolites. Tryptophan 
degradation by IDO results in formation of kynurenine (Kyn), which can be further 
catabolized to 3-hydroxykynurenine (3-HK), 3-hydroxyanthranilic acid (3-HAA) and 
quinolinic acid (Quin). These kynurenines were shown to possess a plethora of effects on 
various immune cells. For example, Kyn, 3-HK and 3-HAA can suppress the proliferation of 
T cells and Kyn also affects the proliferation of NK cells (Orabona and Grohmann 2011). 
Furthermore, kynurenines can cause apoptosis themselves, as 3-HAA induces the apoptosis 
of T cells in a pyruvate dehydrogenase kinase (PDK)-1- and Nf-κB-dependent pathway 
(Hayashi, Mo et al. 2007). Also in several animal models, kynurenines and synthetic drugs 
similar to tryptophan catabolites, have ameliorated the severity of several immune-
mediated diseases including experimental autoimmune encephalomyelitis (EAE)(Platten, 
Ho et al. 2005), experimental asthma (Hayashi, Mo et al. 2007) and chronic granulomatous 
disease (Romani, Fallarino et al. 2008). 

3.1.2 Production of immunosuppressive cytokines 
In addition to low or absent production of IL-12p70, a cytokine directly involved in shaping 
of Th1-type immune responses (Vieira, de Jong et al. 2000), and in contrast to iDCs which 
are known to express low levels of both pro- and anti-inflammatory cytokines, the TDCs 
generated by various protocols produce high levels of anti-inflammatory cytokines, which 
play a major role in their superior tolerogenic capacity. Two major immunosuppressive 
cytokines produced by TDCs are IL-10 and TGF-β. Dendritic cells isolated directly from 
specific anatomic compartments such as the Peyer patches, lungs, or the anterior chamber of 
the eye, produce increased quantities of IL-10 and drive the differentiation of IL-10-secreting 
Tregs or Tr1 cells (Lutz and Schuler 2002). Interleukin-10 was first identified as a cytokine 
synthesis inhibitory factor or CSIF, since it has been realized that it acts as a potent inhibitor 
of cytokine production by Th1 cells (Moore, Vieira et al. 1990). Today it is well known, that 
IL-10 is one of most general immunosuppressive biomolecules in our immune system with 
the ability to affect many immune cell types (Moore, de Waal Malefyt et al. 2001). 
Interleukin-10 down-regulates the expression of co-stimulatory and adhesion molecules, as 
well as the expression of MHC class II molecules and inflammatory cytokines (Fiorentino, 
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grant them superior immunosuppressive properties. In this manner, TDCs possess several 
characteristics which separate them from iDCs. First and foremost, TDCs are equipped with 
active mechanisms to induce immune tolerance which we will outline below and can 
therefore achieve stronger immunosuppressive effects in shorter time periods.  
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many factors starting with TCR engagement, interaction of various co-stimulatory 
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In case of TDCs, the increased activity of enzyme indoleamine-2,3-dioxygenase (IDO) is one 
of major mechanisms contributing to TDC immunosuppressive function. IDO catabolizes 
tryptophan, thereby causing its depletion and the formation of bioactive kynurenine 
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been shown to affect T cell proliferation and survival, since tryptophan itself represents an 
essential amino acid required for their growth (Grohmann, Fallarino et al. 2003). IDO is 
encoded by the IDO1 gene and its expression can be found at low levels in several tissues 
(i.e., gut, brain, thymus, etc.), however high expression of IDO is strictly regulated and can 
be found particularly in APCs, such as DCs, in response to IFN-γ, but can be induced by 
type I IFNs as well (IFN-α and IFN-β) (Mellor and Munn 2004). Many studies have shown 
that IDO importantly regulates adaptive immune responses of T cells, thereby contributing 
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small-molecule IDO inhibitor, into pregnant mice resulted in immediate rejection of an 
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diseases as well (Grohmann, Fallarino et al. 2003; Platten, Ho et al. 2005). In addition, IDO-
mediated immunosuppression has been demonstrated to play a role in decreased 
immunosurveillance of tumor tissues and its inhibition by pharmacological agents such as 
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2007). In the center of all such and similar scenarios, the DCs themselves seem to be the 
main discriminatory factor in IDO-mediated tolerance induction, which is in many cases 
associated with either paracrine or autocrine signaling by IFN-γ (Grohmann, Bianchi et al. 
2000; Grohmann, Fallarino et al. 2003). In DCs, IDO can also be induced by the crosstalk 
between DCs and T cells. In this scenario, when the CD80 and CD86 molecules are engaged 
by inhibitory ligand CTLA-4 expressed on Tregs and also activated T cells, IDO is induced 
in a IFN-γ fashion (Grohmann, Orabona et al. 2002; Fallarino, Grohmann et al. 2003), which 
strengthens the tolerogenic circuit and represents one of potential mechanisms through 
which DC tolerance is induced by interacting with Tregs. 
Increased IDO-competence in TDCs therefore produces its immunosuppressive effects in 
two major ways: either by tryptophan starvation (which can affect the responding T cells 
directly as well as mediate by-stander suppression due to local depletion (Grohmann, 
Fallarino et al. 2003) or by the effects of bioactive tryptophan metabolites. Tryptophan 
degradation by IDO results in formation of kynurenine (Kyn), which can be further 
catabolized to 3-hydroxykynurenine (3-HK), 3-hydroxyanthranilic acid (3-HAA) and 
quinolinic acid (Quin). These kynurenines were shown to possess a plethora of effects on 
various immune cells. For example, Kyn, 3-HK and 3-HAA can suppress the proliferation of 
T cells and Kyn also affects the proliferation of NK cells (Orabona and Grohmann 2011). 
Furthermore, kynurenines can cause apoptosis themselves, as 3-HAA induces the apoptosis 
of T cells in a pyruvate dehydrogenase kinase (PDK)-1- and Nf-κB-dependent pathway 
(Hayashi, Mo et al. 2007). Also in several animal models, kynurenines and synthetic drugs 
similar to tryptophan catabolites, have ameliorated the severity of several immune-
mediated diseases including experimental autoimmune encephalomyelitis (EAE)(Platten, 
Ho et al. 2005), experimental asthma (Hayashi, Mo et al. 2007) and chronic granulomatous 
disease (Romani, Fallarino et al. 2008). 
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In addition to low or absent production of IL-12p70, a cytokine directly involved in shaping 
of Th1-type immune responses (Vieira, de Jong et al. 2000), and in contrast to iDCs which 
are known to express low levels of both pro- and anti-inflammatory cytokines, the TDCs 
generated by various protocols produce high levels of anti-inflammatory cytokines, which 
play a major role in their superior tolerogenic capacity. Two major immunosuppressive 
cytokines produced by TDCs are IL-10 and TGF-β. Dendritic cells isolated directly from 
specific anatomic compartments such as the Peyer patches, lungs, or the anterior chamber of 
the eye, produce increased quantities of IL-10 and drive the differentiation of IL-10-secreting 
Tregs or Tr1 cells (Lutz and Schuler 2002). Interleukin-10 was first identified as a cytokine 
synthesis inhibitory factor or CSIF, since it has been realized that it acts as a potent inhibitor 
of cytokine production by Th1 cells (Moore, Vieira et al. 1990). Today it is well known, that 
IL-10 is one of most general immunosuppressive biomolecules in our immune system with 
the ability to affect many immune cell types (Moore, de Waal Malefyt et al. 2001). 
Interleukin-10 down-regulates the expression of co-stimulatory and adhesion molecules, as 
well as the expression of MHC class II molecules and inflammatory cytokines (Fiorentino, 
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Zlotnik et al. 1991; Willems, Marchant et al. 1994). It modulates the stimulatory capacity of 
APCs and can induce anergy in both CD4+ and CD8+ T cells (Groux, O'Garra et al. 1997; 
Steinbrink, Wolfl et al. 1997; Allavena, Piemonti et al. 1998; Steinbrink, Graulich et al. 2002).  
In particular, the ability of TDCs to secrete large amounts of IL-10 has been directly 
associated with increased ability to induce Tr1 cells on many occasions. As stated above, 
iDCs have the potential to induce type 1 Tregs in vitro after repetitive stimulation(Jonuleit, 
Schmitt et al. 2000) and IL-10 is required for this process (Levings, Gregori et al. 2005). 
However, TDCs generated to produce high levels of IL-10 have been shown to do so more 
efficiently and in shorter time periods, inducing anergic T-cell lines after only one round of 
stimulation(Roncarolo, Gregori et al. 2006). Very recently, a new subset of IL-10-producing 
TDCs, termed DC-10, has been identified both in vivo and also induced in vitro (Gregori, 
Tomasoni et al. 2010). These DC-10 TDCs express high levels of inhibitory molecules, 
produce large amounts of IL-10 and have been shown especially efficient inducers of Tr1 
cells in an IL-10-dependent manner. 
Like IL-10, TGF-β can suppress such functions as IL-12 production and co-stimulatory 
molecule expression by APCs, such as macrophages and DCs (Takeuchi, Alard et al. 1998; 
Geissmann, Revy et al. 1999) and thereby inhibits Th1 type immune responses. It is also a 
crucial cytokine involved in immunosuppressive mechanisms of CD4+CD25+FoxP3+ Tregs 
and plays a role in their induction and proper function (Andersson, Tran et al. 2008; 
Sakaguchi, Yamaguchi et al. 2008). Today, a number of experimental data strongly support 
the correlation between induction of tolerance via TGF-β, particularly in context of natural 
and peripherally induced FoxP3+ Tregs, and APCs, mainly the DCs(Belkaid and Oldenhove 
2008). In both humans and mice, DCs can induce FoxP3+ Tregs from naïve CD4+ T cells in 
the presence of TGF-β. For example, in mice and rats, tumor cells have been shown to 
convert DCs into TGF-β-secreting TDCs that later induce the proliferation of Tregs 
(Ghiringhelli, Puig et al. 2005). Subsets of Treg-inducing DCs can also be found and isolated 
under physiological conditions. In the intestine, mesenteric lymph node CD103+ DCs have 
been characterized with potential to readily induce FoxP3+ Tregs in a TGF-β- and retionic 
acid (RA)-dependent manner (Coombes, Siddiqui et al. 2007). In addition, CD8+CD205+ DCs 
isolated from the spleen, preferentially produce TGF-β and their induction of FoxP3+ Tregs 
can be prevented by blocking anti-TGF-β (Yamazaki, Dudziak et al. 2008). 

3.1.3 Inhibitory molecules 
Another feature which adds to increased tolerogenic potential of TDCs is the surface 
expression of various inhibitory molecules which, in contrast to co-stimulatory molecules, 
deliver a negative signal to responding T cells and suppress their activation. Inhibitory 
molecules or sometimes referred to as co-inhibitory molecules, together with other signals 
derived from APCs, modulate and fine-tune the basic signaling through the TCR (signal 1). 
The discovery of inhibitory molecules and their understanding is just beginning to be 
understood and novel inhibitory candidates and their roles in DC-T cell communication are 
still being discovered. 
Within the B7 family of proteins, programmed death ligand (PD-L)1 and PD-L2 are 
expressed on DCs throughout different activation states and can also be induced on other 
APCs, such as monocytes (Schreiner, Mitsdoerffer et al. 2004; Meier, Bagchi et al. 2008). Both 
PD-L1 and PD-L2 bind to their mutual receptor, the programmed death-1 (PD-1) (Freeman, 
Long et al. 2000; Latchman, Wood et al. 2001). Engagement of PD-1 by PD-L1-Ig and PD-L2-
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Ig fusion proteins has an inhibitory effect on T cell proliferation and cytokine production 
upon TCR stimulation. The presence of PD-L1 and PD-L2 on human monocyte-derived DCs 
is important for the attenuation of T cell activation, since blockade of both inhibitory 
molecules results in increased T cell activation and cytokine production (Brown, Dorfman et 
al. 2003). 
Members of the immunoglobulin-like transcripts (ILT) family of proteins have been recently 
highlighted as important players in mechanisms of immune tolerance induction by DCs. 
Among these, the inhibitory receptors ILT3 and ILT4 have received most attention and have 
been recognized as an important descriptor of TDCs (Chang, Ciubotariu et al. 2002). 
Interaction of DCs with CD8+ suppressor cells (Ts) results in tolerization of the 
corresponding DCs with extensive up-regulation of ILT3 and ILT4 (Manavalan, Rossi et al. 
2003). Both ILT3 and ILT4 can be induced by immunosuppressive factors including IL-10 
and some pharmacological immunomodulators(Vlad, Piazza et al. 2003; Penna, Roncari et 
al. 2005; Svajger, Vidmar et al. 2008; Svajger, Obermajer et al. 2010). Manavalan et al. 
demonstrated that TDCs induced by IL-10 require ILT3 and ILT4 to induce tolerance in 
CD4+ T cells. Furthermore, newly discovered in vivo occurring TDC subset termed DC-10 
requires the ligation of ILT4 to its receptor HLA-G for effective induction of Tr1 regulatory 
cells (Gregori, Tomasoni et al. 2010). 
Another molecule important for peripheral immune homeostasis is a type II integral 
membrane protein belonging to the TNF superfamily called Fas ligand (FasL or CD95L) 
(Nagata and Golstein 1995). FasL is expressed on DCs and by interacting with its receptor 
Fas, it initiates a signaling cascade that leads to apoptotic cell death of cells bearing Fas. 
Apoptosis induced by Fas seems to play a pivotal role in T-cell homeostasis and control of 
cytotoxic T cell responses. In example, lymph node resident DCs in mice were shown to 
express functional FasL and serve as crucial regulators of CD8+ T cell responses during viral 
infection (Legge and Braciale 2005). 

3.2 Methods of TDC generation 
The term “alternative activation” has been used to describe the tolerogenic DC state and the 
name itself emphasizes the importance of DC activation state for its immunological 
function. The definition of “alternative activation” has mostly evolved through a number of 
in vitro/ex vivo based studies, exposing DC cultures to various biomolecules or 
pharmacological drugs with immunomodulatory potential, which in some cases resulted in 
a DC tolerization effect. Today, many protocols exist through which TDCs can be generated 
in the laboratory using different methods such as exposure to immunosuppressive cytokines 
or growth factors, immunosuppressive drugs or even by genetic modification of DCs to 
express immunosuppressive proteins.  
Use of immunsuppressive cytokines such as IL-10 in DC cultures was one of the first 
approaches to generate TDCs and it demonstrated the option of effectively manipulating 
DC function towards tolerance induction (De Smedt, Van Mechelen et al. 1997; Steinbrink, 
Wolfl et al. 1997). Interleukin-10-treated iDCs had a significantly reduced allo-stimulatory 
capacity and were resistant to maturation, as was shown by a down-regulation of co-
stimulatory molecules and an inability to induce effector T cell responses (Steinbrink, Wolfl 
et al. 1997). Furthermore, genetic engineering of DCs to express bioactive IL-10, using 
retroviral delivery system, results in DCs exhibiting extensive tolerogenic properties with 
significantly reduced capacity to induce allogeneic T cell proliferation and to generate 
cytotoxic T lymphocytes (CTLs) (Takayama, Nishioka et al. 1998). An important feature of 
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acid (RA)-dependent manner (Coombes, Siddiqui et al. 2007). In addition, CD8+CD205+ DCs 
isolated from the spleen, preferentially produce TGF-β and their induction of FoxP3+ Tregs 
can be prevented by blocking anti-TGF-β (Yamazaki, Dudziak et al. 2008). 

3.1.3 Inhibitory molecules 
Another feature which adds to increased tolerogenic potential of TDCs is the surface 
expression of various inhibitory molecules which, in contrast to co-stimulatory molecules, 
deliver a negative signal to responding T cells and suppress their activation. Inhibitory 
molecules or sometimes referred to as co-inhibitory molecules, together with other signals 
derived from APCs, modulate and fine-tune the basic signaling through the TCR (signal 1). 
The discovery of inhibitory molecules and their understanding is just beginning to be 
understood and novel inhibitory candidates and their roles in DC-T cell communication are 
still being discovered. 
Within the B7 family of proteins, programmed death ligand (PD-L)1 and PD-L2 are 
expressed on DCs throughout different activation states and can also be induced on other 
APCs, such as monocytes (Schreiner, Mitsdoerffer et al. 2004; Meier, Bagchi et al. 2008). Both 
PD-L1 and PD-L2 bind to their mutual receptor, the programmed death-1 (PD-1) (Freeman, 
Long et al. 2000; Latchman, Wood et al. 2001). Engagement of PD-1 by PD-L1-Ig and PD-L2-

 
Tolerogenic Dendritic Cells for Therapy of Immune-Mediated Inflammatory Diseases 

 

219 

Ig fusion proteins has an inhibitory effect on T cell proliferation and cytokine production 
upon TCR stimulation. The presence of PD-L1 and PD-L2 on human monocyte-derived DCs 
is important for the attenuation of T cell activation, since blockade of both inhibitory 
molecules results in increased T cell activation and cytokine production (Brown, Dorfman et 
al. 2003). 
Members of the immunoglobulin-like transcripts (ILT) family of proteins have been recently 
highlighted as important players in mechanisms of immune tolerance induction by DCs. 
Among these, the inhibitory receptors ILT3 and ILT4 have received most attention and have 
been recognized as an important descriptor of TDCs (Chang, Ciubotariu et al. 2002). 
Interaction of DCs with CD8+ suppressor cells (Ts) results in tolerization of the 
corresponding DCs with extensive up-regulation of ILT3 and ILT4 (Manavalan, Rossi et al. 
2003). Both ILT3 and ILT4 can be induced by immunosuppressive factors including IL-10 
and some pharmacological immunomodulators(Vlad, Piazza et al. 2003; Penna, Roncari et 
al. 2005; Svajger, Vidmar et al. 2008; Svajger, Obermajer et al. 2010). Manavalan et al. 
demonstrated that TDCs induced by IL-10 require ILT3 and ILT4 to induce tolerance in 
CD4+ T cells. Furthermore, newly discovered in vivo occurring TDC subset termed DC-10 
requires the ligation of ILT4 to its receptor HLA-G for effective induction of Tr1 regulatory 
cells (Gregori, Tomasoni et al. 2010). 
Another molecule important for peripheral immune homeostasis is a type II integral 
membrane protein belonging to the TNF superfamily called Fas ligand (FasL or CD95L) 
(Nagata and Golstein 1995). FasL is expressed on DCs and by interacting with its receptor 
Fas, it initiates a signaling cascade that leads to apoptotic cell death of cells bearing Fas. 
Apoptosis induced by Fas seems to play a pivotal role in T-cell homeostasis and control of 
cytotoxic T cell responses. In example, lymph node resident DCs in mice were shown to 
express functional FasL and serve as crucial regulators of CD8+ T cell responses during viral 
infection (Legge and Braciale 2005). 

3.2 Methods of TDC generation 
The term “alternative activation” has been used to describe the tolerogenic DC state and the 
name itself emphasizes the importance of DC activation state for its immunological 
function. The definition of “alternative activation” has mostly evolved through a number of 
in vitro/ex vivo based studies, exposing DC cultures to various biomolecules or 
pharmacological drugs with immunomodulatory potential, which in some cases resulted in 
a DC tolerization effect. Today, many protocols exist through which TDCs can be generated 
in the laboratory using different methods such as exposure to immunosuppressive cytokines 
or growth factors, immunosuppressive drugs or even by genetic modification of DCs to 
express immunosuppressive proteins.  
Use of immunsuppressive cytokines such as IL-10 in DC cultures was one of the first 
approaches to generate TDCs and it demonstrated the option of effectively manipulating 
DC function towards tolerance induction (De Smedt, Van Mechelen et al. 1997; Steinbrink, 
Wolfl et al. 1997). Interleukin-10-treated iDCs had a significantly reduced allo-stimulatory 
capacity and were resistant to maturation, as was shown by a down-regulation of co-
stimulatory molecules and an inability to induce effector T cell responses (Steinbrink, Wolfl 
et al. 1997). Furthermore, genetic engineering of DCs to express bioactive IL-10, using 
retroviral delivery system, results in DCs exhibiting extensive tolerogenic properties with 
significantly reduced capacity to induce allogeneic T cell proliferation and to generate 
cytotoxic T lymphocytes (CTLs) (Takayama, Nishioka et al. 1998). An important feature of 
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tolerogenic DCs induced by IL-10, besides anergy induction of responding CD4+ T cells, is 
their ability to generate regulatory T cells, which are then able to suppress activation and 
function of other T cells in an Ag-specific manner (Steinbrink, Graulich et al. 2002).  
The tolerogenic state of DCs can also be achieved with several other cytokines and 
biomolecules with potential immunosuppressive or pleiotropic properties such as 
transforming growth factor (TGF)-β(Faunce, Terajewicz et al. 2004; Luo, Tarbell et al. 2007), 
interferon (IFN)-α (Carbonneil, Saidi et al. 2004), tumor necrosis factor (TNF)-α(Verginis, Li 
et al. 2005), vasoactive intestinal peptide (VIP) (Chorny, Gonzalez-Rey et al. 2005), IL-16 in 
combination with thrombopoietin (Della Bella, Nicola et al. 2004) and IFN-λ (Mennechet and 
Uze 2006). All of the above mentioned factors can influence DCs in an immunosuppressive 
fashion, either guiding their differentiation from blood precursors towards a tolerogenic cell 
type, or influencing the activation or maturation of already differentiated DCs. 
Many immunosuppressive drugs are known that induce DC tolerance by various 
mechanisms, frequently interfering with Nf-κB activation or acting on multiple levels of Nf-
κB signaling pathway, as well as on other kinases such as p38 MAPK, IκB and others. For a 
critical reading on pharmacological TDC induction the reader is suggested to read focused 
review articles dedicated to the subject (Hackstein and Thomson 2004; Svajger, Obermajer et 
al. 2010). A classic example of DC maturation-inhibiting drugs are glucocorticoids (GCs) 
(Piemonti, Monti et al. 1999) and the activated form of vitamin D, 1,25-dihydroxyvitamin D3 
(1,25(OH)2D3) (Piemonti, Monti et al. 2000). Glucocorticoids can inhibit the activity of Nf-κB 
via enhanced transcription and synthesis of IκBα(Auphan, DiDonato et al. 1995; Scheinman, 
Cogswell et al. 1995), which binds to Nf-κB in the cytoplasm and prevents its translocation 
to the nucleus or by direct association with the p65 Nf-κB subunit (Scheinman, Gualberto et 
al. 1995). These effects are based on GCs binding to their respective nuclear receptor, the 
glucocorticoid receptor (GR)(Scheinman, Gualberto et al. 1995; De Bosscher, Vanden Berghe 
et al. 2000).  
Dendritic cells treated with dexamethasone (Dex) at nM concentrations prove resistant to 
maturation induced by TLR4 agonists, CD40L or TNF-α(Piemonti, Monti et al. 1999; Xia, 
Peng et al. 2005). Similar effects can be observed with 1,25 (OH)2D3 (Berer, Stockl et al. 2000; 
Penna and Adorini 2000). Activation of DCs treated with either corticosteroids or 1,25 
(OH)2D3 leads to lowered expression of CD80, CD83, CD86 and both MHC class I and II 
molecules and display low allostimulatory capacity of responding T cells. After activation, 
such DCs show decreased production of IL-12, but produce great amounts of IL-10. The 
increased expression of IL-10 of activated TDCs most likely plays an important role in 
ensuring stable and maturation-resistant characteristics of treated DCs. Neutralization of IL-
10 using blocking mAbs during LPS-induced maturation of Dex-treated DCs allowed for 
partial maturation characterized by co-stimulatory molecule up-regulation (Xia, Peng et al. 
2005). Increased IL-10 expression of DCs treated with corticosteroids seems to be associated 
with increased ERK signaling. It has been demonstrated that Dex-treated DCs activated with 
LPS show significantly higher phosphorylation levels of ERK (Xia, Peng et al. 2005). It is also 
known that induction of glucocorticoid-induced leucine zipper (GILZ) induced by GCs 
interferes with Nf-κB and MAPK/AP-1 signaling, preventing LPS-induced maturation of 
DCs, while at the same time up-regulates IL-10 production and expression of inhibitory 
molecule PDL-1 (Cohen, Mouly et al. 2006). Immunosuppression by 1,25(OH)2D3 is 
mediated by its nuclear receptor, the vitamin D receptor (VDR). Activation of VDR prevents 
DC maturation by inhibiting activity of Nf-κB by direct suppression of relB promoter by 
VDR (Dong, Lutz et al. 2005), as well as by inhibiting Nf-κB translocation, possibly by 
increasing stability of IκBα (Szeto, Sun et al. 2007).  
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Mediator Type of 
immunomodulation

Mechanisms of 
suppression 

References 

Cytokines/Growth 
factors 

   

IL-10 Skewed maturation/ 
Differentiation, TDC 
induction 

T cell anergy, Treg 
cells 

(De Smedt, Van Mechelen et 
al. 1997; Steinbrink, Wolfl et 
al. 1997; Steinbrink, Graulich 
et al. 2002) 

TGF-β TDC induction CD4+CD25+FoxP3+

Treg cells 
(Faunce, Terajewicz et al. 
2004; Luo, Tarbell et al. 2007) 

IFN-α Skewed 
differentiation 

IL-10 production, 
naive CD4+ T cell 
apoptosis, Tr1 
cells 

(Carbonneil, Saidi et al. 2004) 

TNF-α Semi-maturation CD4+CD25+FoxP3+

Treg cells 
(Verginis, Li et al. 2005) 

VIP Skewed 
differentiation, TDC 
induction 

Tr1 cells (Chorny, Gonzalez-Rey et al. 
2005) 

IL-16 + 
thrombopoietin 

Skewed 
differentiation, TDC 
induction 

T cell anergy (Della Bella, Nicola et al. 
2004) 

IFN-λ Skewed 
differentiation, TDC 
induction 

CD4+CD25+FoxP3+

Treg cells 
(Mennechet and Uze 2006) 

Pharmacological 
agents 

  (Svajger, Obermajer et al. 
2010) 

Glucocorticoids Inhibition of 
maturation/ 
differentiation 

T cell anergy, Treg 
cells 

(Piemonti, Monti et al. 1999; 
Xia, Peng et al. 2005) 

1,25(OH)2D3 Inhibition of 
maturation/ 
differentiation 

T cell anergy, Treg 
cells 

(Piemonti, Monti et al. 2000) 

LF15-0195 Inhibition of 
maturation 

T cell anergy (Yang, Bernier et al. 2003) 

Resveratrol Skewed 
differentiation, TDC 
induction 

Tr1 cells (Svajger, Obermajer et al., 
2010) 

Niflumic acid Inhibition of 
maturation 

low 
allostimulatory 
capacity 

(Svajger, Vidmar, et al. 2008) 

Table 1. Various mediators capable of inducing tolerogenic characteristics in DCs. 

LF15-0195 (LF) is a less toxic structural analog of an immunosuppressive agent 
15-deoxyspergualine. Incubation of DC cultures with LF prior to activation leads to general 
inhibition of the maturation process, characterized by low co-stimulatory molecule and 
IL-12 expression and the induction of Th2 immune response(Yang, Bernier et al. 2003). The 
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tolerogenic DCs induced by IL-10, besides anergy induction of responding CD4+ T cells, is 
their ability to generate regulatory T cells, which are then able to suppress activation and 
function of other T cells in an Ag-specific manner (Steinbrink, Graulich et al. 2002).  
The tolerogenic state of DCs can also be achieved with several other cytokines and 
biomolecules with potential immunosuppressive or pleiotropic properties such as 
transforming growth factor (TGF)-β(Faunce, Terajewicz et al. 2004; Luo, Tarbell et al. 2007), 
interferon (IFN)-α (Carbonneil, Saidi et al. 2004), tumor necrosis factor (TNF)-α(Verginis, Li 
et al. 2005), vasoactive intestinal peptide (VIP) (Chorny, Gonzalez-Rey et al. 2005), IL-16 in 
combination with thrombopoietin (Della Bella, Nicola et al. 2004) and IFN-λ (Mennechet and 
Uze 2006). All of the above mentioned factors can influence DCs in an immunosuppressive 
fashion, either guiding their differentiation from blood precursors towards a tolerogenic cell 
type, or influencing the activation or maturation of already differentiated DCs. 
Many immunosuppressive drugs are known that induce DC tolerance by various 
mechanisms, frequently interfering with Nf-κB activation or acting on multiple levels of Nf-
κB signaling pathway, as well as on other kinases such as p38 MAPK, IκB and others. For a 
critical reading on pharmacological TDC induction the reader is suggested to read focused 
review articles dedicated to the subject (Hackstein and Thomson 2004; Svajger, Obermajer et 
al. 2010). A classic example of DC maturation-inhibiting drugs are glucocorticoids (GCs) 
(Piemonti, Monti et al. 1999) and the activated form of vitamin D, 1,25-dihydroxyvitamin D3 
(1,25(OH)2D3) (Piemonti, Monti et al. 2000). Glucocorticoids can inhibit the activity of Nf-κB 
via enhanced transcription and synthesis of IκBα(Auphan, DiDonato et al. 1995; Scheinman, 
Cogswell et al. 1995), which binds to Nf-κB in the cytoplasm and prevents its translocation 
to the nucleus or by direct association with the p65 Nf-κB subunit (Scheinman, Gualberto et 
al. 1995). These effects are based on GCs binding to their respective nuclear receptor, the 
glucocorticoid receptor (GR)(Scheinman, Gualberto et al. 1995; De Bosscher, Vanden Berghe 
et al. 2000).  
Dendritic cells treated with dexamethasone (Dex) at nM concentrations prove resistant to 
maturation induced by TLR4 agonists, CD40L or TNF-α(Piemonti, Monti et al. 1999; Xia, 
Peng et al. 2005). Similar effects can be observed with 1,25 (OH)2D3 (Berer, Stockl et al. 2000; 
Penna and Adorini 2000). Activation of DCs treated with either corticosteroids or 1,25 
(OH)2D3 leads to lowered expression of CD80, CD83, CD86 and both MHC class I and II 
molecules and display low allostimulatory capacity of responding T cells. After activation, 
such DCs show decreased production of IL-12, but produce great amounts of IL-10. The 
increased expression of IL-10 of activated TDCs most likely plays an important role in 
ensuring stable and maturation-resistant characteristics of treated DCs. Neutralization of IL-
10 using blocking mAbs during LPS-induced maturation of Dex-treated DCs allowed for 
partial maturation characterized by co-stimulatory molecule up-regulation (Xia, Peng et al. 
2005). Increased IL-10 expression of DCs treated with corticosteroids seems to be associated 
with increased ERK signaling. It has been demonstrated that Dex-treated DCs activated with 
LPS show significantly higher phosphorylation levels of ERK (Xia, Peng et al. 2005). It is also 
known that induction of glucocorticoid-induced leucine zipper (GILZ) induced by GCs 
interferes with Nf-κB and MAPK/AP-1 signaling, preventing LPS-induced maturation of 
DCs, while at the same time up-regulates IL-10 production and expression of inhibitory 
molecule PDL-1 (Cohen, Mouly et al. 2006). Immunosuppression by 1,25(OH)2D3 is 
mediated by its nuclear receptor, the vitamin D receptor (VDR). Activation of VDR prevents 
DC maturation by inhibiting activity of Nf-κB by direct suppression of relB promoter by 
VDR (Dong, Lutz et al. 2005), as well as by inhibiting Nf-κB translocation, possibly by 
increasing stability of IκBα (Szeto, Sun et al. 2007).  
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Mediator Type of 
immunomodulation

Mechanisms of 
suppression 

References 

Cytokines/Growth 
factors 

   

IL-10 Skewed maturation/ 
Differentiation, TDC 
induction 

T cell anergy, Treg 
cells 

(De Smedt, Van Mechelen et 
al. 1997; Steinbrink, Wolfl et 
al. 1997; Steinbrink, Graulich 
et al. 2002) 

TGF-β TDC induction CD4+CD25+FoxP3+

Treg cells 
(Faunce, Terajewicz et al. 
2004; Luo, Tarbell et al. 2007) 

IFN-α Skewed 
differentiation 

IL-10 production, 
naive CD4+ T cell 
apoptosis, Tr1 
cells 

(Carbonneil, Saidi et al. 2004) 

TNF-α Semi-maturation CD4+CD25+FoxP3+

Treg cells 
(Verginis, Li et al. 2005) 

VIP Skewed 
differentiation, TDC 
induction 

Tr1 cells (Chorny, Gonzalez-Rey et al. 
2005) 

IL-16 + 
thrombopoietin 

Skewed 
differentiation, TDC 
induction 

T cell anergy (Della Bella, Nicola et al. 
2004) 

IFN-λ Skewed 
differentiation, TDC 
induction 

CD4+CD25+FoxP3+

Treg cells 
(Mennechet and Uze 2006) 

Pharmacological 
agents 

  (Svajger, Obermajer et al. 
2010) 

Glucocorticoids Inhibition of 
maturation/ 
differentiation 

T cell anergy, Treg 
cells 

(Piemonti, Monti et al. 1999; 
Xia, Peng et al. 2005) 

1,25(OH)2D3 Inhibition of 
maturation/ 
differentiation 

T cell anergy, Treg 
cells 

(Piemonti, Monti et al. 2000) 

LF15-0195 Inhibition of 
maturation 

T cell anergy (Yang, Bernier et al. 2003) 

Resveratrol Skewed 
differentiation, TDC 
induction 

Tr1 cells (Svajger, Obermajer et al., 
2010) 

Niflumic acid Inhibition of 
maturation 

low 
allostimulatory 
capacity 

(Svajger, Vidmar, et al. 2008) 

Table 1. Various mediators capable of inducing tolerogenic characteristics in DCs. 

LF15-0195 (LF) is a less toxic structural analog of an immunosuppressive agent 
15-deoxyspergualine. Incubation of DC cultures with LF prior to activation leads to general 
inhibition of the maturation process, characterized by low co-stimulatory molecule and 
IL-12 expression and the induction of Th2 immune response(Yang, Bernier et al. 2003). The 
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blockade of Nf-κB activation by LF proceeds at the level of IκB kinases (IKK), which 
normally phosphorylate IκBs to induce the release of Nf-κB. LF inhibits IKK in a dose-
dependent manner, which results in abrogated nuclear translocation of Nf-κB dimmers 
(Yang, Bernier et al. 2003). We have recently demonstrated that a natural polyphenol 
resveratrol, present pre-dominantly in red wine and grapes, substantially affects DC 
differentiation causing development of tolerogenic DCs, resistant to maturation and with 
the ability to induce IL-10-secreting Tr1-type cells (Svajger, Obermajer et al., 2010). In 
addition, a relatively unknown non-steroidal anti-inflammatory agent, niflumic acid, was 
demonstrated to suppress DC maturation with concomitant upregulation of inhibitory 
molecules (Svajger, Vidmar et al., 2008). 

4. Pre-clinical evaluation of TDCs 
The majority of clinical studies conducted on the use of DCs as therapeutic agents so far 
have been largely focused on DCs as tumor vaccines. In this context, the first report using a 
DC vaccine for treatment of patients with B-cell lymphoma was published 15 years ago in 
Nature Medicine (Hsu, Benike et al. 1996). With increased knowledge in immunosuppressive 
mechanisms gained throughout recent years, the use of TDCs as negative vaccines for 
various autoimmune diseases and allogeneic transplantations has also been relatively well-
studied in animal models. For this purpose, TDCs were generated by various means, either 
using pharmacological manipulation, administration of immunosuppressive cytokines, or 
even by genetic modification.  

4.1 TDCs in autoimmune disease studies 
4.1.1 Type 1 diabetes 
It is now recognized that unresolved inflammation is the loss of balance between 2 
biologically opposing arms of acute inflammation termed 'Yin' (pro-inflammatory) and 
'Yang' (anti-inflammatory) processes, as a basis for a wide range of chronic inflammatory as 
well as autoimmune diseases (Khatami 2008). Unresolved inflammation was further 
suggested to damage tissue integrity in immune-responsive and immune-privilege tissues 
causing acute and chronic inflammatory diseaases or even cancer (Khatami 2011). 
Tolerogenic DCs have been shown successful in prevention or amelioration of several 
autoimmune disease models. The non-obese diabetic (NOD) mouse model is frequently 
used to explore many aspects of insulin-dependent diabetes mellitus (IDDM) that is caused 
by the destruction of insulin-producing β-cells in the pancreas by the immune system 
(Atkinson and Leiter 1999). It has been shown that the active metabolite of vitamin D can 
induce TDCs that inhibits NOD mice diabetes development by increasing the function of 
Tregs (Adorini, Penna et al. 2003). Furthermore, DCs treated ex-vivo with IFN-γ, a 
pleiotropic cytokine with both immunostimulatory and immunoregulatory functions, act in 
an immunosuppressive manner after in vivo transfer (Shinomiya, Fazle Akbar et al. 1999). 
Such IFN-γ-treated TDCs were demonstrated to successfully migrate into the pancreas and 
associated lymphoid tissues, an important feature desired in the generation of both DCs as 
positive (tumor vaccines) and negative vaccination tools. Transfer of IFN-γ-treated TDCs 
prevented the onset of diabetes in 14 out of 19 mice recipients and afforded long-lasting 
protection against clinical and histological signs of IDDM (Shinomiya, Fazle Akbar et al. 
1999). In another approach, bone-marrow derived DCs were differentiated with either 
granulocyte macrophage colony stimulating factor (GM-CSF) + IL-4 or GM-CSF alone, to 
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generate DCs with low MHC class II and co-stimulatory molecule expression. Similarly to 
results obtained by this study, such DCs also had the capacity to migrate to the pancreas 
after intravenous injection (Feili-Hariri, Dong et al. 1999) and prevented the onset of IDDM 
with apparent induction Th1 to Th2 effector response switch.  
Additional growth factors were also studied for their capacity to generate TDCs with 
potential to treat immune-mediated conditions. The granulocyte-colony stimulating factor 
(G-CSF) was shown to possess immunoregulatory activity in association with the adaptive 
immune response in previous studies (Hartung, Docke et al. 1995; Mielcarek, Martin et al. 
1997; Sloand, Kim et al. 2000). Treatment of NOD mice with G-CSF resulted in protection 
from development of spontaneous diabetes and triggered the recruitment of 
immunosuppressive plasmacytoid DCs, that conferred tolerogenic outcome even upon 
transfer from G-CSF-treated, to vehicle-treated mice (Kared, Masson et al. 2005). Bone 
marrow-derived DCs from NOD mice have also been used to expand Ag-specific Tregs. As 
shown by Tarbell et al., DCs generated from NOD mice using GM-CSF and pulsed with 
single islet auto-antigen expanded CD4+CD25+ T cells with potent immunosuppressive 
activity (Tarbell, Yamazaki et al. 2004). This study showed that TDCs can also be used in a 
manner to generate/expand Ag-specific Tregs to subsequently suppress autoimmune 
diseases in vivo. 

4.1.2 Rheumatoid arthritis 
Rheumatoid arthritis (RA) is a chronic autoimmune inflammatory disease that mainly 
affects the synovial tissue of the joints. It has a complex pathogenesis with the involvement 
of many immune cell types, among which, the DCs seem to play an important role as APCs, 
as the importance of autoantigen presentation to potentially self-reactive CD4+ T cells has 
been emphasized on many occasions (Thomas, MacDonald et al. 1999). Considering the type 
of DCs, both myeloid, as well as plasmacytoid DCs have been found in blood of patients 
with RA, in the synovial fluid and in synovial tissue (Lebre and Tak 2009). Current 
biological treatments of RA include neutralization of cytokine products from APCs, namely 
TNF-α, IL-1 and IL-6 (Khan, Greenberg et al. 2009). The emerging advanced therapies of RA 
exploit the tolerogenic capacity of TDCs and research is being focused on ex vivo 
manipulation of DC function and loading of DCs with respective Ags to later suppress 
autoimmune responses in vivo.  
Using genetically modified DCs expressing immunomodulating proteins, including IL-4, 
FasL and IDO, all resulted in significant regression of the established disease (Kim, Kim et 
al. 2001; Morita, Yang et al. 2001; Kim, Kim et al. 2002). In the case of DC-IL-4 and DC-IDO-
treated mice, more than half of treated subjects became disease-free for at least two months 
after treatment and the group using DC-FasL demonstrated a more transient amelioration of 
the disease (Kim, Kim et al. 2002). Animals that were treated with either DC-IL-4 or DC-
FasL responded with lowered IFN-γ production from spleen-isolated lymphocytes and 
reduced T-cell proliferation after collagen stimulation. Such studies show the effectiveness 
of genetically modified DCs in therapeutic prevention of autoimmune diseases. 
Dendritic cells modulated with various pharmacological agents have also shown beneficial 
effects in RA. Treatment of DC progenitors with LF15-0195, an immunosuppressive drug 
with Nf-κB inhibitory abilities, resulted in generation of TDCs characterized by low 
expression of MHC class II, CD40 and CD86 co-stimulatory molecules, as well as by poor 
allostimulatory capacity. Transfer of such TDCs into mice with collagen-induced arthritis 
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blockade of Nf-κB activation by LF proceeds at the level of IκB kinases (IKK), which 
normally phosphorylate IκBs to induce the release of Nf-κB. LF inhibits IKK in a dose-
dependent manner, which results in abrogated nuclear translocation of Nf-κB dimmers 
(Yang, Bernier et al. 2003). We have recently demonstrated that a natural polyphenol 
resveratrol, present pre-dominantly in red wine and grapes, substantially affects DC 
differentiation causing development of tolerogenic DCs, resistant to maturation and with 
the ability to induce IL-10-secreting Tr1-type cells (Svajger, Obermajer et al., 2010). In 
addition, a relatively unknown non-steroidal anti-inflammatory agent, niflumic acid, was 
demonstrated to suppress DC maturation with concomitant upregulation of inhibitory 
molecules (Svajger, Vidmar et al., 2008). 

4. Pre-clinical evaluation of TDCs 
The majority of clinical studies conducted on the use of DCs as therapeutic agents so far 
have been largely focused on DCs as tumor vaccines. In this context, the first report using a 
DC vaccine for treatment of patients with B-cell lymphoma was published 15 years ago in 
Nature Medicine (Hsu, Benike et al. 1996). With increased knowledge in immunosuppressive 
mechanisms gained throughout recent years, the use of TDCs as negative vaccines for 
various autoimmune diseases and allogeneic transplantations has also been relatively well-
studied in animal models. For this purpose, TDCs were generated by various means, either 
using pharmacological manipulation, administration of immunosuppressive cytokines, or 
even by genetic modification.  

4.1 TDCs in autoimmune disease studies 
4.1.1 Type 1 diabetes 
It is now recognized that unresolved inflammation is the loss of balance between 2 
biologically opposing arms of acute inflammation termed 'Yin' (pro-inflammatory) and 
'Yang' (anti-inflammatory) processes, as a basis for a wide range of chronic inflammatory as 
well as autoimmune diseases (Khatami 2008). Unresolved inflammation was further 
suggested to damage tissue integrity in immune-responsive and immune-privilege tissues 
causing acute and chronic inflammatory diseaases or even cancer (Khatami 2011). 
Tolerogenic DCs have been shown successful in prevention or amelioration of several 
autoimmune disease models. The non-obese diabetic (NOD) mouse model is frequently 
used to explore many aspects of insulin-dependent diabetes mellitus (IDDM) that is caused 
by the destruction of insulin-producing β-cells in the pancreas by the immune system 
(Atkinson and Leiter 1999). It has been shown that the active metabolite of vitamin D can 
induce TDCs that inhibits NOD mice diabetes development by increasing the function of 
Tregs (Adorini, Penna et al. 2003). Furthermore, DCs treated ex-vivo with IFN-γ, a 
pleiotropic cytokine with both immunostimulatory and immunoregulatory functions, act in 
an immunosuppressive manner after in vivo transfer (Shinomiya, Fazle Akbar et al. 1999). 
Such IFN-γ-treated TDCs were demonstrated to successfully migrate into the pancreas and 
associated lymphoid tissues, an important feature desired in the generation of both DCs as 
positive (tumor vaccines) and negative vaccination tools. Transfer of IFN-γ-treated TDCs 
prevented the onset of diabetes in 14 out of 19 mice recipients and afforded long-lasting 
protection against clinical and histological signs of IDDM (Shinomiya, Fazle Akbar et al. 
1999). In another approach, bone-marrow derived DCs were differentiated with either 
granulocyte macrophage colony stimulating factor (GM-CSF) + IL-4 or GM-CSF alone, to 
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generate DCs with low MHC class II and co-stimulatory molecule expression. Similarly to 
results obtained by this study, such DCs also had the capacity to migrate to the pancreas 
after intravenous injection (Feili-Hariri, Dong et al. 1999) and prevented the onset of IDDM 
with apparent induction Th1 to Th2 effector response switch.  
Additional growth factors were also studied for their capacity to generate TDCs with 
potential to treat immune-mediated conditions. The granulocyte-colony stimulating factor 
(G-CSF) was shown to possess immunoregulatory activity in association with the adaptive 
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improved the clinical score of the disease and resulted in reduced Ab response against 
collagen (Popov, Li et al. 2006). Histological analysis of inflamed joints in treated mice 
revealed a decrease of inflammatory cell infiltration. Inhibition of Nf-κB is a popular 
approach towards generating stable, maturation-resistant TDCs and another Nf-κB 
inhibitor, BAY 11-7082 was also used in context of RA. Treatment of already established 
bone marrow-derived, Ag-pulsed DCs with BAY 11-7082 and their transfer into C57BL/6 
mice with antigen-induced arthritis yielded improved clinical score. This resolvement was 
dependent on IL-10 (Martin, Capini et al. 2007).  
In addition, TDC generation using dexamethasone yielded potent immunosuppressive DCs 
also effective in prevention of collagen-induced arthritis (van Duivenvoorde, Han et al. 
2007). The same study also evaluated the anti-arthritic activity of DCs treated with IL-10 and 
TNF-α. While all immunomodulatory agents were able to modulate DC function in a way to 
prevent disease onset, they did so by different mechanisms. Both IL-10- and TNF-α-treated 
DCs seemed to favor the shift of T cell effector response from Th1 to Th2, as evident by 
increased percentage of IL-5- and IL-10-secreting T cells and simultaneous reduction in 
IgG2a/IgG1 ratio in immunized mice (van Duivenvoorde, Han et al. 2007). On the other 
hand, dexamethasone treated DCs did not cause an increase in Th2 response and affected 
the Ab response in a non-specific manner. Rather, it seems that dexamethasone treated DCs 
cause an active suppression of Th1 immune responses, which corresponds to their 
tolerogenic effect. 
Interestingly, positive treatment of RA in animal models was also achieved using non-
modified DCs in their immature stage and surprisingly, even DCs treated with maturation 
stimuli such as TNF-α and TLR ligands. Similar to their ability to induce Tr1 regulatory T 
cells in vitro as described by Jonuleit (Jonuleit, Schmitt et al. 2000), repetitive injections of 
iDCs into mice with collagen-induced arhtirits triggered the expansion of regulatory T cells 
that protected the mice from the disease (Charbonnier, van Duivenvoorde et al. 2006). 
Tumor necrosis factor-α has been used in many experimental settings to generate DCs with 
beneficial effects in animal models of autoimmune disease, including RA disease models 
(van Duivenvoorde, Louis-Plence et al. 2004; Healy, Collins et al. 2008). Being a 
pro-inflammatory cytokine it seems paradoxical for TNF-α not to induce full DC activation. 
However, it has been shown that TNF-α-treated DCs can obtain what is called a semi-
mature phenotype (increased expression of co-stimulatory molecules in the absence of IL-
12p70 production) and are able to act in an immunosuppressive manner, inducing the 
generation of IL-10 secreting Tregs in vivo (Lutz and Schuler 2002; Menges, Rossner et al. 
2002). Furthermore, it has been shown that DCs exposed to plasmid DNA or even short-
term to bacterial LPS (not more than 4 hours), yielded DCs with intermediate co-stimulatory 
molecule expression and low expression of pro-inflammatory cytokines (semi-mature). Such 
DCs both provided beneficial effects in histological and clinical score of collagen-induced 
arthritis in mice (Salazar, Aravena et al. 2008; Jaen, Rulle et al. 2009). 

4.1.3 Neuroimmunological disorders 
Multiple sclerosis (MS) is the most common inflammatory disease of the central nervous 
system (CNS), which is characterized by perivascular inflammatory lesions, demyelination 
and axonal damage (Steinman 1996). The animal model of MS is represented by 
experimental autoimmune encephalomyelitis or EAE and serves as a study model induced 
in susceptible rodent strains by active immunization with myelin Ags. In order for activated, 
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myelin-specific encephalitogenic CD4+ T cells to recognize their native protein, they must 
encounter their cognate APCs in the CNS to be re-activated. It has been shown that Ag 
presentation is not necessarily limited or due to CNS-resident microglia or astroglial cells, 
but that a population of DCs present in brain tissue is sufficient to present Ag to T cells and 
initiate disease development (Greter, Heppner et al. 2005), highlighting the importance of 
DCs as APCs in MS development. 
In an animal model using Lewis rats, iDCs have been used to induce tolerance to myelin 
basic protein (MBP)-specific immune responses. Immature, bone marrow-derived DCs 
from Lewis rats, pulsed with MBP in vitro and later injected back into animal subjects, 
conferred resistance to disease development upon active immunization of animals with 
MBP and Freund’s complete adjuvant (FCA)(Huang, Yang et al. 2000; Xiao, Huang et al. 
2001). The therapeutic effect of iDCs was compared with DCs treated with LPS, which did 
not induce tolerance, suggesting that the activation state of DCs is of crucial importance 
for their immunosuppressive efficiency. Since the efficiency of DC vaccines for therapy of 
autoimmune disorders largely relies on the identification of key self-Ags to be used for 
DC loading, scientists have found a way to avoid this tedious process in some cases. It has 
been demonstrated that bone-marrow derived DCs from rats already previously inflicted 
with EAE are seemingly “pulsed” in vivo. Generation of DCs from their bone marrow 
precursors in vitro can subsequently yield DCs that can later induce tolerance to EAE 
upon transfer into healthy subjects which are later immunized with MBP and FCA (Xiao, 
Huang et al. 2001).  
The potential of DC manipulation by various immunomodulatory factors has been 
demonstrated in the context of EAE. In this manner, it has been shown that IFN-γ plays a 
vital role(Xiao, Wu et al. 2004). Splenic DCs that have been exposed in vitro to IFN-γ exhibit 
therapeutic potential on acute EAE in Lewis rats as well as on chronic-relapsing EAE in B6 
and SJL/L mice. Administered, IFN-γ-treated DCs triggered Ag-specific production of IFN-
γ and induced apoptosis of CD4+ T cells associated with increased IDO activity (Xiao, Wu et 
al. 2004). The reasons for implementing IFN-γ in DC activation protocols for therapy of EAE 
seems logical from multiple viewpoints. Long-recognized as a primary activator of 
macrophages and primary Th1-driving cytokine, IFN-γ is today seen as a pleiotropic 
cytokine, able to exert effects in both immunogenic and tolerogenic fashion (Zhang 2007). 
IFN-γ is a strong inducer of some immunosuppressive characteristics in DCs, namely the 
activity of IDO enzyme which catabolizes tryptophan to cause tryptophan starvation and 
inhibition of T cell activation. In knockout models, mice deficient for IFN-γ had an increased 
susceptibility to EAE and IFN-γ was required for the expression of FoxP3 and the peripheral 
conversion of CD4+ Tregs in the course of EAE (Wang, Hong et al. 2006; Zhang 2007). 

4.2 TDCs in transplantation 
Although numerous reports demonstrate the effectiveness of immunosuppressive DCs 
(iDCs, TDCs, semi-mature DCs) in ameliorating or preventing the pathology of a given 
autoimmune disorder, even more research in recent years has been focused on tolerance 
induction by DCs in alloimmunity. Indeed, allogeneic transplantation offers some unique 
opportunities for DC manipulation that are not possible with autoimmune diseases. In a 
transplantation setting, there is some control over the introduction of donor alloantigens to 
the recipient, meaning that DCs can be manipulated before or after the initiation of the 
alloresponse. 
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Dendritic cells indeed play a pivotal role in both acute and chronic allograft rejection or 
acceptance (Morelli and Thomson 2007). After transplantation, the DCs, both that of donor 
and the recipient, present alloantigens to responding T cells through either the direct, 
indirect, or semi-direct mechanism. In direct presentation, the intact donor MHC molecules 
are presented to the recipient T cells by donor DCs present in the graft. In the indirect 
pathway, recipient DCs which have endocytosed and processed alloantigens, present the 
allopeptides on their own MHC molecules (Gould and Auchincloss 1999). Last through the 
semi-direct pathway, recipient T cells recognize intact MHC molecules that are transferred 
from donor cells to the surface of recipient DCs (Herrera, Golshayan et al. 2004). The direct 
pathway is considered to be the most powerful mechanism associated with acute graft 
rejection, but its influence decreases with time after transplantation. The indirect pathway 
on the other hand is characteristic of later time-points after transplantation and is 
considered to play the central role in so-called chronic rejection. 
The importance of DCs in allograft acceptance was clearly demonstrated more than 25 years 
ago, when a report was published demonstrating the prevention of murine islet allograft 
rejection by Ab-mediated depletion of donor DCs from the islets (Faustman, Steinman et al. 
1984). To this day, DCs have been manipulated using a number of pharmacological 
immunomodulators, immunosuppressive cytokines, as well as by genetic modification, to 
generate TDCs with the aim to establish long-term graft acceptance.  
Genetic modification of DCs to express immunosuppressive factors has been broadly 
applied in allogeneic transplantation models. Mouse bone marrow-derived DCs transfected 
with inhibitory molecule FasL displayed a marked increase in the capacity to induce 
apoptosis of Fas carrying responder cells and inhibited allogeneic T cell proliferation in vitro 
(Min, Gorczynski et al. 2000). Moreover, transfusion of FasL-expressing DCs into recipient 
mice prolonged the survival of fully MHC-mismatched cardiac allografts. In addition to 
inhibitory molecules, a number of studies reported on the successful treatment of allograft 
rejection using DCs transduced with immunosuppressive cytokines. Transduction of DCs to 
express IL-10 using adenoviral vectors, led to inhibition of DC mature phenotype and IL-12 
secretion. Portal venous infusion of 2x106 of IL-10-expressing DCs into animal recipients 7 
days before cardiac graft allotransplantation significantly prolonged the survival of 
allografts. Interestingly, in the same study, IL-10-expressing DCs administered through the 
tail vein failed to induce graft survival, highlighting the importance of vaccine delivery in 
transplantation settings (Zhang, Wang et al. 2004). Transforming growth factor-β is another 
molecule exploited for genetic manipulation of TDC generation. However, there seem to be 
some down-sides in using TGF-β-expressing DCs in transplantation settings. In one case, 
DCs transduced to express TGF-β1 showed pronounced in vitro immunosuppressive 
characteristics, but caused only a modest increase in allogeneic heart transplants (Takayama, 
Kaneko et al. 2002). In another study, TGF-β-transduced DCs using adenoviral vectors 
caused prolonged survival of cardiac grafts in 67% of cases for more than 40 days. However, 
the administration of TGF-β-expressing DCs caused fibrosis of the allografts which points to 
a limitation of using such DC-types in transplantation (Sun, Wang et al. 2002). Attempts 
have been made also to apply DCs transduced with constructs for both IL-10 and TGF-β, 
which led to increased graft survival compared to single cytokine-expressing DCs 
(Gorczynski, Bransom et al. 2000). 
Several experimental data confirmed an essential role of IDO and DCs in immunoregulation 
of allo-responses (Hainz, Jurgens et al. 2007; Cook, Bickerstaff et al. 2008). In a rat kidney 
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transplantation model, allograft tolerance was induced by administration of an anti-CD28 
Ab (Haspot, Seveno et al. 2005). This in vivo tolerance could be broken when the animals 
were fed with IDO inhibitor 1-MT. Additional evidence was presented in transplantation 
studies using DCs with forced IDO expression. Pre-treatment of recipient mice with donor-
specific bone marrow-derived DCs genetically engineered to express IDO induced skin 
allograft survival along with reduced expression of crucial inflammatory cytokines by the 
recipient splenic T cells (Yu, Fang et al. 2008). 
It has been shown that graft rejection can be modulated by using non-modified, donor iDCs 
alone prior to transplantation (Fu, Li et al. 1996; Lu, Li et al. 1997). In addition, DC 
differentiation in the presence of GM-CSF and IL-4 at lower concentrations, results in 
generation of “semi-differentiated” adherent DCs with lower stimulatory capacity than their 
fully differentiated counterparts (Peche, Trinite et al. 2005). In this manner, such adherent 
DCs administered just one day prior to transplantation induced significant prolongation of 
heart allograft survival and suppressed anti-donor humoral and cellular immune responses 
(Peche, Trinite et al. 2005). In this manner, improper or insufficient DC differentiation 
clearly contributes to generation of APCs with low stimulatory capacity suitable for cell 
therapy studies. Similarly, Lutz et al. generated DCs in the presence of low dose GM-CSF, 
but without additional IL-4. Such DCs were comparable to standard bone marrow-derived 
DCs in their Ag-presenting capacity, but expressed an immature phenotype and proved 
maturation-resistant to various stimuli including LPS, CD40 ligand or TNF-α (Lutz, Suri et 
al. 2000). When transferred to recipient mice 7 days before transplatation, low GM-CSF-
generated DCs induced cardiac allograft survival up to 100 days post-op (Lutz, Suri et al. 
2000). 
Due to their superior tolerogenic potential, TDCs have been generated by various means 
with the aim to treat allograft rejection. Since the local tissue environment in a 
transplantation setting represents a highly inflammatory site, many endogenously released 
inflammatory factors could have the potential to activate donor or recipient DCs and 
increasing their immunostimulatory functions. For this purpose, DCs have been made 
maturation resistant by blockade of Nf-κB as the central transcription pathway involved in 
DC maturation (Yoshimura, Bondeson et al. 2001). Using Nf-κB decoy 
oligodeoxyribonucleotides (ODNs), the NF-κB activity and associated expression of co-
stimulatory molecules and cytokines can be suppressed, rendering such DCs tolerogenic 
and resistant to maturation. Infusion of NF-κB ODN-modified bone marrow-derived DCs 
into allogeneic recipients prior to cardiac transplantation resulted in significant prolongation 
of allograft survival without additional immunosuppression by classical immunosuppressive 
drugs (Giannoukakis, Bonham et al. 2000; Tiao, Lu et al. 2005). Similar results were obtained 
when Nf-κB ODN-modified DCs were used in a liver transplantation model (Xu, Suo et al. 
2004).  
Certain pharmacological immunosuppressants have proved valuable tools for TDC 
generation and have been used in preparation of TDCs as cell therapy tools in 
transplantation. Rapamycin (or sirolimus) is a widely-known immunosuppressant drug 
used to treat rejection in organ transplantation, particularly for kidney transplants, and has 
been in use since 2001 (Hackstein and Thomson 2004). Rapamycin inhibits downstream 
signaling from the mammalian targets of rapamycin (mTOR) proteins by forming complexes 
with its intracellular receptor FK506-binding protein 12 (FKBP12)(Sehgal 1998). Rapamycin 
does not affect the development or differentiation of DCs from their precursors in a 
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into allogeneic recipients prior to cardiac transplantation resulted in significant prolongation 
of allograft survival without additional immunosuppression by classical immunosuppressive 
drugs (Giannoukakis, Bonham et al. 2000; Tiao, Lu et al. 2005). Similar results were obtained 
when Nf-κB ODN-modified DCs were used in a liver transplantation model (Xu, Suo et al. 
2004).  
Certain pharmacological immunosuppressants have proved valuable tools for TDC 
generation and have been used in preparation of TDCs as cell therapy tools in 
transplantation. Rapamycin (or sirolimus) is a widely-known immunosuppressant drug 
used to treat rejection in organ transplantation, particularly for kidney transplants, and has 
been in use since 2001 (Hackstein and Thomson 2004). Rapamycin inhibits downstream 
signaling from the mammalian targets of rapamycin (mTOR) proteins by forming complexes 
with its intracellular receptor FK506-binding protein 12 (FKBP12)(Sehgal 1998). Rapamycin 
does not affect the development or differentiation of DCs from their precursors in a 
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qualitative manner, like for example corticosteroids, but significantly impairs DC-mediated 
Ag-uptake and inhibits DC maturation to some extent (Hackstein and Thomson 2004). In 
terms of indirect pathway of alloantigen recognition as described above, rapamycin-treated, 
recipient DCs can induce Ag-specific modulation of T cell functions and prolong allograft 
survival, when pulsed with alloantigen (Taner, Hackstein et al. 2005). Recently, it was 
demonstrated that rapamycin impairs the maturation of DCs and their ability to stimulate 
allogeneic T cells, but empowers such DCs to stimulate and expand murine alloantigen-
specific CD4+CD25+FoxP3+ Tregs (Taner, Hackstein et al. 2005). In light of indirect 
allorecognition, infusion of recipient, rapamycin-treated DCs pulsed with alloantigen prior 
to transplantation, followed by a low-rapamycin postoperative course, resulted in tolerance 
establishment to allogeneic graft and indefinite survival of cardiac graft(Turnquist, 
Raimondi et al. 2007). 

5. Human clinical trials using TDCs 
At the moment, it is a bit difficult to constructively discuss any potential results from human 
clinical studies using TDCs because until very recently, no results have been published on 
any aspect of their use in humans. However, at the time of writing this chapter, in June 2011, 
a group from University of Pittsburgh published their first results from a phase I safety 
study using TDCs in type 1 diabetic patients (Giannoukakis, Phillips et al. 2011). The intent 
of the study was to confirm the safety of DC use in autoimmune disease patients, 
particularly with type I diabetes. The study included a total of 10 patients between 18 and 60 
years of age, without otherwise known or suspected health conditions. The patients received 
autologous DCs either unmanipulated or directed ex vivo towards an immunosuppressive 
state and 106 DCs were administered intradermally in the abdomen every 2 weeks for total 
of four administrations. Although the study did not demonstrate extensive beneficial effects 
of DC treatments (based upon measurements of patient glucose and glycated HbA1c levels 
in blood, as well as C peptide concentrations in serum), the use of autologous DCs proved 
safe and was well tolerated in adult type 1 diabetic patients (Giannoukakis, Phillips et al. 
2011). Indeed, cancer vaccine-associated clinical studies greatly outnumber ones with TDCs 
and along with numerous existing pre-clinical data, can give a relatively good picture of 
what can be expected in the near future. In immunology in general, it is extremely difficult 
to study humans, so any information that can be extrapolated from related studies is of 
great worth. One thing that has been learned from cancer vaccine trials, and confirmed 
recently by Giannoukakis et al. (Giannoukakis, Phillips et al. 2011), is that autologous 
human DC vaccines can be safe and cause minimal side effects. They also confirm that 
previously observed adverse events such as elevated levels of pro-inflammatory cytokines, 
fever, chills and general malaise, associated with DC-therapy studies are due to priming of 
patients with cytokines such as IL-2 and granulocyte-monocyte colony-stimulating factor 
(Correale, Campoccia et al. 2001; Dhodapkar, Steinman et al. 2001). Another encouragement 
comes from the successful completion of growing number of phase III trials (source – NIH), 
crowned by the first approved cellular immunotherapy in April, 2010, by the US Food and 
Drug Administration (FDA)(Cheever and Higano 2011).  
At the time being, almost everything we know about vaccination and therapy using TDCs, 
comes from rodent models or in vitro-based studies. We are currently at the stage where the 
tolerogenic mechanisms of TDCs are beginning to be relatively well understood and a 
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decent number of protocols for their generation have been developed in the recent years. 
However, a number of issues related to human studies exist, that have not been sufficiently 
addressed. The beginning human trials using TDCs thus carry the task of answering many 
of these questions in the years to come, since direct extrapolation to humans from animal 
models is impossible. The most important matters that need resolving are:  
 What DC type is to be used for particular treatments (iDCs, semi-mature DCs, various 

TDC types produced by different approaches) 
 Generation of standardized protocols for DC generation corresponding to the strict 

good manufacturing practice (GMP) standards 
 What is the proper number of cells to be used in a single application 
 What is the ideal route and frequency of DC delivery  
 What are the crucial antigens to be presented by DCs 
 Will negative vaccination with DCs prove sufficient, or will it come down to 

combinatorial therapies to achieve long-term success 
As of May this year, a second clinical trial using DCs for negative vaccination was registered 
within the National institutes of Health (NIH) for phase I study, proceeding at the 
Newcastle University. The study aims to look at the safety, feasibility and acceptability of 
TDC therapy for patients suffering from RA. The therapeutic will represent autologous 
TDCs, derived from the patients peripheral blood leukocytes by leukapheresis and ex vivo 
culture and intends to include 12 patients in total. Patients will be chosen for their RA 
pathology and at least one swollen knee joint. The DCs will be administered directly into the 
knee joint and observed by arthroscopy for disease assessment (source – NIH). 

6. Concluding remarks 
Undeniable progress has been made in the field of therapeutic tolerance induction using 
immunosuppressive DCs, and there is an evolving pool of knowledge that we hope will 
perpetuate clinical research in the future. We now know much about how DCs exercise their 
tolerogenic function, both to auto- or allo-antigens, and of the way how to modulate DC 
function in the laboratory. However, some crucial matters need to be resolved on how will 
these cells behave once applied into the human body. In addition, the challenge awaits on 
how can we fine-tune the process ranging from TDC generation to their application and 
observing the clinical score, while at the same time meeting the quality standards required 
without risking excessive funds.  
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to transplantation, followed by a low-rapamycin postoperative course, resulted in tolerance 
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comes from the successful completion of growing number of phase III trials (source – NIH), 
crowned by the first approved cellular immunotherapy in April, 2010, by the US Food and 
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At the time being, almost everything we know about vaccination and therapy using TDCs, 
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 What are the crucial antigens to be presented by DCs 
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within the National institutes of Health (NIH) for phase I study, proceeding at the 
Newcastle University. The study aims to look at the safety, feasibility and acceptability of 
TDC therapy for patients suffering from RA. The therapeutic will represent autologous 
TDCs, derived from the patients peripheral blood leukocytes by leukapheresis and ex vivo 
culture and intends to include 12 patients in total. Patients will be chosen for their RA 
pathology and at least one swollen knee joint. The DCs will be administered directly into the 
knee joint and observed by arthroscopy for disease assessment (source – NIH). 

6. Concluding remarks 
Undeniable progress has been made in the field of therapeutic tolerance induction using 
immunosuppressive DCs, and there is an evolving pool of knowledge that we hope will 
perpetuate clinical research in the future. We now know much about how DCs exercise their 
tolerogenic function, both to auto- or allo-antigens, and of the way how to modulate DC 
function in the laboratory. However, some crucial matters need to be resolved on how will 
these cells behave once applied into the human body. In addition, the challenge awaits on 
how can we fine-tune the process ranging from TDC generation to their application and 
observing the clinical score, while at the same time meeting the quality standards required 
without risking excessive funds.  
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1. Introduction 
Hepcidin, a small cystein-rech peptide produced by the liver, was first described as an 
antimicrobial peptide (hepatic bactericidal protein) (Park et al. 2001) and subsequently 
discovered as a key regulator of iron homeostasis. Via regulation of ferroportin, hepcidin 
inhibits intestinal iron absorption and iron release from macrophages and hepatocytes 
(Ganz, 2006; Papanikolaou et al., 2005).  
Hepcidin levels are regulated by at least three independent mechanisms (Nicolas et al., 
2002). Whereas both inflammation and iron loading induce hepcidin production, 
erythropoietic activity suppresses its production. Apart from those factors also endoplasmic 
reticulum stress can induce hepcidin expression (Vecchi et al., 2009). In general, the decrease 
of hepcidin due to the iron deficiency or enhanced erythropoiesis stimulates iron intestinal 
absorption. On the other hand, iron-stimulated hepcidin production prevents iron overload. 
Increase in hepcidin concentration due to inflammation is considered important for iron 
sequestration (Ganz & Nemeth, 2009). Studies of humans with severe inflammatory diseases 
have shown increased levels of hepcidin, suggesting that elevated hepcidin levels play a role 
in the anemia of inflammation (Nemeth et al., 2004; Krijt et al., 2009). Due to dominant 
regulation by interleukin-6 (IL-6), hepcidin was classified as a type II acute-phase protein 
(Nemeth et al., 2003). Increased IL-6 levels cause the binding of signal transducer and 
activator of transcription 3 (STAT3) to the hepcidin promoter, increasing its activity 
(Wrighting & Andrews, 2006). Moreover, hepcidin itself has the potential to bind bivalent 
metal ions (Tselepis et al., 2010) and to mediate transcriptional changes of a wide variety of 
genes which can play important role in inflammatory response (De Domenico et al., 2010). 
That is why hepcidin can be considered as important inflammatory mediator, and its 
measurement can be helpful in many clinical situations. Technical problems prevented 
reliable and routine measurements of active 25 amino acid (aa) hepcidin in plasma until 
2009. Therefore there are only limited data on hepcidin in human subjects, and much of 
findings come from animal and in vitro models. 
To evaluate the time course of plasma hepcidin and its precursor prohepcidin in relation to 
inflammatory parameters, authors used a specific group of patients undergoing large 
cardiac surgery - pulmonary endarterectomy (PEA) in a deep hypothermic circulatory arrest 
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(DHCA). PEA is a potential curative treatment method for patients with chronic 
thromboembolic pulmonary hypertension (CTEPH). PEA provides a significant survival 
advantage, compared to the natural prognosis of CTEPH (Roscoe & Klein, 2008). The 
kinetics of main pro-inflammatory cytokines after PEA were described by Lindner et al. 
(2009) and Maruna et al. (2011) showing the relations of cytokine network to hemodynamic 
disturbances post-surgery. PEA leads to a more pronounced activation of cytokines than 
other surgical procedures (Langer et al., 2004; Martínes-Rosaz, 2006; Maruna et al., 2008 and 
2009) with subsequent development of the systemic inflammatory response syndrome. 
Authors postulated that post-surgery changes of plasma hepcidin and its precursor would 
be responding to dynamics of other acute-phase proteins and related to IL-6 or other main 
inflammatory cytokines development. 

2. Material and methods 
2.1 Patients' group 
A prospective study was approved by local research and ethics committee and a written 
informed consent was obtained from the subjects. Patients with CTEPH scheduled for 
isolated PEA on the 2nd Department of Surgery - Department of Cardiovascular Surgery, 
General Faculty Hospital in Prague were enrolled into study between January 2008 and 
March 2011. Respecting gender differences in hepcidin basal concentrations with 
significantly higher levels in men (Grebenchtchikov et al., 2009), only male patients were 
included into our study. Exclusion criteria were the combination of PEA with other surgical 
procedure (PEA with maze or PEA with coronary artery bypass grafting), postoperative 
bleeding, thromboembolic complication, local and systemic infection, defined according to 
guidelines of the Center for Disease Control and Prevention (Horan & Gaynes, 2004). 

2.2 Anesthesia and surgical procedures 
30 minutes before skin incision, the first prophylactic dose of sultamicillin 1.5 g (Unasyn, 
Pfizer, Italy) was given. The same dose was repeated every 3 hours throughout the 
procedure and every 6 hours postoperatively until postoperative day 2. A total intravenous 
anesthesia using combination of benzodiazepines, propofol, opioids and muscle relaxants 
routinely used in our institution for PEA was given to all study patients. 
The standard approach for PEA was median sternotomy. Cardiopulmonary bypass (CPB) 
was established with cannulation of the ascending aorta and the inferior and superior vena 
cava. DHCA (18 – 20 0C) was used to ensure optimum operating conditions and facilitate 
accurate endarterectomty. Endarterectomy was started with dissection in right level of 
pulmonary artery and followed to the segmental branches. To achieve accurate visualization 
during peripheral dissection, repeated periods of DHCA limited to 20 minutes were 
performed with reestablishment of CPB between them. Arteriotomy on the main pulmonary 
artery was started on the left side and continued to the left branch. After completion of 
endarterectomy on the both sides, CPB was recommenced along with controlled rewarming. 
Weaning from CPB was started with pressure control ventilation with positive end-
expiratory pressure, atrio-ventricular epicardial stimulation, stepwise increased filling of the 
right heart and reduction of pump flow together with low doses of norepinephrine 
Dobutamine (Dobutrex, Lily, Germany) was administered only if inotropic support was 
needed during or after weaning of CPB. Before the end of CPB, we used an ultra filtration 
for hemoconcentration. 

 
Prohepcidin and Hepcidin in Acute Phase Reaction Accompanying Large Cardiac Surgery 

 

241 

2.3 Monitoring 
Radial and femoral artery cannulae, triple lumen central venous cannula, Swan-Ganz 
catheter, and single lumen jugular bulb catheter were inserted for continuous monitoring of 
hemodynamic parameters and jugular bulb blood saturation. Left atrial catheter was 
surgically placed for both measurement and norepinephrine administration. 

2.4 Blood sample collection 
Arterial blood samples were drawn from femoral artery catheter before operation, after 
sternotomy, after DHCA, after separation from CPB, then 12, 18, 24, 36, 48, 72, and 120 h 
after separation from CPB. For all measurements, 5-ml of arterial blood was drawn into a 
vacutainer heparin tube and immediately centrifuged at 5000 rpm for 15 min. Plasma was 
stored at -80°C until analysis. 

2.5 Hepcidin, prohepcidin and inflammatory parameters 
Plasma hepcidin and prohepcidin concentrations were measured by enzyme-linked 
immunoassays using a commercially available kits (DRG Diagnostics, Marburg, Germany) in 
duplicates - the analytical sensitivity of the assay for hepcidin analysis was 0.9 ng/ml, intra-
assay coefficients of variation (CV) calculated by DRG Diagnostics was below 5%, inter-assay 
precision was 11% (6,0 ng/ml) and 10% (15,8 ng/ml). Plasma levels of procalcitonin (PCT) 
were detected by Kryptor test (BRAHMS AG, Hennigsdorf, Germany) in duplicates. The 
sensitivity of the analytic method was 0.02 ng/ml. Plasma concentrations of tumor necrosis 
factor (TNF)α, IL-6, IL-8 (ELISA, Immunotech, Paris, France), C-reactive protein (CRP) 
(Kryptor - TRACE technology, ultrasensitive analysis, BRAHMS AG, Hennigsdorf, Germany), 
α1-antitrypsin, and ceruloplasmin (nephelometry, BRAHMS AG, Hennigsdorf, Germany) 
were measured in duplicates, too. The intra- and inter-assay CV were below 5%. 

2.6 Iron, ferritin and transferrin 
Plasma iron (colorimetric analysis, Pliva-Lachema a.s., Brno, Czech Republic), ferritin, and 
transferrin (immunoturbidimetry, Dialab Gmbh, Wr. Neudorf, Austria) were examined 
preoperatively and repeatedly within 120 h after the end of surgery. 

2.7 Hemodynamic parameters 
Mean pulmonary artery pressure (MPAP), cardiac index (CI), pulmonary vascular resistance 
(PVR), and ejection fraction (EF) were followed. The time of norepinephrine support was 
recorded in all patients. 

2.8 Statistical analysis 
Statistical analysis was carried out using SPSS software (version 12.0) for Windows (SPSS, 
Chicago, USA). The normal distribution of all data was examined using the Kolmogorov-
Smirnov normality test to determine subsequent use of tests for statistical comparison. As 
variables were not normally distributed, the data were reported as medians and 
interquartile range. Bonferroni correction (multiple-comparison correction) was used to 
analyze simultaneous measurement at different time points. The Pearson’s correlation 
coefficient and the Spearman’s rank correlation evaluated correlation between the 
indicators. For all the tests, p < 0.05 was defined as statistically significant. 
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(DHCA). PEA is a potential curative treatment method for patients with chronic 
thromboembolic pulmonary hypertension (CTEPH). PEA provides a significant survival 
advantage, compared to the natural prognosis of CTEPH (Roscoe & Klein, 2008). The 
kinetics of main pro-inflammatory cytokines after PEA were described by Lindner et al. 
(2009) and Maruna et al. (2011) showing the relations of cytokine network to hemodynamic 
disturbances post-surgery. PEA leads to a more pronounced activation of cytokines than 
other surgical procedures (Langer et al., 2004; Martínes-Rosaz, 2006; Maruna et al., 2008 and 
2009) with subsequent development of the systemic inflammatory response syndrome. 
Authors postulated that post-surgery changes of plasma hepcidin and its precursor would 
be responding to dynamics of other acute-phase proteins and related to IL-6 or other main 
inflammatory cytokines development. 

2. Material and methods 
2.1 Patients' group 
A prospective study was approved by local research and ethics committee and a written 
informed consent was obtained from the subjects. Patients with CTEPH scheduled for 
isolated PEA on the 2nd Department of Surgery - Department of Cardiovascular Surgery, 
General Faculty Hospital in Prague were enrolled into study between January 2008 and 
March 2011. Respecting gender differences in hepcidin basal concentrations with 
significantly higher levels in men (Grebenchtchikov et al., 2009), only male patients were 
included into our study. Exclusion criteria were the combination of PEA with other surgical 
procedure (PEA with maze or PEA with coronary artery bypass grafting), postoperative 
bleeding, thromboembolic complication, local and systemic infection, defined according to 
guidelines of the Center for Disease Control and Prevention (Horan & Gaynes, 2004). 

2.2 Anesthesia and surgical procedures 
30 minutes before skin incision, the first prophylactic dose of sultamicillin 1.5 g (Unasyn, 
Pfizer, Italy) was given. The same dose was repeated every 3 hours throughout the 
procedure and every 6 hours postoperatively until postoperative day 2. A total intravenous 
anesthesia using combination of benzodiazepines, propofol, opioids and muscle relaxants 
routinely used in our institution for PEA was given to all study patients. 
The standard approach for PEA was median sternotomy. Cardiopulmonary bypass (CPB) 
was established with cannulation of the ascending aorta and the inferior and superior vena 
cava. DHCA (18 – 20 0C) was used to ensure optimum operating conditions and facilitate 
accurate endarterectomty. Endarterectomy was started with dissection in right level of 
pulmonary artery and followed to the segmental branches. To achieve accurate visualization 
during peripheral dissection, repeated periods of DHCA limited to 20 minutes were 
performed with reestablishment of CPB between them. Arteriotomy on the main pulmonary 
artery was started on the left side and continued to the left branch. After completion of 
endarterectomy on the both sides, CPB was recommenced along with controlled rewarming. 
Weaning from CPB was started with pressure control ventilation with positive end-
expiratory pressure, atrio-ventricular epicardial stimulation, stepwise increased filling of the 
right heart and reduction of pump flow together with low doses of norepinephrine 
Dobutamine (Dobutrex, Lily, Germany) was administered only if inotropic support was 
needed during or after weaning of CPB. Before the end of CPB, we used an ultra filtration 
for hemoconcentration. 
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2.3 Monitoring 
Radial and femoral artery cannulae, triple lumen central venous cannula, Swan-Ganz 
catheter, and single lumen jugular bulb catheter were inserted for continuous monitoring of 
hemodynamic parameters and jugular bulb blood saturation. Left atrial catheter was 
surgically placed for both measurement and norepinephrine administration. 

2.4 Blood sample collection 
Arterial blood samples were drawn from femoral artery catheter before operation, after 
sternotomy, after DHCA, after separation from CPB, then 12, 18, 24, 36, 48, 72, and 120 h 
after separation from CPB. For all measurements, 5-ml of arterial blood was drawn into a 
vacutainer heparin tube and immediately centrifuged at 5000 rpm for 15 min. Plasma was 
stored at -80°C until analysis. 

2.5 Hepcidin, prohepcidin and inflammatory parameters 
Plasma hepcidin and prohepcidin concentrations were measured by enzyme-linked 
immunoassays using a commercially available kits (DRG Diagnostics, Marburg, Germany) in 
duplicates - the analytical sensitivity of the assay for hepcidin analysis was 0.9 ng/ml, intra-
assay coefficients of variation (CV) calculated by DRG Diagnostics was below 5%, inter-assay 
precision was 11% (6,0 ng/ml) and 10% (15,8 ng/ml). Plasma levels of procalcitonin (PCT) 
were detected by Kryptor test (BRAHMS AG, Hennigsdorf, Germany) in duplicates. The 
sensitivity of the analytic method was 0.02 ng/ml. Plasma concentrations of tumor necrosis 
factor (TNF)α, IL-6, IL-8 (ELISA, Immunotech, Paris, France), C-reactive protein (CRP) 
(Kryptor - TRACE technology, ultrasensitive analysis, BRAHMS AG, Hennigsdorf, Germany), 
α1-antitrypsin, and ceruloplasmin (nephelometry, BRAHMS AG, Hennigsdorf, Germany) 
were measured in duplicates, too. The intra- and inter-assay CV were below 5%. 

2.6 Iron, ferritin and transferrin 
Plasma iron (colorimetric analysis, Pliva-Lachema a.s., Brno, Czech Republic), ferritin, and 
transferrin (immunoturbidimetry, Dialab Gmbh, Wr. Neudorf, Austria) were examined 
preoperatively and repeatedly within 120 h after the end of surgery. 

2.7 Hemodynamic parameters 
Mean pulmonary artery pressure (MPAP), cardiac index (CI), pulmonary vascular resistance 
(PVR), and ejection fraction (EF) were followed. The time of norepinephrine support was 
recorded in all patients. 

2.8 Statistical analysis 
Statistical analysis was carried out using SPSS software (version 12.0) for Windows (SPSS, 
Chicago, USA). The normal distribution of all data was examined using the Kolmogorov-
Smirnov normality test to determine subsequent use of tests for statistical comparison. As 
variables were not normally distributed, the data were reported as medians and 
interquartile range. Bonferroni correction (multiple-comparison correction) was used to 
analyze simultaneous measurement at different time points. The Pearson’s correlation 
coefficient and the Spearman’s rank correlation evaluated correlation between the 
indicators. For all the tests, p < 0.05 was defined as statistically significant. 
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3. Results 
3.1 Patients 
34 patients were enrolled during the 39 months of the trial (Tab. 1). All patients underwent 
satisfactory clearance of intra-arterial obstruction, and there were no intra-operative deaths. 
No patients required allogenic blood transfusion. Mean duration of CPB was 334.2 ± 44.6 
min.; mean duration of crossclamping time was 121.0 ± 20.5 min. and circulatory arrest time 
41.9 ± 7.1 min. Extracorporeal circulation (ECC) time was 330.9 ± 54.4 min.; duration of 
mechanical ventilation was 51.9 ± 30.6 h. There was considerable improvement in 
hemodynamic variables. PEA significantly decreased MPAP (from 53.4 ± 8.66 to 25.1 ± 7.04 
mm Hg, p < 0.001) as well as pulmonary vascular resistance (from 1095.4 ± 325.3 to 209.7 ± 
94.1 dynes.s.cm-5, p < 0.001). CI increased within first 24 h after surgery (from 1.90 ± 0.37 to 
3.04 ± 0.49 l.min-¹m-², p < 0.001). 
 

Number of patients (males) 34 
Age (yr.) 51.4 (9.6) 
Preoperative New York Heart Association classification 3.4 (0.4) 
Mean pulmonary artery pressure (mm Hg) 54.2 (6.8) 
Variables are absolute number or mean (standard deviation). 

Table 1. Pre-operative data 

3.2 Prohepcidin 
The time course of prohepcidin in perioperative period is shown in Fig. 1. Cardiac surgery 
with CPB induced a 49 % fall in plasma prohepcidin. Prohepcidin decreased from 
preoperative level 94.9 ng/ml (84.5 – 104.9) (median and interquartile range) to minimum 48.5 
ng/ml (38.2 – 56.8). The initial decline was revealed after DHCA, and minimal concentrations 
 

 

 
Box and whisker plot depicting the median values, interquartile range and full range. 
 … Statistically significant differences to preoperative values, p  0.05.  
The same arrangement used for Fig 1 – 5. 

Fig. 1. Prohepcidin plasma concentrations in perioperative period. 
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were detected after separation from CPB (p  0.001 in relation to preoperative levels) after 
which the levels started rise. Concentrations returned to initial levels within 24 – 48 h after 
the separation from CPB. The following increase was found in samples at 72 h and 120 h, 
but without a statistical significance to preoperative levels on p  0.05. 
 

 
Fig. 2. Hepcidin plasma concentrations in perioperative period (median values, interquartile 
range and full range) 

3.3 Hepcidin 
Post-surgical course of plasma hepcidin was associated with a transient initial decline from 
preoperative level 8.6 ng/ml (6.4 – 10.2) and subsequent significant elevation above 
preoperative levels (Fig. 2). Minimal hepcidin concentrations were found in blood samples 
collected after the last DHCA. Initial decline of hepcidin appeared to correlate with the 
decreased hematocrit due to hemodilution on CPB (r = 0.86, p = 0.002). After it, hepcidin 
increased to maximum 16.2 ng/ml (13.9 – 18.9) measured 72 h after the end of surgery (e.g., 
separation from CPB). In following period, the levels started declining but were still higher 

than pre-operatively until 120 h after the end of surgery. 

3.4 Cytokines and acute-phase proteins 
As expected, all inflammatory cytokines, PCT and acute-phase proteins increased after 
surgery. An uncomplicated course after PEA was associated with a transient initial decline 
of PCT and subsequent elevation. Minimal PCT concentrations were found in blood samples 
collected after the last DHCA (Fig. 3). Initial decrease of PCT appeared to correlate with the 
decreased hematocrit due to hemodilution on CPB (r = 0.78, p < 0.01). PCT increased 
postoperatively from 0.22 ng/ml (0.15 – 0.31) reaching a peak level 24 h after the end of 
surgery (2.05 ng/ml, 1.68 – 2.52). 
All measured inflammatory cytokines increased after surgery. TNFα rose from 18 ng/l (10 – 
47) to maximum 216 ng/l (136 – 415) in blood sample collected 12 h after separation from 
CPB. IL-6 rise was maximal 12 hours postoperatively from 26.2 ng/l (21.0 – 36.7) to 544.2 
ng/l (411.0 – 641.2) with following decline (Fig. 4). IL-8 with preoperative levels 42.4 ng/l 
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(22.3 – 82.0) culminated later, 18 h after separation from CPB (446.0 ng/l, 274.2 – 658.1) with 
following decline. 
Three tested acute-phase proteins showed prolonged elevation post-surgery. CRP increased 
to a peak level 48 h after the end of surgery (53 mg/l, 40 – 72) (Fig. 5). The same dynamics 
was found in α1-antitrypsin. Ceruloplasmin increase was delayed in relation to other tested 
acute-phase proteins reaching maximal levels 72 h after separation from CPB. 

3.5 Relations among hepcidin, prohepcidin and inflammatory markers 
Postoperative peak values of PCT and IL-6 correlated closely (r = 0.81, p < 0.01), as well as 
peak values of PCT and CRP (r = 0.72, p < 0.01) and peak values of PCT and TNFα (r = 0.62, 
p < 0.05). Correlation between PCT and other parameters wasn’t significant on p < 0.05. 
Maximum postoperative concentrations of IL-6 correlated with maximum IL-8 levels (r = 
0.81, p < 0.01). 
Plasma hepcidin and prohepcidin concentrations didn’t correlate preoperatively. 
Correlation between maximum postoperative hepcidin concentrations 72 h after the end of 
surgery and prohepcidin concentrations at the same samples (p = 0.056) didn’t achieve 
statistical significance. 
No significant correlation was revealed between plasma hepcidin and IL-6 concentrations 
preoperatively as well as between hepcidin and other tested inflammatory markers, 
hemodynamic values, plasma iron, transferrin and ferritin before the start of surgery. 
Similarly plasma prohepcidin did not correlate with any tested inflammatory parameter, 
plasma iron, transferrin or ferritin preoperatively. 
Maximum post-operative concentrations of hepcidin measured 72 h after a separation from 
CPB correlated with maximum IL-6 levels 12 h after the end of surgery (r = 0.714, p = 0.021) 
as well as with IL-6 levels measured 18 h (r = 0.644, p = 0.032) and 24 h after the end of 
surgery (r = 0.614. p = 0.042). Similarly hepcidin and CRP concentrations correlated 
significantly 72 h after the end of surgery (p = 0.044). No other tested inflammatory 
parameter correlated with hepcidin post-surgery on p < 0.05. 
 

 
Fig. 3. PCT plasma concentrations in perioperative period (median values, interquartile 
range and full range) 
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Fig. 4. IL-6 plasma concentrations in perioperative period (median values, interquartile 
range and full range) 
 

 
Fig. 5. CRP plasma concentrations in perioperative period (median values, interquartile 
range and full range) 

3.6 Relations among hepcidin, prohepcidin and hemodynamic parameters 
Minimal perioperative prohepcidin concentrations correlated inversely with ECC time  
(r = -0.84, p < 0.01). When evaluating patients with a quick normalization of prohepcidin 
into preoperative range within 24 h after separation from CPB (Subgroup 1, n = 16), higher 
peak plasma levels of IL-6 (620.9 ng/l, 484.2 – 782.0) were revealed in this subgroup 
compared with patients with delayed prohepcidin normalization (Subgroup 2, n = 18), their 
IL-6 peak levels were 438.2 ng/l (370.1 – 512.7), p  0.05 between subgroups. Similarly, IL-8 
peak postoperative concentrations were higher in Subgroup 1 in relation to Subgroup 2, but 
the differences were not significant on p  0.05. 
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Fig. 4. IL-6 plasma concentrations in perioperative period (median values, interquartile 
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Hepcidin maximum concentrations correlated positively with ECC time (p = 0.049). 
Hepcidin evolution post-surgery was not related to CI, MPAP, PVR and EF on p  0,05. 
Among inflammatory markers, IL-6 plasma concentrations correlated inversely with CI at 
the time of separation from CPB (k = -0.644, p = 0.029). Similarly IL-8 concentrations 
correlated significantly with CI at the same time (k = -0.636, p = 0.017). 

3.7 Iron, ferritin and transferrin 
48 h postoperatively, there was a significant decrease in serum iron concentration (Table 2). 
Plasma ferritin levels (44.6 μg/l, 19.4 – 72.9 preoperatively) increased slightly at 36 h after 
separation from CPB (139.2 μg/l, 44.9 – 172.9) and stayed elevated without significant 
dynamics until the end of tested period. Plasma ferritin did not significantly correlate with 
prohepcidin and hepcidin or any other tested inflammatory parameter. Multifactorial 
analysis did not reveal significant correlation between hepcidin and iron, resp. prohepcidin 
and iron within a 120-hour time frame after a separation from CPB. Similarly, both 
parameters did not correlate with plasma transferrin, hemoglobin concentration, alanine 
aminotransferase or aspartate aminotransferase activities post-surgery. No correlation was 
found between plasma hepcidin or prohepcidin levels and creatinine levels in postoperative 
period. 
 
Time Iron (μmol/l) Ferritin (μg/l) Transferrin (g/l) 

Before sternotomy 21.3 (13.2 – 27.7) 44.6 (19.4 – 72.9) 2.6 (1.8 – 3.2) 

12 h after separation from CPB 13.4 * (7.9 – 22.3) 38.9 * (20.4 – 69.0) 1.6 * (1.0 – 2.2) 

18 h after separation from CPB 13.7 * (7.1 – 18.5) 59.9 (28.4 – 88.2) 2.0 (1.4 – 2.6) 

24 h after separation from CPB 15.0 (9.6 – 20.7) 112.1 (69.4 – 164.3) 1.8 (1.3 – 2.3) 

36 h after separation from CPB 14.1 (9.8 – 19.8) 139.2 * (44.9 – 172.9) 1.6 * (1.0 – 2.1) 

48 h after separation from CPB 12.7 * (7.7 – 16.1) 128.0 * (74.7 – 188.3) 1.6 * (0.9 – 2.0) 

72 h after separation from CPB 13.0 * (7.0 – 18.8) 122.4 * (71.2 – 152.1) 2.1 (1.7 – 2.8) 

120 h after separation from CPB 12.4 * (7.4 – 19.1) 116.7 * (79.0 – 164.2) 2.3 (1.9 – 3.1) 

Variables are medians (interquartile range). 
* … Statistically significant differences to preoperative values on p  0,05. 

Table 2. Plasma iron, ferritin and transferrin in perioperative period 

4. Discussion 
This study has demonstrated the large cardiac surgery as an inductor of a deep transient 
decrease of prohepcidin plasma concentrations. Minimal postoperative prohepcidin levels 
were related to ECC time and did not correlate with IL-6 or other tested inflammatory 
parameters. Nevertheless higher IL-6 concentrations advanced prohepcidin normalization 
after its initial decline. Postoperative changes of plasma iron or transferrin concentrations 
and hemoglobin concentration did not correlate with plasma prohepcidin levels. Hepcidin 
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concentrations increased post-operatively reaching a maximum 72 h after the separation 
from CPB. In a homogenous group of uncomplicated cardiosurgical patients, significant 
correlation between hepcidin and IL-6 concentrations post-surgery was observed. Our 
results are in conformity with a recent study by Hoppe et al. (2009). On a limited number of 
patients undergoing heart surgery, authors found significant alterations in both serum 
hepcidin and serum prohepcidin. Serum prohepcidin decreased after 48 h compared with 
preoperative values, whereas serum hepcidin increased within a 144-hour time frame. 
The human hepcidin gene, located on chromosome 19q13.1, encodes a precursor protein, 
preprohepcidin of 84 aa. Preprohepcidin undergoes enzymatic cleavage, resulting in the export 
of a 64 -aa prohepcidin peptide into the endoplasmic reticulum lumen. Next, the 39-aa pro-
region peptide is probably posttranslationally removed resulting in mature bioactive hepcidin-
25 (25-aa form). In human urine, hepcidin-22 and hepcidin-20 were identified, which are N-
terminally truncated isoforms of hepcidin-25 (Park et al., 2001). Kemna et al. (2008) results 
support the hypothesis that the 22-aa peptide is a urinary degradation product of hepcidin-25. 
An active hepcidin is a 8 cysteine-containing peptide with a distorted β-sheet which is 
stabilized by four disulfide bridges between the two anti-parallel strands (Hunter et al., 2002). 
The high cysteine content of the molecule is highly conserved among other species. Structure-
function in vivo (mice) and in vitro studies on synthetic hepcidin have shown that the iron 
regulating bioactivity is almost exclusively due to the 25 aa peptide, suggesting that the five N-
terminal amino acids are essential for this activity. In vitro experiments have shown that 
especially human hepcidin-20 exerts anti-bacterial and anti-fungal activity in a concentration 
range 10-fold higher than that measured in healthy individuals (Krause et al., 2000; Park et al., 
2001). Nevertheless modeling of a best-fit 3D structure of hepcidin with iron demonstrated 
significant differences from the previously reported synthetic hepcidin model (Hunter et al., 
2002). These new findings suggest a conformational polymorphism for hepcidin as a 
regulatory mechanism for iron uptake as part of its role as regulator of iron homeostasis. 
Hepcidin is produced and secreted predominantly by hepatocytes, circulates in the 
bloodstream, and is excreted by the kidneys. Expression as studied on mRNA level is also 
detectable in other tissues (heart, kidney, adipose tissue, pancreas and hematopoietic cells), 
although the biological relevance of extra-hepatic hepcidin is not well defined yet (Vokurka 
et al., 2009). Hepcidin expression is regulated in response to iron, erythropoietic demand, 
hypoxia, and inflammatory signals. Inflammation is a potent inducer of hepcidin 
expression. Hepcidin was demonstrated to be up-regulated by a set of inflammatory 
cytokines. The synthesis is up-regulated in intact animals by the injection of 
lipopolysaccharide (endotoxin) and IL-6 although a direct stimulating effect of other 
cytokines as IL-1α, and IL-1β was confirmed in in vitro studies (Lee et al., 2005). Anemia and 
hypoxia inhibit hepcidin expression, thus increasing iron availability for erythropoiesis. 
Probably the activity of erythropoiesis rather than simple anemia was postulated later as an 
important regulatory factor (Vokurka et al., 2006; Weiss & Goodnough, 2005). Recent studies 
brought new data about molecular pathways of the regulation of hepcidin gene through 
these different stimuli (reviewed by Kemna et al., 2008; Zhang & Enns, 2009).  
In vitro observations and first animal and clinical studies including our results support a 
submission of hepcidin into a group of acute-phase proteins (Young et al., 2009). Acute-phase 
proteins is the generic name of approximately 30 different biochemically and functionally 
unrelated proteins. These proteins are secreted by hepatocytes and their plasma levels are 
either increased (positive reactants) or reduced (negative acute-phase reactants) after the onset 
of a systemic inflammatory reaction (Baumann, 1988). Cell types other than hepatocytes are 
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Hepcidin maximum concentrations correlated positively with ECC time (p = 0.049). 
Hepcidin evolution post-surgery was not related to CI, MPAP, PVR and EF on p  0,05. 
Among inflammatory markers, IL-6 plasma concentrations correlated inversely with CI at 
the time of separation from CPB (k = -0.644, p = 0.029). Similarly IL-8 concentrations 
correlated significantly with CI at the same time (k = -0.636, p = 0.017). 

3.7 Iron, ferritin and transferrin 
48 h postoperatively, there was a significant decrease in serum iron concentration (Table 2). 
Plasma ferritin levels (44.6 μg/l, 19.4 – 72.9 preoperatively) increased slightly at 36 h after 
separation from CPB (139.2 μg/l, 44.9 – 172.9) and stayed elevated without significant 
dynamics until the end of tested period. Plasma ferritin did not significantly correlate with 
prohepcidin and hepcidin or any other tested inflammatory parameter. Multifactorial 
analysis did not reveal significant correlation between hepcidin and iron, resp. prohepcidin 
and iron within a 120-hour time frame after a separation from CPB. Similarly, both 
parameters did not correlate with plasma transferrin, hemoglobin concentration, alanine 
aminotransferase or aspartate aminotransferase activities post-surgery. No correlation was 
found between plasma hepcidin or prohepcidin levels and creatinine levels in postoperative 
period. 
 
Time Iron (μmol/l) Ferritin (μg/l) Transferrin (g/l) 

Before sternotomy 21.3 (13.2 – 27.7) 44.6 (19.4 – 72.9) 2.6 (1.8 – 3.2) 

12 h after separation from CPB 13.4 * (7.9 – 22.3) 38.9 * (20.4 – 69.0) 1.6 * (1.0 – 2.2) 

18 h after separation from CPB 13.7 * (7.1 – 18.5) 59.9 (28.4 – 88.2) 2.0 (1.4 – 2.6) 

24 h after separation from CPB 15.0 (9.6 – 20.7) 112.1 (69.4 – 164.3) 1.8 (1.3 – 2.3) 

36 h after separation from CPB 14.1 (9.8 – 19.8) 139.2 * (44.9 – 172.9) 1.6 * (1.0 – 2.1) 

48 h after separation from CPB 12.7 * (7.7 – 16.1) 128.0 * (74.7 – 188.3) 1.6 * (0.9 – 2.0) 

72 h after separation from CPB 13.0 * (7.0 – 18.8) 122.4 * (71.2 – 152.1) 2.1 (1.7 – 2.8) 

120 h after separation from CPB 12.4 * (7.4 – 19.1) 116.7 * (79.0 – 164.2) 2.3 (1.9 – 3.1) 

Variables are medians (interquartile range). 
* … Statistically significant differences to preoperative values on p  0,05. 

Table 2. Plasma iron, ferritin and transferrin in perioperative period 

4. Discussion 
This study has demonstrated the large cardiac surgery as an inductor of a deep transient 
decrease of prohepcidin plasma concentrations. Minimal postoperative prohepcidin levels 
were related to ECC time and did not correlate with IL-6 or other tested inflammatory 
parameters. Nevertheless higher IL-6 concentrations advanced prohepcidin normalization 
after its initial decline. Postoperative changes of plasma iron or transferrin concentrations 
and hemoglobin concentration did not correlate with plasma prohepcidin levels. Hepcidin 
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concentrations increased post-operatively reaching a maximum 72 h after the separation 
from CPB. In a homogenous group of uncomplicated cardiosurgical patients, significant 
correlation between hepcidin and IL-6 concentrations post-surgery was observed. Our 
results are in conformity with a recent study by Hoppe et al. (2009). On a limited number of 
patients undergoing heart surgery, authors found significant alterations in both serum 
hepcidin and serum prohepcidin. Serum prohepcidin decreased after 48 h compared with 
preoperative values, whereas serum hepcidin increased within a 144-hour time frame. 
The human hepcidin gene, located on chromosome 19q13.1, encodes a precursor protein, 
preprohepcidin of 84 aa. Preprohepcidin undergoes enzymatic cleavage, resulting in the export 
of a 64 -aa prohepcidin peptide into the endoplasmic reticulum lumen. Next, the 39-aa pro-
region peptide is probably posttranslationally removed resulting in mature bioactive hepcidin-
25 (25-aa form). In human urine, hepcidin-22 and hepcidin-20 were identified, which are N-
terminally truncated isoforms of hepcidin-25 (Park et al., 2001). Kemna et al. (2008) results 
support the hypothesis that the 22-aa peptide is a urinary degradation product of hepcidin-25. 
An active hepcidin is a 8 cysteine-containing peptide with a distorted β-sheet which is 
stabilized by four disulfide bridges between the two anti-parallel strands (Hunter et al., 2002). 
The high cysteine content of the molecule is highly conserved among other species. Structure-
function in vivo (mice) and in vitro studies on synthetic hepcidin have shown that the iron 
regulating bioactivity is almost exclusively due to the 25 aa peptide, suggesting that the five N-
terminal amino acids are essential for this activity. In vitro experiments have shown that 
especially human hepcidin-20 exerts anti-bacterial and anti-fungal activity in a concentration 
range 10-fold higher than that measured in healthy individuals (Krause et al., 2000; Park et al., 
2001). Nevertheless modeling of a best-fit 3D structure of hepcidin with iron demonstrated 
significant differences from the previously reported synthetic hepcidin model (Hunter et al., 
2002). These new findings suggest a conformational polymorphism for hepcidin as a 
regulatory mechanism for iron uptake as part of its role as regulator of iron homeostasis. 
Hepcidin is produced and secreted predominantly by hepatocytes, circulates in the 
bloodstream, and is excreted by the kidneys. Expression as studied on mRNA level is also 
detectable in other tissues (heart, kidney, adipose tissue, pancreas and hematopoietic cells), 
although the biological relevance of extra-hepatic hepcidin is not well defined yet (Vokurka 
et al., 2009). Hepcidin expression is regulated in response to iron, erythropoietic demand, 
hypoxia, and inflammatory signals. Inflammation is a potent inducer of hepcidin 
expression. Hepcidin was demonstrated to be up-regulated by a set of inflammatory 
cytokines. The synthesis is up-regulated in intact animals by the injection of 
lipopolysaccharide (endotoxin) and IL-6 although a direct stimulating effect of other 
cytokines as IL-1α, and IL-1β was confirmed in in vitro studies (Lee et al., 2005). Anemia and 
hypoxia inhibit hepcidin expression, thus increasing iron availability for erythropoiesis. 
Probably the activity of erythropoiesis rather than simple anemia was postulated later as an 
important regulatory factor (Vokurka et al., 2006; Weiss & Goodnough, 2005). Recent studies 
brought new data about molecular pathways of the regulation of hepcidin gene through 
these different stimuli (reviewed by Kemna et al., 2008; Zhang & Enns, 2009).  
In vitro observations and first animal and clinical studies including our results support a 
submission of hepcidin into a group of acute-phase proteins (Young et al., 2009). Acute-phase 
proteins is the generic name of approximately 30 different biochemically and functionally 
unrelated proteins. These proteins are secreted by hepatocytes and their plasma levels are 
either increased (positive reactants) or reduced (negative acute-phase reactants) after the onset 
of a systemic inflammatory reaction (Baumann, 1988). Cell types other than hepatocytes are 
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known to produce acute-phase proteins in a limited amount. Most of acute-phase proteins are 
glycoproteins (with exception of CRP and serum amyloid A). Actually about 20 cytokines are 
known to stimulate acute-phase protein synthesis in liver. The major inducers are IL-6, IL-1β, 
and TNFα but an essential role of IL-6 in this action is out of doubt (Gabay & Kushner, 1999). 
Considering a dominant regulation by IL-6, hepcidin was classified as a type II acute-phase 
protein. Type I acute-phase proteins (CRP, serum amyloid A, α1-acid glycoprotein and other) 
are those that require the synergistic action of IL-6 and IL-1β for maximum synthesis. Type II 
acute-phase proteins are those that require IL-6 only for maximal induction. Examples of type 
II proteins are fibrinogen chains, haptoglobin, and α2-macroglobulin. Expression of genes 
encoding type II acute-phase proteins is suppressed rather than being enhanced frequently by 
IL-1β (Ramadori et al., 1999). Additive, synergistic, co-operative, and antagonistic effects 
between cytokines and other mediator substances influencing the expression of acute phase 
proteins do occur and have been observed in almost all combinations. 
There is a well-characterized mechanism of direct transcriptional activation of hepcidin 
expression by IL-6 binding to its receptor complex containing gp130 to activate janus kinase 
(JAK) and activator of transcription STAT3, which binds to a conserved DNA element in the 
proximal hepcidin promoter (Nemeth et al., 2003 and 2004; Pietrangelo et al., 2007; Truksa et 
al., 2007, Verga Falzacappa et al., 2007, Wrighting  Andrews, 2006). Other 
proinflammatory cytokines, such as IL-1β, may also play a role in hepcidin induction (Lee et 
al., 2005). A second mode of hepcidin regulation depends upon signaling through the bone 
morphogenetic protein/Smad (BMP/Smad) pathway. Babitt et al. (2007) showed that mice 
with a deletion in the Smad4 gene were unable to synthesize hepcidin in response to 
inflammatory stimuli or to iron load. In means that induction by IL-6 appears to require an 
intact BMP/Smad signaling pathway. Hepcidin is also produced in mono-
cytes/macrophages, and is induced in these cells by LPS and certain bacterial pathogens 
through Toll-like receptors and possibly also the IL-6/STAT3 pathway (Liu et al., 2005). 
The dynamic of hepcidin precursor - prohepcidin was different from hepcidin and all tested 
inflammatory markers including PCT, cytokines and acute-phase proteins. Prohepcidin 
decreased post-operatively. The decrease of prohepcidin after a heart surgery was firstly 
documented by Hoppe et al. (2009). However there are some controversies between clinical 
findings and experimental studies. In a recent experimental lipopolysaccharide model, the 
investigators did not observe any change in serum prohepcidin during a shorter time frame 
of 22 h, although there was a tendency toward a decrease at the final observation (Kemta et 
al., 2005). There is a possibility that serum prohepcidin is a biological nonfunctional 
precursor of the active hepcidin, as was postulated by Taes et al. (2004) or Brookes et al. 
(2005). It has been demonstrated by Rivera et al. (2005) that the truncated 25-aa form of 
hepcidin exercises the hypoferremia effect. Furthermore, the same study assessed the 
relation between iron absorption and prohepcidin concentrations in healthy women and it 
did not see any correlation, Iron absorption by healthy women is not associated with either 
serum or urinary prohepcidin. Thus, a Hoppe’s interpretation of the present serum 
prohepcidin data showing a decrease following surgery is that serum prohepcidin (as 
insulin and proteases) is synthesized as an inactive precursor that is proteolytically trimmed 
to be activated (Hoppe et al., 2009). 
Technical problems complicated routine measurements of plasma hepcidin until 2009 
(Piperno et al., 2009). Substantial clinical results come from the measurement of prohepcidin 
but its relation to hepcidin remains unclear (Frazer & Anderson, 2009). Hepcidin was 
measured in serum or urine mainly by the method developed by Ganz (2008) and by 
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various modifications of mass spectrometry (Swinkels et al., 2008). Recent methods used for 
hepcidin measurement comprise mass spectrometry (SELDI-TOF MS, MALDI-TOF MS, LC-
MS/MS, IC-TOF-MS) and immunochemical assays (competitive ELISA or RIA). Mass 
spectrometry-based methods might be superior in detecting bioactive hepcidin-25 and dis-
tinguishing other isoforms. This may be valuable mainly in situations with variable presence 
of hepcidin isoforms like in chronic kidney disease (Kroot et al., 2009; Kroot et al., 2010). 
The initial decrease of hepcidin and inflammatory cytokines was explained by 
hemodilution. The effect of hemodilution and hemofiltration on cytokine and acute phase 
protein concentrations during PEA was well described in our previous study (Maruna et al., 
2008) and cleared after correction of cytokine concentrations to hematocrit. Other limitations 
of this study include possibility of hemolysis impacting the study findings. When using the 
CPB pump in cardiosurgical procedures taking several hours, there is a degree of 
mechanical hemolysis that can affect hematological biomarkers (Hoppe et al., 2009). 

5. Conclusion 
Our study showed prohepcidin as a negative acute phase reactant with a strong initial 
decrease after PEA. On the other hand, hepcidin increased after uncomplicated cardiac 
surgery and this finding is in conformity with recent experimental studies defining hepcidin 
as a type II acute-phase protein. Relations between IL-6 levels and duration of prohepcidin 
disturbance as well as between IL-6 and hepcidin post-surgery course were revealed in our 
study. It remains to be determined whether the initial decrease of prohepcidin documented 
in our study is due to proteolytic trimming of serum prohepcidin or there are another 
factors restraining prohepcidin elevation or inhibiting its production. 
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known to produce acute-phase proteins in a limited amount. Most of acute-phase proteins are 
glycoproteins (with exception of CRP and serum amyloid A). Actually about 20 cytokines are 
known to stimulate acute-phase protein synthesis in liver. The major inducers are IL-6, IL-1β, 
and TNFα but an essential role of IL-6 in this action is out of doubt (Gabay & Kushner, 1999). 
Considering a dominant regulation by IL-6, hepcidin was classified as a type II acute-phase 
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are those that require the synergistic action of IL-6 and IL-1β for maximum synthesis. Type II 
acute-phase proteins are those that require IL-6 only for maximal induction. Examples of type 
II proteins are fibrinogen chains, haptoglobin, and α2-macroglobulin. Expression of genes 
encoding type II acute-phase proteins is suppressed rather than being enhanced frequently by 
IL-1β (Ramadori et al., 1999). Additive, synergistic, co-operative, and antagonistic effects 
between cytokines and other mediator substances influencing the expression of acute phase 
proteins do occur and have been observed in almost all combinations. 
There is a well-characterized mechanism of direct transcriptional activation of hepcidin 
expression by IL-6 binding to its receptor complex containing gp130 to activate janus kinase 
(JAK) and activator of transcription STAT3, which binds to a conserved DNA element in the 
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al., 2005). A second mode of hepcidin regulation depends upon signaling through the bone 
morphogenetic protein/Smad (BMP/Smad) pathway. Babitt et al. (2007) showed that mice 
with a deletion in the Smad4 gene were unable to synthesize hepcidin in response to 
inflammatory stimuli or to iron load. In means that induction by IL-6 appears to require an 
intact BMP/Smad signaling pathway. Hepcidin is also produced in mono-
cytes/macrophages, and is induced in these cells by LPS and certain bacterial pathogens 
through Toll-like receptors and possibly also the IL-6/STAT3 pathway (Liu et al., 2005). 
The dynamic of hepcidin precursor - prohepcidin was different from hepcidin and all tested 
inflammatory markers including PCT, cytokines and acute-phase proteins. Prohepcidin 
decreased post-operatively. The decrease of prohepcidin after a heart surgery was firstly 
documented by Hoppe et al. (2009). However there are some controversies between clinical 
findings and experimental studies. In a recent experimental lipopolysaccharide model, the 
investigators did not observe any change in serum prohepcidin during a shorter time frame 
of 22 h, although there was a tendency toward a decrease at the final observation (Kemta et 
al., 2005). There is a possibility that serum prohepcidin is a biological nonfunctional 
precursor of the active hepcidin, as was postulated by Taes et al. (2004) or Brookes et al. 
(2005). It has been demonstrated by Rivera et al. (2005) that the truncated 25-aa form of 
hepcidin exercises the hypoferremia effect. Furthermore, the same study assessed the 
relation between iron absorption and prohepcidin concentrations in healthy women and it 
did not see any correlation, Iron absorption by healthy women is not associated with either 
serum or urinary prohepcidin. Thus, a Hoppe’s interpretation of the present serum 
prohepcidin data showing a decrease following surgery is that serum prohepcidin (as 
insulin and proteases) is synthesized as an inactive precursor that is proteolytically trimmed 
to be activated (Hoppe et al., 2009). 
Technical problems complicated routine measurements of plasma hepcidin until 2009 
(Piperno et al., 2009). Substantial clinical results come from the measurement of prohepcidin 
but its relation to hepcidin remains unclear (Frazer & Anderson, 2009). Hepcidin was 
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spectrometry-based methods might be superior in detecting bioactive hepcidin-25 and dis-
tinguishing other isoforms. This may be valuable mainly in situations with variable presence 
of hepcidin isoforms like in chronic kidney disease (Kroot et al., 2009; Kroot et al., 2010). 
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protein concentrations during PEA was well described in our previous study (Maruna et al., 
2008) and cleared after correction of cytokine concentrations to hematocrit. Other limitations 
of this study include possibility of hemolysis impacting the study findings. When using the 
CPB pump in cardiosurgical procedures taking several hours, there is a degree of 
mechanical hemolysis that can affect hematological biomarkers (Hoppe et al., 2009). 

5. Conclusion 
Our study showed prohepcidin as a negative acute phase reactant with a strong initial 
decrease after PEA. On the other hand, hepcidin increased after uncomplicated cardiac 
surgery and this finding is in conformity with recent experimental studies defining hepcidin 
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1. Introduction 
Leukotriene B4 is an important mediator of inflammation derived from successive 
metabolism of fatty acids by several enzymes including the terminal rate-limiting enzyme 
called leukotriene A4 hydrolase. Leukotriene A4 hydrolase is a soluble enzyme, and 
depending on its substrate can function as either an epoxide hydrolase or an 
aminopeptidase. Over the years, leukotriene B4 has been found to be highly associated with 
several human diseases, and most of the reported literature has focused on the biology of 
the epoxide hydrolase activity of the enzyme, which generates the lipid metabolite 
leukotriene B4. However, emerging data suggests that the aminopeptidase activity of the 
leukotriene A4 hydrolase enzyme may also play a crucial role in the process of anti-
inflammatory responses. Previous drug discovery efforts have focused on inhibition of the 
leukotriene B4 metabolite by indiscriminately blocking both the epoxide hydrolase and 
aminopeptidase functions of the enzyme. The co-existence of a dichotomous and directly 
opposing biological function of this enzyme as suggested by recent studies on the 
aminopeptidase activity of leukotriene A4 hydrolase is a radically paradigm-shifting and 
relevant concept. This manuscript will review these recent findings in the context of the 
classical understanding of the leukotriene A4 hydrolase enzyme. 

2. Background 
The leukotrienes are important downstream effector molecules of inflammatory tissue 
alterations. Human diseases exhibit dysregulated inflammatory and immune responses in 
their pathogenesis. Therefore, 5-lipoxygenase (5-LO)-mediated lipid pathways have been 
investigated as possible pro-inflammatory pathways in the pathogenesis of multiple human 
diseases. The leukotrienes are lipid mediators of inflammation derived from the metabolism 
of fatty acids to arachidonic acid by phospholipase A2 (cPLA2), then to leukotriene A4 (LTA4) 
by 5-lipoxygenase and 5-lipoxygenase activating protein (FLAP). Further downstream 
metabolism yields two classes of leukotrienes: cysteinyl-leukotrienes (leukotriene C4, D4, 
and E4) synthesized by leukotriene C4 synthase and leukotriene B4 synthesized by 
leukotriene A4 hydrolase. Eventually, cysteinyl-leukotrienes and leukotriene B4 bind to a 
cysteinyl leukotriene receptor or a leukotriene B4 receptor, respectively, to exert final tissue 
effects (Figure 1). 
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Leukotriene B4 is an important mediator of inflammation derived from successive 
metabolism of fatty acids by several enzymes including the terminal rate-limiting enzyme 
called leukotriene A4 hydrolase. Leukotriene A4 hydrolase is a soluble enzyme, and 
depending on its substrate can function as either an epoxide hydrolase or an 
aminopeptidase. Over the years, leukotriene B4 has been found to be highly associated with 
several human diseases, and most of the reported literature has focused on the biology of 
the epoxide hydrolase activity of the enzyme, which generates the lipid metabolite 
leukotriene B4. However, emerging data suggests that the aminopeptidase activity of the 
leukotriene A4 hydrolase enzyme may also play a crucial role in the process of anti-
inflammatory responses. Previous drug discovery efforts have focused on inhibition of the 
leukotriene B4 metabolite by indiscriminately blocking both the epoxide hydrolase and 
aminopeptidase functions of the enzyme. The co-existence of a dichotomous and directly 
opposing biological function of this enzyme as suggested by recent studies on the 
aminopeptidase activity of leukotriene A4 hydrolase is a radically paradigm-shifting and 
relevant concept. This manuscript will review these recent findings in the context of the 
classical understanding of the leukotriene A4 hydrolase enzyme. 

2. Background 
The leukotrienes are important downstream effector molecules of inflammatory tissue 
alterations. Human diseases exhibit dysregulated inflammatory and immune responses in 
their pathogenesis. Therefore, 5-lipoxygenase (5-LO)-mediated lipid pathways have been 
investigated as possible pro-inflammatory pathways in the pathogenesis of multiple human 
diseases. The leukotrienes are lipid mediators of inflammation derived from the metabolism 
of fatty acids to arachidonic acid by phospholipase A2 (cPLA2), then to leukotriene A4 (LTA4) 
by 5-lipoxygenase and 5-lipoxygenase activating protein (FLAP). Further downstream 
metabolism yields two classes of leukotrienes: cysteinyl-leukotrienes (leukotriene C4, D4, 
and E4) synthesized by leukotriene C4 synthase and leukotriene B4 synthesized by 
leukotriene A4 hydrolase. Eventually, cysteinyl-leukotrienes and leukotriene B4 bind to a 
cysteinyl leukotriene receptor or a leukotriene B4 receptor, respectively, to exert final tissue 
effects (Figure 1). 
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Fig. 1. The 5-lipoxygenase pathway. 

2.1 Properties of the leukotriene A4 hydrolase enzyme 
Leukotriene A4 hydrolase is a monomeric soluble protein, which localizes in all different 
cellular compartments of several mammalian sources. The leukotriene A4 hydrolase enzyme 
contains 610 amino acid residues and has a molecular weight of 69 KDa. In humans, the 
leukotriene A4 gene is localized to chromosome 12q22 as a single copy gene with 19 exons.  
The 5’ upstream region consists of several transcription consensus sequences including a 
phorbol ester response element and two xenobiotic response elements [1-3]. The enzyme 
usually resides in the cytosol, but was found to also localize to the nucleus in association 
with the proliferation of Type II alveolar cells [4]. Only leukotriene A4 has been known to 
bind with significant affinity to the leukotriene A4 hydrolase enzyme, whereas the isomers 
of leukotriene A4, leukotrienes A3 and A5, are known to bind to the substrate site with much 
lower affinity [5, 6]. Several site-directed mutagenesis studies demonstrated that Tyr-378, 
Glu-271, Asp-375, Arg-563, and Lys-565 play significant roles in the epoxide hydrolase 
activity of leukotriene A4 hydrolase [7-12]. High specificity of the leukotriene A4 lipid to the 
catalytic site also seems to modulate the enzymatic activity by covalently binding to the 
catalytic site, which results in inactivation of the enzyme [5, 6]. 
The leukotriene A4 hydrolase enzyme processes hydrolysis of leukotriene A4 to afford 
leukotriene B4. The biological activity of leukotriene B4 is dependent on a specific 
stereochemical configuration at carbon-12 and a specific geometric configuration of the 
olefin between carbon-6 and carbon-7. The leukotriene A4 hydrolase enzyme promotes 
stereoselective hydrolysis of leukotriene A4 by addition of water at carbon-12 to give the 12R 
adduct. The intermediate carbocation that is formed prior to hydrolysis is oriented by the 
enzyme to afford exclusively the 6Z olefin product. This catalytic hydrolysis performed by 
leukotriene A4 hydrolase is significant, because the leukotriene A4 lipid metabolite contains 
an unstable allylic epoxide that can undergo uncatalyzed hydrolysis. In this scenario, non-
enzymatic hydrolysis of the leukotriene A4 lipid results in the formation of 6E-leukotriene B4 
as a mixture of diastereomers at carbon-12 [13]. As shown in Figure 2, the olefin at carbon-6 
has the Z configuration and the carbon-12 stereocenter is defined as R for leukotriene B4. 
Under non-catalytic conditions, the olefin at carbon-6 is formed to give the E olefin, and the 
stereocenter at carbon-12 is formed to give a mixture of the R or S epimer. 
As compared to native leukotriene B4, both 6E-leukotriene B4 and the 12S epimer of 6E-
leukotriene B4 have demonstrated significantly reduced affinity for the leukotriene B4 
receptors in human leukocytes and guinea pig lungs [14, 15]. Sala and colleagues also 
demonstrated that a substantial amount of the leukotriene A4 metabolite can be released out 
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of the human polymorphonuclear leukocytes for transcellular biosynthetic processing [16]. 
In combination, this suggests that the conversion of leukotriene A4 to leukotriene B4 may 
play crucially important biological roles, and simple analysis of the total amount of 
leukotriene B4 produced at the local tissues cannot fully explain the observed phenotypes 
associated with these pathways. 
 

 
Fig. 2. Enzyme-catalyzed and uncatalyzed hydrolysis of LTA4. 

2.2 The dual catalytic activities of the leukotriene A4 hydrolase enzyme 
The leukotriene A4 hydrolase enzyme functions as either an epoxide hydrolase or 
aminopeptidase. As an aminopeptidase the enzyme efficiently catalyzes the hydrolysis of 
small peptides of three-amino acid length [17]. Leukotriene B4 is a potent neutrophil and 
monocyte chemo-attractant and activator, and therefore has been the subject of most 
discussions concerning leukotriene A4 hydrolase [18-21]. Leukotriene B4 is known to 
associate with two G protein-coupled seven transmembrane domain receptors, whose genes 
are located in very close proximity to each other in the human and mouse genomes [22]. 
This metabolite maintains important immune functions in the areas of defense and 
inflammatory diseases. It is an important intracellular messenger with numerous effector 
functions to stimulate immune responses. Leukotriene B4 promotes chemotaxis of several 
types of leukocytes (monocytes [21, 23-25], neutrophils [26-29], macrophages [20, 30-32], 
dendritic cells [18, 33]) which lead to the initiation of inflammatory responses at the site of 
local tissues. Leukotriene B4 subsequently promotes endothelial adhesion [34-37] and 
degranulation of toxic intracellular materials from the leukocytes [38-41]. Eventually, 
leukotriene B4 facilitates phagocytosis and clearing of the inciting foreign agents that 
initiated the inflammatory cascade [42-46]. Consistent with these biological observations, a 
variety of inflammatory diseases have been associated with the over-production of 
leukotriene B4. Some of these diseases are sepsis [47-50], shock [51, 52], cystic fibrosis [53-57], 
coronary artery disease [58-60] connective tissue disease [19, 61-65], and COPD [66-68]. 
The biosynthesis of leukotriene B4 is initiated by the conversion of arachidonic acid to 
leukotriene A4, which requires sequential actions by 5-lipoxygenase and 5-lipoxygenase 
activating protein. The 5-lipoxygenase enzyme and 5-lipoxygenase activating protein 
catalyze sequential reactions to produce the unstable metabolite leukotriene A4. The fate of 
leukotriene A4 is determined by either leukotriene C4 synthase, which conjugates 
glutathione to leukotriene A4 to form leukotriene C4 [69, 70], or leukotriene A4 hydrolase, 
which generates leukotriene B4 by its epoxide hydrolase activity [10, 29]. The 5-lipoxygenase 
enzyme has been mostly found in the leukocytes, and therefore, leukotriene B4 has been 
primarily found to be produced by leukocytes. However, the biosynthesis of leukotriene B4 
was also found to occur in the absence of 5-lipoxygenase. For example, in the cases of 
alveolar epithelial cells, due to the lack of 5-lipoxygenase, these cells cannot produce 
leukotriene A4, a mandatory precursor to leukotriene B4. However, when co-incubated with 
neutrophils, the alveolar epithelial cells were found to produce a measurable amount of 
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Fig. 1. The 5-lipoxygenase pathway. 

2.1 Properties of the leukotriene A4 hydrolase enzyme 
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Leukotriene A4 Hydrolase – An Evolving Therapeutic Target 255 

of the human polymorphonuclear leukocytes for transcellular biosynthetic processing [16]. 
In combination, this suggests that the conversion of leukotriene A4 to leukotriene B4 may 
play crucially important biological roles, and simple analysis of the total amount of 
leukotriene B4 produced at the local tissues cannot fully explain the observed phenotypes 
associated with these pathways. 
 

 
Fig. 2. Enzyme-catalyzed and uncatalyzed hydrolysis of LTA4. 
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The biosynthesis of leukotriene B4 is initiated by the conversion of arachidonic acid to 
leukotriene A4, which requires sequential actions by 5-lipoxygenase and 5-lipoxygenase 
activating protein. The 5-lipoxygenase enzyme and 5-lipoxygenase activating protein 
catalyze sequential reactions to produce the unstable metabolite leukotriene A4. The fate of 
leukotriene A4 is determined by either leukotriene C4 synthase, which conjugates 
glutathione to leukotriene A4 to form leukotriene C4 [69, 70], or leukotriene A4 hydrolase, 
which generates leukotriene B4 by its epoxide hydrolase activity [10, 29]. The 5-lipoxygenase 
enzyme has been mostly found in the leukocytes, and therefore, leukotriene B4 has been 
primarily found to be produced by leukocytes. However, the biosynthesis of leukotriene B4 
was also found to occur in the absence of 5-lipoxygenase. For example, in the cases of 
alveolar epithelial cells, due to the lack of 5-lipoxygenase, these cells cannot produce 
leukotriene A4, a mandatory precursor to leukotriene B4. However, when co-incubated with 
neutrophils, the alveolar epithelial cells were found to produce a measurable amount of 
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leukotriene B4. This was found to occur by transferring pre-made leukotriene A4 from 
neutrophils to the alveolar epithelial cells [71]. Therefore, the only enzyme that these 
alveolar epithelial cells require was the presence of intracellular leukotriene A4 hydrolase. 
This demonstrated that cells lacking 5-lipoxygenase could influence the total amount of 
leukotriene B4 in local tissues populated by the recruited leukocytes. As described above, 
this very mechanism can potentially alter the effects of this pathway by how the leukotriene 
A4 lipid is metabolized (i.e. enzymatic vs. non-enzymatic mechanisms). 
For the past several years, leukotriene A4 hydrolase has been known to carry two catalytic 
functions. One function is a well-characterized epoxide hydrolase activity described above 
and a poorly characterized aminopeptidase activity. The second catalytic site of the enzyme 
can bind short peptide sequences such as PGP, dynorphins, enkephalins, bestatin, and 
captopril [72-79]. The mammalian leukotriene A4 hydrolase enzyme is homologous to C. 
Elegans aminopeptidase-1, but the C. Elegans aminopeptidase-1 enzyme does not possess 
epoxide hydrolase activity [80]. A subsequent study has demonstrated that the mammalian 
aminopeptidase B enzyme shares significant homology with the leukotriene A4 hydrolase 
enzyme, but lacks epoxide hydrolase activity [81]. However, a clear understanding on the 
role of the aminopeptidase activity of leukotriene A4 has yet to be clarified. 

2.3 The possible significance of leukotriene A4 hydrolase aminopeptidase activity 
To date, studies addressing the aminopeptidase activity of the leukotriene A4 hydrolase 
enzyme remain sparse. This reflects the presumption that the leukotriene B4 metabolite 
alone is biologically relevant in human diseases associated with this enzyme. Naturally, all 
known pharmacological investigations to date have targeted only the epoxide hydrolase 
activity of the leukotriene A4 hydrolase enzyme rather than the aminopeptidase activity. 
Numerous in vitro and in vivo animal studies have demonstrated significant pathologies 
induced by the exaggerated activity of the epoxide hydrolase activity of the leukotriene A4 
hydrolase enzyme (Table 1). 
Pre-clinical animal modeling demonstrated that these findings are associated with cystic 
fibrosis, inflammatory bowel disease, chronic obstructive pulmonary disease, sepsis, 
asthma, adult respiratory distress syndrome, and atherosclerotic coronary artery disease [4, 
64, 89, 160-164]. Exaggerated levels of leukotriene B4 have also been found in patients with 
rheumatoid arthritis [65, 147], cystic fibrosis [57, 165], obstructive pulmonary diseases [68, 
166], sepsis [47, 107], adult respiratory distress syndrome [56, 132, 138-141], inflammatory 
bowel diseases [167, 168], and atherosclerosis [58]. These observations led to FDA clinical 
trials to target the epoxide hydrolase activity of the leukotriene A4 hydrolase enzyme and 
the leukotriene B4 metabolite with several pharmaceutical agents. Interestingly, these 
clinical trials in humans mostly failed to show similar beneficial effects in several diseases 
such as rheumatoid arthritis, cystic fibrosis, inflammatory bowel diseases, sepsis, and 
atherosclerosis [59, 84, 88, 99-102, 113, 114, 126, 128, 130, 148, 150, 151, 159, 169, 170]. 
There are two plausible explanations for the failure to translate the significant pathobiology 
of the leukotriene A4 hydrolase enzyme and leukotriene B4 found in less complex in vitro or 
in vivo animal models to more complex human systems. First, the entire leukotriene A4 
hydrolase enzyme pathway may not be suitable as a therapeutic target. Second, the non-
specific targeting to completely inhibit all activities of the leukotriene A4 hydrolase enzyme 
may not be appropriate because of the unknown but potentially important biological 
contribution by the aminopeptidase activity of the enzyme. Taken together, it becomes 
apparent that significant confusion and knowledge gaps exist on this matter as a result of 
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incomplete understanding of the biology of the aminopeptidase activity of the leukotriene 
A4 hydrolase enzyme. 
 
Human Disease Pre-Clinical Animal 

Models 
Observational or in 
vitro Human Studies 

Pharmaceutical Trials 

Cystic Fibrosis De Lisle[116] 
Tetaert[117] 
van Heeckeren[100, 
118] 

Daryadel[119] 
Lawrence[54, 55, 120] 
O'Driscoll[56] 
Cromwell[57] 

Schmitt-
Grohe(BLTR)[99] 
Panchaud(LTA4H) [100] 

Inflammatory 
Bowel Diseases 

Habib[83] 
Stenson[121] 
Bailon[122] 
Nancey[123] 
Murthy[124] 

Ikehata[125] 
Kjeldsen[126] 
Cole[127] 
Casellas[128] 
Pavlenko[129] 

Roberts(5-LO)[101] 
Hawkey(5-LO)[102] 
Rask-Madsen(5-
LO)[103] 
McCall(LTA4H)[104] 

Sepsis Hartiala[50] 
Mack[130] 
Doi[49] 
Rasmussen[131] 
Marshall[132] 
Rios-Santos[133] 

Tavares-Murta[47] 
Alves-Filho[91] 
Arraes[134] 
Ball[135] 
Nakae[136] 
Takakuwa[137, 138] 

Winning(BLTR)[105] 

Obstructive 
Lung Disease 

Freisch[139] 
Taki[140] 
Johnson[141] 
Turner[142] 
Henderson[143] 
Fretland[144] 

O'Driscoll[56] 
Payan[145] 
Tanno[146] 
Wardlaw[147] 
Radeau[148] 
Koh[149] 

Arm(LTA4H)[107] 

ARDS Thomsen[150] 
Sprague[93, 151] 
Goldman[152] 
Czarnetzki[153] 
Hicks[154] 
Furue[155] 

O'Driscoll[56] 
Davis[92] 
Sprague[93] 
Czarnetzki[94] 
Schonfeld[95] 
Loick[96] 

 

Rheumatoid 
Arthritis 

Suarez[156] 
Fretland[144, 157] 
Grespan[61] 

Sperling[19, 65, 158] 
Nielsen[159] 
Elmgreen[160] 
Smith[88, 112] 

Diaz-
Gonzalez(BLTR)[113] 
Alten(BLTR)[114] 

Atherosclerosis Hagihara[161] 
Amsterdam[162] 
Senoh[163] 

Qiu[164] 
Dwyer[165] 
Elgebaly[166] 
Hakonarson[59] 
Maznyczka[58] 
Back[167] 

Tardif(5-LO)[115] 
Hakonarson(FLAP)[59] 

Table 1. Representative review of literature on pre-clinical and clinical studies targeting 
LTB4. References in the “Pharmaceutical Trial” column are matched with the LTB4 
associated pharmaceutical targets. LTA4H = LTA4 hydrolase. BLTR = LTB4 Receptor. 5-LO = 
5-Lipoxygenase. FLAP = 5-Lipoxygenase Activating Protein. 
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leukotriene B4. This was found to occur by transferring pre-made leukotriene A4 from 
neutrophils to the alveolar epithelial cells [71]. Therefore, the only enzyme that these 
alveolar epithelial cells require was the presence of intracellular leukotriene A4 hydrolase. 
This demonstrated that cells lacking 5-lipoxygenase could influence the total amount of 
leukotriene B4 in local tissues populated by the recruited leukocytes. As described above, 
this very mechanism can potentially alter the effects of this pathway by how the leukotriene 
A4 lipid is metabolized (i.e. enzymatic vs. non-enzymatic mechanisms). 
For the past several years, leukotriene A4 hydrolase has been known to carry two catalytic 
functions. One function is a well-characterized epoxide hydrolase activity described above 
and a poorly characterized aminopeptidase activity. The second catalytic site of the enzyme 
can bind short peptide sequences such as PGP, dynorphins, enkephalins, bestatin, and 
captopril [72-79]. The mammalian leukotriene A4 hydrolase enzyme is homologous to C. 
Elegans aminopeptidase-1, but the C. Elegans aminopeptidase-1 enzyme does not possess 
epoxide hydrolase activity [80]. A subsequent study has demonstrated that the mammalian 
aminopeptidase B enzyme shares significant homology with the leukotriene A4 hydrolase 
enzyme, but lacks epoxide hydrolase activity [81]. However, a clear understanding on the 
role of the aminopeptidase activity of leukotriene A4 has yet to be clarified. 

2.3 The possible significance of leukotriene A4 hydrolase aminopeptidase activity 
To date, studies addressing the aminopeptidase activity of the leukotriene A4 hydrolase 
enzyme remain sparse. This reflects the presumption that the leukotriene B4 metabolite 
alone is biologically relevant in human diseases associated with this enzyme. Naturally, all 
known pharmacological investigations to date have targeted only the epoxide hydrolase 
activity of the leukotriene A4 hydrolase enzyme rather than the aminopeptidase activity. 
Numerous in vitro and in vivo animal studies have demonstrated significant pathologies 
induced by the exaggerated activity of the epoxide hydrolase activity of the leukotriene A4 
hydrolase enzyme (Table 1). 
Pre-clinical animal modeling demonstrated that these findings are associated with cystic 
fibrosis, inflammatory bowel disease, chronic obstructive pulmonary disease, sepsis, 
asthma, adult respiratory distress syndrome, and atherosclerotic coronary artery disease [4, 
64, 89, 160-164]. Exaggerated levels of leukotriene B4 have also been found in patients with 
rheumatoid arthritis [65, 147], cystic fibrosis [57, 165], obstructive pulmonary diseases [68, 
166], sepsis [47, 107], adult respiratory distress syndrome [56, 132, 138-141], inflammatory 
bowel diseases [167, 168], and atherosclerosis [58]. These observations led to FDA clinical 
trials to target the epoxide hydrolase activity of the leukotriene A4 hydrolase enzyme and 
the leukotriene B4 metabolite with several pharmaceutical agents. Interestingly, these 
clinical trials in humans mostly failed to show similar beneficial effects in several diseases 
such as rheumatoid arthritis, cystic fibrosis, inflammatory bowel diseases, sepsis, and 
atherosclerosis [59, 84, 88, 99-102, 113, 114, 126, 128, 130, 148, 150, 151, 159, 169, 170]. 
There are two plausible explanations for the failure to translate the significant pathobiology 
of the leukotriene A4 hydrolase enzyme and leukotriene B4 found in less complex in vitro or 
in vivo animal models to more complex human systems. First, the entire leukotriene A4 
hydrolase enzyme pathway may not be suitable as a therapeutic target. Second, the non-
specific targeting to completely inhibit all activities of the leukotriene A4 hydrolase enzyme 
may not be appropriate because of the unknown but potentially important biological 
contribution by the aminopeptidase activity of the enzyme. Taken together, it becomes 
apparent that significant confusion and knowledge gaps exist on this matter as a result of 
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incomplete understanding of the biology of the aminopeptidase activity of the leukotriene 
A4 hydrolase enzyme. 
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Table 1. Representative review of literature on pre-clinical and clinical studies targeting 
LTB4. References in the “Pharmaceutical Trial” column are matched with the LTB4 
associated pharmaceutical targets. LTA4H = LTA4 hydrolase. BLTR = LTB4 Receptor. 5-LO = 
5-Lipoxygenase. FLAP = 5-Lipoxygenase Activating Protein. 
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2.4 Emerging data on the leukotriene A4 hydrolase aminopeptidase activity 
New findings from the murine model of influenza pneumonia have demonstrated that the 
aminopeptidase activity of the leukotriene A4 hydrolase enzyme was necessary and crucial 
in the resolution phase of neutrophilic inflammation induced by intranasal influenza 
exposure [73]. An investigation was undertaken to explain how murine lungs clear 
neutrophilic inflammation induced by intra-nasal influenza exposure in association with the 
previously discovered tri-amino acid chemotactic peptide called PGP [72]. These studies 
demonstrated that timely resolution of neutrophilic infiltration into the lungs occur in 
parallel with degradation of a simple tri-peptide sequence, PGP. Further analysis of this 
murine model demonstrated that the leukotriene A4 hydrolase enzyme was the major 
aminopeptidase enzyme that degraded PGP, and this degradation of PGP by the 
aminopeptidase activity of the leukotriene A4 hydrolase enzyme was crucial to resolve acute 
neutrophilic infiltration into the lungs post influenza exposure. These findings were 
recapitulated in an in vivo murine model by confirming paradoxically increased neutrophil 
infiltration into the lungs of the leukotriene A4 hydrolase -/- mice post influenza exposure. 
This was presumed to occur in the setting of decreased PGP degradation and clearance as 
compared to wild-type mice. 
These studies by Blalock and co-workers were the first to demonstrate an important 
biological function performed by the aminopeptidase activity of the leukotriene A4 
hydrolase enzyme in association with neutrophilic inflammation. These studies were also 
the first to demonstrate PGP as a natural biological substrate to the aminopeptidase catalytic 
site of the leukotriene A4 hydrolase enzyme. Subsequently, Barber and colleagues reported 
that the enzyme producing PGP, prolyl endopeptidase, made important contribution to 
cigarette smoke-induced pulmonary emphysema in a murine model [174]. Xu and 
colleagues reported that the prolonged presence of PGP may also contribute to lung tissue 
destruction in cystic fibrosis patients by PGP secretion leading to CXCR1 and CXCR2, 
receptor activation, exaggerated influx of neutrophils and chemotaxis into the lungs [171]. 

3. Structural biology 
The leukotriene A4 hydrolase enzyme is a fairly large (69 KDa) cytosolic protein. Its 
solubility likely facilitated crystallization of the enzyme, which allowed for high resolution 
X-ray crystallographic structure elucidation [176]. The endogenous ligand for leukotriene A4 
hydrolase is leukotriene A4, and unstable epoxide-containing lipid derived from arachidonic 
acid. As mentioned previously, the leukotriene A4 lipid is known to undergo two possible 
transformations as follows. First, stereoselective hydrolysis at C-12 is mediated by the 
leukotriene A4 hydrolase enzyme to give leukotriene B4. Second, leukotriene C4 synthase 
catalyzes the conjugation of glutathione to give leukotriene C4. Although leukotriene A4 
hydrolase and leukotriene C4 synthase both recognize leukotriene A4 as an endogenous 
substrate, they share very little similarity. The 3-dimensional crystal structure of leukotriene 
C4 synthase resembles glutathione transferase enzymes as was expected on the basis of its 
primary structure and catalytic activity [177, 178]. On the other hand, leukotriene A4 
hydrolase is a cytosolic protein and catalyzes the hydrolysis of leukotriene A4 to leukotriene 
B4. Leukotriene A4 hydrolase was found to be homologous to enzymes that exhibit 
aminopeptidase activity, and indeed leukotriene A4 was also found to catalyze the 
hydrolysis of short peptides [17]. Both leukotrienes B4 and C4 are responsible for 
inflammatory responses, and therefore previous pharmacological efforts have targeted these 
metabolites. However, recent literature suggests that the mostly uncharacterized 
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aminopeptidase activity of the leukotriene A4 hydrolase enzyme might also be a key player 
in inflammatory responses. In this section, we will review the structural elements that 
contribute to substrate binding and enzymatic processing by leukotriene A4 hydrolase. 

3.1 The structure of the leukotriene A4 hydrolase enzyme 
In 2001, Haeggström and co-workers published a high-resolution X-ray crystal structure of 
the leukotriene A4 hydrolase enzyme in complex with bestatin, a competitive inhibitor [176]. 
Over the past 10 years, X-ray crystallography of the leukotriene A4 hydrolase enzyme has 
become commonplace, and over 40 subsequent structures of the enzyme in complex with a 
variety of ligands have been published [10-12, 78, 179-182]. The abundance of crystal 
structures with high resolution (< 3.0 Å) of the leukotriene A4 hydrolase enzyme has 
enabled detailed understanding of its molecular mechanisms in substrate binding and 
processing. Nevertheless, a very intriguing feature of the dual activity of the enzyme can be 
realized by a simple 2-dimensional comparison of the conversion of leukotriene A4 to 
leukotriene B4 and the hydrolysis of short peptides such as proline-glycine-proline (PGP). 
 

 
Fig. 3. A 2-dimensional analysis of leukotriene A4 hydrolase-mediated hydrolysis. 

As shown in Figure 3, the common group in both substrates is the carboxylic acid moiety, 
which are highlighted in red. Extension of the molecule beginning from the carboxylic acid 
moiety shows that the cleavage site of the peptide aligns with the site for epoxide ring 
opening, which suggests that enzyme activation occurs in this region. However, hydrolysis 
of the peptide occurs directly at the site of cleavage, whereas hydrolysis of leukotriene A4 
occurs 6 atoms away at carbon-12 to give leukotriene B4. The binding pocket of the enzyme 
can be labeled using the nomenclature devised by Schechter and Berger to describe protease 
subsites [183]. Thus, the N-terminal proline residue that is proximal to the site of hydrolysis 
is labeled P1’ (P for peptide) and resides in the S1’ subsite of the enzyme. The 2-dimensional 
analysis in Figure 3 places the epoxide group of leukotriene A4 slightly toward the C-
terminus side of the scission site, which is labeled the S1’ subsite of the enzyme. Therefore, 
peptide cleavage and epoxide ring opening appear to occur in the same region in the S1’ 
subsite of the enzyme. However, whereas hydrolysis of the peptide occurs directly at the 
scission site in the S1’ subsite, hydrolysis of leukotriene A4 occurs ~6 atoms away at carbon-
12 in what would be the S2 subsite for extended peptide substrates. 
A more sophisticated analysis of the binding pocket of the leukotriene A4 hydrolase enzyme 
can be delineated from structures elucidated by X-ray crystallography. As mentioned above, 
X-ray crystallography of the leukotriene A4 hydrolase enzyme has become commonplace 
and gives intricate details about substrate binding. Currently, there are 44 solved crystal 
structures of the enzyme deposited in the Protein Data Bank (PDB) [184]. Structural studies 
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2.4 Emerging data on the leukotriene A4 hydrolase aminopeptidase activity 
New findings from the murine model of influenza pneumonia have demonstrated that the 
aminopeptidase activity of the leukotriene A4 hydrolase enzyme was necessary and crucial 
in the resolution phase of neutrophilic inflammation induced by intranasal influenza 
exposure [73]. An investigation was undertaken to explain how murine lungs clear 
neutrophilic inflammation induced by intra-nasal influenza exposure in association with the 
previously discovered tri-amino acid chemotactic peptide called PGP [72]. These studies 
demonstrated that timely resolution of neutrophilic infiltration into the lungs occur in 
parallel with degradation of a simple tri-peptide sequence, PGP. Further analysis of this 
murine model demonstrated that the leukotriene A4 hydrolase enzyme was the major 
aminopeptidase enzyme that degraded PGP, and this degradation of PGP by the 
aminopeptidase activity of the leukotriene A4 hydrolase enzyme was crucial to resolve acute 
neutrophilic infiltration into the lungs post influenza exposure. These findings were 
recapitulated in an in vivo murine model by confirming paradoxically increased neutrophil 
infiltration into the lungs of the leukotriene A4 hydrolase -/- mice post influenza exposure. 
This was presumed to occur in the setting of decreased PGP degradation and clearance as 
compared to wild-type mice. 
These studies by Blalock and co-workers were the first to demonstrate an important 
biological function performed by the aminopeptidase activity of the leukotriene A4 
hydrolase enzyme in association with neutrophilic inflammation. These studies were also 
the first to demonstrate PGP as a natural biological substrate to the aminopeptidase catalytic 
site of the leukotriene A4 hydrolase enzyme. Subsequently, Barber and colleagues reported 
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aminopeptidase activity of the leukotriene A4 hydrolase enzyme might also be a key player 
in inflammatory responses. In this section, we will review the structural elements that 
contribute to substrate binding and enzymatic processing by leukotriene A4 hydrolase. 

3.1 The structure of the leukotriene A4 hydrolase enzyme 
In 2001, Haeggström and co-workers published a high-resolution X-ray crystal structure of 
the leukotriene A4 hydrolase enzyme in complex with bestatin, a competitive inhibitor [176]. 
Over the past 10 years, X-ray crystallography of the leukotriene A4 hydrolase enzyme has 
become commonplace, and over 40 subsequent structures of the enzyme in complex with a 
variety of ligands have been published [10-12, 78, 179-182]. The abundance of crystal 
structures with high resolution (< 3.0 Å) of the leukotriene A4 hydrolase enzyme has 
enabled detailed understanding of its molecular mechanisms in substrate binding and 
processing. Nevertheless, a very intriguing feature of the dual activity of the enzyme can be 
realized by a simple 2-dimensional comparison of the conversion of leukotriene A4 to 
leukotriene B4 and the hydrolysis of short peptides such as proline-glycine-proline (PGP). 
 

 
Fig. 3. A 2-dimensional analysis of leukotriene A4 hydrolase-mediated hydrolysis. 

As shown in Figure 3, the common group in both substrates is the carboxylic acid moiety, 
which are highlighted in red. Extension of the molecule beginning from the carboxylic acid 
moiety shows that the cleavage site of the peptide aligns with the site for epoxide ring 
opening, which suggests that enzyme activation occurs in this region. However, hydrolysis 
of the peptide occurs directly at the site of cleavage, whereas hydrolysis of leukotriene A4 
occurs 6 atoms away at carbon-12 to give leukotriene B4. The binding pocket of the enzyme 
can be labeled using the nomenclature devised by Schechter and Berger to describe protease 
subsites [183]. Thus, the N-terminal proline residue that is proximal to the site of hydrolysis 
is labeled P1’ (P for peptide) and resides in the S1’ subsite of the enzyme. The 2-dimensional 
analysis in Figure 3 places the epoxide group of leukotriene A4 slightly toward the C-
terminus side of the scission site, which is labeled the S1’ subsite of the enzyme. Therefore, 
peptide cleavage and epoxide ring opening appear to occur in the same region in the S1’ 
subsite of the enzyme. However, whereas hydrolysis of the peptide occurs directly at the 
scission site in the S1’ subsite, hydrolysis of leukotriene A4 occurs ~6 atoms away at carbon-
12 in what would be the S2 subsite for extended peptide substrates. 
A more sophisticated analysis of the binding pocket of the leukotriene A4 hydrolase enzyme 
can be delineated from structures elucidated by X-ray crystallography. As mentioned above, 
X-ray crystallography of the leukotriene A4 hydrolase enzyme has become commonplace 
and gives intricate details about substrate binding. Currently, there are 44 solved crystal 
structures of the enzyme deposited in the Protein Data Bank (PDB) [184]. Structural studies 
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of the leukotriene A4 hydrolase enzyme continue to be the subject of active research with 9 
crystal structures released to the PDB in the past year. Most of the published structures 
contain a co-crystallized substrate. Drug discovery efforts by deCODE Genetics, an Iceland-
based pharmaceutical company, utilized the facility in which the leukotriene A4 hydrolase 
enzyme could be co-crystallized with small molecule substrates to identify molecular 
fragments that could be pieced together to design a new drug [181, 182]. 
 

 
A B C 

Fig. 4. The binding pocket of LTA4H. 

A 3-dimensional analysis of the binding pocket of leukotriene A4 hydrolase was rendered 
using the Visual Molecular Dynamics (VMD) software package (Figure 4A) [184]. Several 
crystal structures of the leukotriene A4 hydrolase enzyme containing small molecular 
fragments were aligned, and then the ligands were displayed. The ligands shown in blue 
occupy an L-shaped binding pocket with the zinc atom centered between the two regions. A 
2-dimensional schematic of the putative binding mode for leukotriene A4 is presented in 
Figure 4B. For comparison, a schematic of a transition-state analog of a tripeptide, which 
was co-crystallized with leukotriene A4 hydrolase, is shown in Figure 4C [180]. 
The X-ray crystal structure of the leukotriene A4 hydrolase enzyme demonstrates three 
distinct binding regions. The S1’ subsite is located within the C-terminal domain binding 
region and the S2 subsite resides within the N-terminal domain binding region. The catalytic 
domain contains the zinc atom, which anchors the two flanking C-terminal and N-terminal 
domains. The binding pocket is made up of a narrow hydrophobic cavity that is ~6-7 Å 
wide by ~15 Å deep [176]. The depth of the pocket is an important aspect with regards to 
binding leukotriene A4, which must extend into the S2 pocket with a long aliphatic chain. 
The reaction mechanism for hydrolysis by the leukotriene A4 hydrolase enzyme involves 
activation of the epoxide of leukotriene A4, or the amide carbonyl group of a small peptide, 
by the weakly Lewis acidic zinc atom. The oxidation state of the zinc atom is +2 and 
complexes with bestatin with a trigonal bipyramidal geometry [176]. Removal of the zinc 
atom by treatment with 1,10-phenanthroline results in loss of enzymatic activity. The 
catalytic activity of the enzyme is restored when treated with a stoichiometric amount of 
Zn2+. The Zn2+ cation can be exchanged for a Co2+ cation, also a weakly Lewis acidic 
transition metal ion, to give a functional leukotriene A4 hydrolase enzyme [185]. 
Presumably, coordination of the epoxide of leukotriene A4 results in formation of a 
resonance-stabilized carbocation between carbons 6 and 12. The shape of the cavity 
apparently drives hydrolysis at the C-12 position mediated by Asp375 to give exclusively 
the R configuration and an E olefin between carbons 6 and 7 (Figure 5A). 
On the basis of the structure of RB3041 (see Figure 4C) co-crystallized with the leukotriene 
A4 hydrolase enzyme, peptide hydrolysis appears to occur by activation of the carbonyl 
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group of the P1 amide bond (Schechter and Berger nomenclature) followed by addition of 
water by Glu296 to give the tetrahedral intermediate. Subsequent decomposition of the 
tetrahedral intermediate releases the free carboxylic acid and free amine (Figure 5B) [186]. 
 

     
A B 

Fig. 5. Reaction mechanism for hydrolysis by the leukotriene A4 hydrolase enzyme. 

3.2 The history of leukotriene A4 hydrolase inhibitors 
As noted in these reaction mechanisms, inhibition of leukotriene A4 hydrolysis by chelation 
with the zinc atom will inevitably lead to inhibition of aminopeptidase function. Inhibition 
of the leukotriene A4 hydrolase enzyme was motivated by the potential clinical utility that 
could be realized by reducing the biosynthesis of the leukotriene B4 metabolite. Therefore, 
initial efforts to design leukotriene A4 hydrolase inhibitors focused on analogs of the lipid 
substrate (Figure 6). Prescott first reported that eicosapentaenoic acid, an omega-3 fatty acid, 
inhibited leukotriene B4 biosynthesis in a dose-responsive manner [187]. Leukotriene A3, 
derived from metabolism of exogenously added 5,8,11-eicosatrienoate, also known as mead 
acid, was then found to also inhibit leukotriene A4 hydrolase [5, 188]. Shimizu and co-
workers then reported the effect of a series of leukotriene A4 analogs on the leukotriene A4 
hydrolase enzyme. Their work demonstrated that an appropriately positioned allylic 
epoxide is sufficient for inhibition of the enzyme. However, their study suggested that the 
free carboxylic acid moiety, the 5,6-epoxide, and the (7E,9E,11Z,14Z)-tetraene structure of 
the leukotriene A4 substrate were all required components for binding to the enzyme [6]. 
 

 
Fig. 6. First discovered inhibitors of the leukotriene A4 hydrolase enzyme. 

On the basis of the aminopeptidase activity of the leukotriene A4 hydrolase enzyme, Orning 
and co-workers realized that the general metallohydrolase inhibitor bestatin was also a 
potent inhibitor of the leukotriene A4 hydrolase enzyme [79]. Subsequent studies revealed 
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fragments that could be pieced together to design a new drug [181, 182]. 
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group of the P1 amide bond (Schechter and Berger nomenclature) followed by addition of 
water by Glu296 to give the tetrahedral intermediate. Subsequent decomposition of the 
tetrahedral intermediate releases the free carboxylic acid and free amine (Figure 5B) [186]. 
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On the basis of the aminopeptidase activity of the leukotriene A4 hydrolase enzyme, Orning 
and co-workers realized that the general metallohydrolase inhibitor bestatin was also a 
potent inhibitor of the leukotriene A4 hydrolase enzyme [79]. Subsequent studies revealed 
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that the enzyme is also sensitive to captopril (Figure 7), an inhibitor of the angiotensin-
converting enzyme (ACE) [79]. 
 

 
Fig. 7. Examples of zinc-chelating inhibitors of the leukotriene A4 hydrolase enzyme. 

The mechanism of captopril inhibition of the leukotriene A4 hydrolase enzyme likely 
involves chelation to the zinc atom via its sulfhydryl group. Strategies to target the 
leukotriene A4 hydrolase enzyme on the basis of zinc chelation has led to some of the most 
potent inhibitors known for the enzyme [189]. As expected on the basis of a shared binding 
mode in the enzyme, the aminopeptidase inhibitors also inhibit the epoxide hydrolase 
activity of the leukotriene A4 hydrolase enzyme. 
Despite the impressive potencies achieved with zinc-chelating agents, selective inhibition of 
the leukotriene A4 hydrolase enzyme over other zinc-containing aminopeptidases remained 
a challenge [189]. Therefore, most of the current inhibitors of the leukotriene A4 hydrolase 
enzyme are derived from the scaffold provided by Penning and co-workers. Optimization of 
SC-22716, a lead compound identified through the Monsanto Structure-Activity Screening 
Program, identified important structural motifs for inhibition of leukotriene A4 hydrolase 
without a zinc-chelating component. These inhibitors contain a bis-aryl substituent, a two-
carbon linker, and an amine (or nitrogen atom-containing heterocycle) substituent [190]. The 
large number of inhibitors derived from Penning’s work has recently afforded an efficient in 
silico pharmacophore model for identification of new inhibitors of the leukotriene A4 
hydrolase enzyme by virtual screening (Figure 8). In this model, the chemical features that 
make up the best pharmacophore includes a hydrogen bond acceptor (HBA), a hydrophobic 
region (HYP), and two ring-aromatic regions [191]. 
 

 
 

A B 

Fig. 8. A. Non-chelating inhibitors [189]. B. In silico pharmacophore model [191]. 

3.3 Contemporary approach in targeting the leukotriene A4 hydrolase enzyme 
The most advanced leukotriene A4 hydrolase inhibitor in clinical trials is a small molecule 
developed by deCODE Genetics and named DG-051 (Figure 9). As described earlier, 
deCODE Genetics underwent an impressive fragment-based screening program using X-ray 
crystallography to design new inhibitors of the leukotriene A4 hydrolase enzyme. Their 
efforts afforded molecules that fit the pharmacophore model derived from Penning’s work. 
However, the use of X-ray crystallography unveiled a potential interaction with the zinc 
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atom that could be achieved with an extended carboxylic acid substituent. Addition of a 
carboxylic acid moiety allowed for optimization of other important physicochemical 
properties such as solubility for oral administration [181, 182]. Building upon the pre-clinical 
findings, which demonstrated the pathogenic roles of the leukotriene A4 hydrolase epoxide 
hydrolase activity, DG-051 is now at an advanced stage of FDA clinical trial as a therapy for 
preventing atherosclerosis. 
 

Fig. 9. Structure of DG-051. 

Exploitation of the newly found biology of the aminopeptidase activity of the leukotriene A4 
hydrolase enzyme is the subject of current research efforts. A reported strategy targets the 
biological role of PGP as a CXCR1/CXCR2 activating ligand in the process of neutrophil 
chemotaxis [73]. One approach is to inhibit the prolyl endopeptidase enzyme or 
metalloproteinase-8 in order to reduce endogenous bio-production of PGP [171, 174]. A 
second approach is to target neutrophil chemotaxis by creating a synthetic PGP analog, 
which would emulate the N-terminus of interleukin-8 but antagonize the CXCR1/CXCR2 
receptors [173]. These two pharmaceutical strategies would mitigate deleterious neutrophil 
chemotaxis in various states of human diseases. 

4. Conclusion 
The leukotriene A4 hydrolase enzyme has been a center of intense biological investigations 
for several decades.  The relevance of the leukotriene A4 hydrolase enzyme in human 
diseases has proved to be substantial, but pharmaceutical attempts to exploit this pathway 
have been disappointing. The aminopeptidase activity of the leukotriene A4 hydrolase 
enzyme was recently found to be an important factor in human diseases. Attempts to exploit 
the biology of the leukotriene A4 hydrolase enzyme is actively ongoing and is certainly 
expected to continue in the foreseeable future. This review has considered both the classical 
and new understandings of the biology of the leukotriene A4 hydrolase enzyme, and it is 
reasonable to conclude that both catalytic functions of the enzyme (i.e. epoxide hydrolase 
and aminopeptidase activities) need to be carefully considered for pharmaceutical 
investigations targeting this enzyme. Taken together, the leukotriene A4 hydrolase enzyme 
and the leukotriene B4 associated pathways are sure to remain an important topic of 
discussion in the arenas of drug discovery for years to come. 
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1. Introduction 
There is a general agreement (belief) that lipids are the pivotal element in inflammatory 
disease. One of the most studied topics is the connection between lipid oxidation and 
cardiovascular disease. In a very recent review, the introductory paragraphs states, after 
resuming the elements of the inflammatory response starting with stimulated endothelium 
displaying adhesive molecules for circulating leucocytes, lipid oxidation products formed 
by virtually every vascular cell type participate in orchestrating these processes and the 
inflammatory process is actively limited by activation of a resolution phase, often via 
generation of structurally specific oxidized lipids whose function is to orchestrate resolution 
of inflammation (McIntyre & Hazen 2010).  
Most of the knowledge involving lipid oxidation comes from “in vitro” studies and on 
supplementation trials with antioxidants like vitamins and anti-inflammatory drugs. Vitamins 
E and C are considered dietary antioxidants although mostly ex vivo measurements of lipid 
peroxidation have been performed (Hillstrom et al. 2003; Heinecke 2001). Quantifying “in 
vivo” lipid oxidation is not easy and several biomarkers of lipid peroxidation has been used 
like F2-isoprostanes, considered the most accurate way to measure oxidative stress “in vivo”, 
and as a risk factor for atherosclerosis and other diseases (Lawson et al. 1999). 
The secondary products of lipid peroxidation (LPO) the reactive carbonyl compounds, modify 
biologically essential molecules such as proteins and DNA bases (Yuan et al. 2006). Thus lipid 
oxidation processes in biological tissues may be more complicated since they contain a 
plethora of carbohydrates, proteins and lipids forming a complex matrix. In tissues, lipid 
oxidation can cause protein oxidation due to close interactions between lipids and proteins. 
LPO “in vivo” has been implicated as the underlying mechanisms in numerous disorders and 
diseases such as cardiovascular diseases, cancer, neurological disorders, and aging.  
Thus, when oxidative stress biomarkers are evaluated protein oxidation deserves 
consideration. 

2. Protein oxidation  
In the next paragraphs I will analyze several works about protein oxidation “in vitro” 
(incubation in test tubes, cells systems, perfusion, foods) and “in vivo” (disease epidemiology 
and animal models mostly) with the intention of stressing similarities and differences between 
them. The next table is an outline of the literature reviewed in points 2.1 and 2.2. 
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Protein oxidation 
“in vitro” 

Characteristis of the 
model employed 

Main observation 

(Batthyány et al. 
2000) 

Copper binding to 
apolipoprotein B-100 is 
necessary for oxidation 

Formation of protein-tryptophanyl 
radicals 

(Yang et al. 1997) LDL treated with HOCL Selective process of modification of 
apoB-100 by HOCL 

(Hedrick et al. 
2000) 

Incubation of HDL under 
hyperglycaemic conditions  

Changes in HDL caused by 
hyperglycaemia contribute to  
accelerated atherosclerosis 

(Chantepie et al. 
2009) 

HDL treated with HOCL Small, dense HDL less susceptible to 
oxidative modification 

(Sigalov & Stern 
2001) 

Reconstituted HDL containing 
oxidized apo A-I  

Destabilization of the oxidized protein 
to denaturation  

(Chen et al. 2007) Polyphenolics  in the Cu(2+)-
induced generation of 
conjugated dienes of LDL 

Polyphenolics  reduce oxidation  of 
apoB-100 

(Arai & Nakamura 
2004) 

VLDL oxidation induced by 
peroxyl radicals and 
peroxynitrite 

Ascorbic acid protects apolipoprotein E 
of oxidation 

(Jedidi et al. 2003) LDL oxidation was mediated 
by water gamma radiolysis 

(*)OH initiate oxidation leading to apob 
carbonylation in presence of 
aminoguanidine 

(Roland et al. 
2001) 

LDL and Cu(2+) Flavonoids myricetin, quercetin, and 
catechin decreased copper binding to 
LDL 

(Patterson et al. 
2003) 

LDL, human serum 
ultrafiltrate of Mr below 500 
and hydroperoxide or Cu(2+) 

Low Cu(2+) inhibit tocopherol induced 
oxidation in LDL, promote breakdown 
of lipid hydroperoxides into radicals 

(Makedou et al. 
2009) 

Copper-induced Low-density 
lipoprotein (LDL) oxidizability

Progeny with a positive family history 
for  hyperlipidemia have increased LDL 
susceptibility to oxidation 

(Hockerstedt et al. 
2004) 

Copper-induced oxidation of 
purified HDL 

LCAT causes estradiol esterification and 
thus provide antioxidant protection to 
HDL 

(Moreno & Fuster 
2004) 

LDL oxidation susceptibility to 
Cu(2+) 

Apolipoprotein E polymorphism 
partially explain differences in 
individual responses to diet 

(Popa et al. 2009) HDL ability to inhibit copper-
induced oxidation of low-
density lipoprotein (LDL) 

Infliximab has beneficial effects on 
lipids through changes in HDL 
antioxidative capacity 

(Deakin et al. 
2002) 

Transfection of CHO cells, did 
not co-secretate apo A-I and 
lipids leading to formation of 

Accumulation of PON1 in cell mem-
brane was not influenced by the ability 
of the cell to co-secrete of apoA-I 
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HDL-like complexes 
(Allen & Jandeleit-
Dahm 2005) 

Review Recognised metabolic abnormalities 
upregulation of advanced glycation 
endproducts, renin-angiotensin system, 
oxidative stress associated with diabetes 

(Shao et al. 2010) Revision Biochemical studies implicated tyrosine 
chlorination and methionine 
oxygenation in the loss of ABCA1 and 
LCAT activity by oxidized apoA-I 

(Obama et al. 
2007) 

Copper-induced oxLDL Histidine residue modified by 4-
hydroxynonenal, a major lipid 
peroxidation product, oxidized 
histidine and tryptophan residues 

(Suc et al. 2003) Tyrosylation of high-density 
lipoprotein 

HDLT competes with oxidized and 
acetylated LDL, ligands of scavenger 
receptor class B type I/II 

(Zarev et al. 2002) LDL oxidation induced in vitro 
by copper and *OH/O*(2)(-) 
free radicals generated by 
gamma-radiolysis 

Apolipoprotein B carbonylated 
fragmentation not detected during the 
lag phase of copper-oxidized LDL but 
detected during the propagation phase 

(Edelstein et al. 
2001) 

Oxidation of LDL by Cu(2)+ or 
the combined phospholipase 
A2 and lipoxygenase system 

Apo[a] but not apoB-100 resists 
oxidative fragmentation,  apoB-100 can 
be degraded by enzymes and oxidation 

(Gao et al. 2008) Copper and hypochlorite 
(prefer´-entially oxidize lipids 
or proteins, respectively) 
oxidation of HDL

Mild oxidation favor HDL remodeling 
due to diminished apolipoprotein 
affinity for lipids due to oxidation of 
methionine and aromatic residues 

(Gomes et al. 2002) Beta 2-Glycoprotein I (beta 2 
GPI), macrophage uptake of 
particles with 
phosphatidylserine containing 
surfaces, and unilamellar 
vesicles  

Particle uptake in the presence of beta 2 
GPI is coupled to an inhibition of 
reactive species production by liver 
macrophagest 

(Jolivalt et al. 2000) Myeloperoxidase oxidative 
system 

Oxidation of apo E decreases its 
incorporation into phospholipid discs 
by approximately 50%

(Van Antwerpen 
et al. 2006; Van 
Antwerpen et al. 
2005) 

LDL oxidation by 
myeloperoxidase 

Thiol-containing molecules such as 
glutathione, captopril, and N-
acetylcysteine (NAC) and its lysinate 
salt (NAL) 

Protein oxidation
“in vivo” 

Characteristis of the model 
employed Main observation 

(Hershfield et al. 
2010) 

Erythrocytes Urate is not a major factor controlling 
oxidative stress in vivo 

(Janatuinen et al. Young adults with Type 1 Pravastatin decreased LDL oxidation; 
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Mild oxidation favor HDL remodeling 
due to diminished apolipoprotein 
affinity for lipids due to oxidation of 
methionine and aromatic residues 

(Gomes et al. 2002) Beta 2-Glycoprotein I (beta 2 
GPI), macrophage uptake of 
particles with 
phosphatidylserine containing 
surfaces, and unilamellar 
vesicles  

Particle uptake in the presence of beta 2 
GPI is coupled to an inhibition of 
reactive species production by liver 
macrophagest 

(Jolivalt et al. 2000) Myeloperoxidase oxidative 
system 

Oxidation of apo E decreases its 
incorporation into phospholipid discs 
by approximately 50%

(Van Antwerpen 
et al. 2006; Van 
Antwerpen et al. 
2005) 

LDL oxidation by 
myeloperoxidase 

Thiol-containing molecules such as 
glutathione, captopril, and N-
acetylcysteine (NAC) and its lysinate 
salt (NAL) 

Protein oxidation
“in vivo” 

Characteristis of the model 
employed Main observation 

(Hershfield et al. 
2010) 

Erythrocytes Urate is not a major factor controlling 
oxidative stress in vivo 

(Janatuinen et al. Young adults with Type 1 Pravastatin decreased LDL oxidation; 
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2004) Diabetes without improvement in myocardial 
perfusion 

(Zhang et al. 2002) A model of inflammation 
(peritonitis) with MPO 
knockout mice (MPO−/−) 

MPO-dependent formation of  NO-
derived oxidants, and not tyrosyl 
radical, serve as a preferred pathway 
for initiating lipid peroxidation. 

(Seshadri et al. 
2002) 

Transfected HepG2 Insulin functions as a bidirectional, 
condition-dependent regulator of 
hepatic cell Ceruloplasmin expression, 
reflecting its dual roles in inflammation  

(Yoshida & Kisugi 
2010) 

Review Several pathways are involved in the 
promotion of LDL oxidation in vitro 
and in vivo, but the physiologically 
relevant mechanisms of LDL oxidation 
are still imperfectly understood 

(Allen & Jandeleit-
Dahm 2005) 

Review Glycation endproducts, renin-
angiotensin system, oxidative stress and 
increased expression of growth factors 
and cytokines have been observed in 
the setting of diabetes 

(Erciyas et al. 
2004) 

Children with type 1 diabetes 
mellitus 

Relationship between the lipid profile 
and oxidative stress 

(Candore et al. 
2010) 

Review Cholesterol, oxidative stress and 
related therapeutic possibilities, i.e., 
nonsteroidal antiinflammatory drugs, 
immunotherapy, diet, and curcumin 

(Bassett & 
Montine 2003) 

Review ApoE isoforms may specifically 
influence the cellular distribution of 
lipid peroxidation products in brain 

(Shao et al. 2008) Incubation of oxidized HDL 
and LCAT 

Oxidation of a single Met in apoa-I in 
impaired LCAT activation, a critical 
early step in reverse cholesterol transport 

(Haberland et al. 
1988) 

Watanabe heritable 
hyperlipidemic rabbits 

Presence of protein modified by 
malondialdehyde which colocalizes 
with the extracellular deposition of 
apolipoprotein B-100 

(Palinski et al. 
1989) 

Rabbit and human Autoantibodies against 
malondialdehyde-LDL (titers from 512 
to greater than 4096) can be 
demonstrated in sera 

(Artola et al. 1997) Hypercholesterolemic chickens HDL from treated animals was more 
peroxidized, had higher amount of 
oligomeric apoA-I, than that of control 
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animals 
(Ónody et al. 2003) Rat experimental 

hyperlipidemia 
Induced hyperlipidemia leads to an 
increase in cardiac ONOO− formation 
and a decrease of NO and deterioration 
of cardiac performance 

(Ueno et al. 2002) Diabetic Akita mice Hyperglycemia induced oxidative stress 
(Wiggin et al. 
2008) 

Streptozotocin-treated DBA/2J 
mice 

Rosiglitazone treatment did not affect 
hyperglycemia but did reduce oxidative 
stress and prevented the development 
of thermal hypoalgesia 

Table 1. Bibliography reviewed about protein oxidation “in vitro” and “in vivo”. 

2.1 “In vitro” protein oxidation 
The oxidation of lipoproteins has been studied in diverse “in vitro” systems using several 
experimental approaches i.e.; cupric ion (Batthyány et al. 2000), HOCl (Yang et al. 1997) or 
glycation mimicking diabetic conditions (Hedrick et al. 2000). More complex systems using 
“in vitro” cells systems had also been used. 
Protein becomes modified during oxidation, resulting in a change in the protein conformation 
and degradation of amino acids, e.g., tryptophan and tyrosine (Batthyány et al. 2000), or amine 
groups (Chantepie et al. 2009) or methionine (Sigalov & Stern 2001). Different subclasses of 
lipoproteins, which differ in size or charge, have been shown to display different susceptibility 
to “in vitro” oxidation (Chantepie et al. 2009; Chen et al. 2007). Both apolipoprotein-B and 
apolipoprotein-A has been subjected to several oxidation processes and structural, chemical 
and biological functions alterations reported. Also, the effect of several antioxidants such as 
vitamins (Arai & Nakamura 2004), polyphenolic compounds (Chen et al. 2007) and inhibitors 
of glycation (Jedidi et al. 2003) has been reported. 
Copper has been often used to oxidize LDL (low density lipoprotein) in experiments “in 
vitro” and was proposed as a candidate for oxidizing LDL in atherosclerotic lesions. Copper 
ions bind to LDL being the copper-binding capacity progressively and markedly higher 
when LDL is increasingly oxidized. It was assessed that the flavonoids myricetin, quercetin, 
and catechin (but not epicatechin, kaempferol, or morin), at concentrations equimolar to the 
copper present significantly decreased copper binding to LDL (Roland, Patterson, & Leake 
2001). Later, the same group proposed uric acid as both antioxidant and prooxidant for LDL. 
They suggested that reduction of Cu+2 to Cu+ was behind the effects observed since the 
decreased concentration of Cu+2 would inhibit tocopherol-mediated peroxidation in native 
LDL, and the generation of Cu+ would promote the rapid breakdown of lipid 
hydroperoxides in mildly oxidized LDL into lipid radicals (Patterson, Horsley, & Leake 
2003).  These, other “in vitro” observations and the high plasma urate concentration, related 
to loss of urate oxidase in evolution, are postulated to protect humans from oxidative injury. 
This hypothesis has broad clinical relevance, but support rests largely on “in vitro” data and 
epidemiologic associations. Recently, “in vivo” evidence seems to deny such a physiological 
or pathological role. Therapy with infusion of PEGylated recombinant porcine urate oxidase 
generates H2O2 while depleting urate. Oxidative stress was monitored with F2-Isoprostanes 
(F2-IsoPs) and protein carbonyls (PC), products of arachidonic acid and protein oxidation, in 
plasma of 26 refractory gout patients receiving infusions of the enzyme. At baseline, urate 
was markedly elevated in all patients, and plasma F2-IsoP concentration was elevated in 
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2010) 

Review Several pathways are involved in the 
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relevant mechanisms of LDL oxidation 
are still imperfectly understood 
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Dahm 2005) 

Review Glycation endproducts, renin-
angiotensin system, oxidative stress and 
increased expression of growth factors 
and cytokines have been observed in 
the setting of diabetes 
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Children with type 1 diabetes 
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Relationship between the lipid profile 
and oxidative stress 

(Candore et al. 
2010) 

Review Cholesterol, oxidative stress and 
related therapeutic possibilities, i.e., 
nonsteroidal antiinflammatory drugs, 
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(Bassett & 
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Review ApoE isoforms may specifically 
influence the cellular distribution of 
lipid peroxidation products in brain 

(Shao et al. 2008) Incubation of oxidized HDL 
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Oxidation of a single Met in apoa-I in 
impaired LCAT activation, a critical 
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Presence of protein modified by 
malondialdehyde which colocalizes 
with the extracellular deposition of 
apolipoprotein B-100 

(Palinski et al. 
1989) 

Rabbit and human Autoantibodies against 
malondialdehyde-LDL (titers from 512 
to greater than 4096) can be 
demonstrated in sera 

(Artola et al. 1997) Hypercholesterolemic chickens HDL from treated animals was more 
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oligomeric apoA-I, than that of control 
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animals 
(Ónody et al. 2003) Rat experimental 

hyperlipidemia 
Induced hyperlipidemia leads to an 
increase in cardiac ONOO− formation 
and a decrease of NO and deterioration 
of cardiac performance 

(Ueno et al. 2002) Diabetic Akita mice Hyperglycemia induced oxidative stress 
(Wiggin et al. 
2008) 

Streptozotocin-treated DBA/2J 
mice 

Rosiglitazone treatment did not affect 
hyperglycemia but did reduce oxidative 
stress and prevented the development 
of thermal hypoalgesia 

Table 1. Bibliography reviewed about protein oxidation “in vitro” and “in vivo”. 

2.1 “In vitro” protein oxidation 
The oxidation of lipoproteins has been studied in diverse “in vitro” systems using several 
experimental approaches i.e.; cupric ion (Batthyány et al. 2000), HOCl (Yang et al. 1997) or 
glycation mimicking diabetic conditions (Hedrick et al. 2000). More complex systems using 
“in vitro” cells systems had also been used. 
Protein becomes modified during oxidation, resulting in a change in the protein conformation 
and degradation of amino acids, e.g., tryptophan and tyrosine (Batthyány et al. 2000), or amine 
groups (Chantepie et al. 2009) or methionine (Sigalov & Stern 2001). Different subclasses of 
lipoproteins, which differ in size or charge, have been shown to display different susceptibility 
to “in vitro” oxidation (Chantepie et al. 2009; Chen et al. 2007). Both apolipoprotein-B and 
apolipoprotein-A has been subjected to several oxidation processes and structural, chemical 
and biological functions alterations reported. Also, the effect of several antioxidants such as 
vitamins (Arai & Nakamura 2004), polyphenolic compounds (Chen et al. 2007) and inhibitors 
of glycation (Jedidi et al. 2003) has been reported. 
Copper has been often used to oxidize LDL (low density lipoprotein) in experiments “in 
vitro” and was proposed as a candidate for oxidizing LDL in atherosclerotic lesions. Copper 
ions bind to LDL being the copper-binding capacity progressively and markedly higher 
when LDL is increasingly oxidized. It was assessed that the flavonoids myricetin, quercetin, 
and catechin (but not epicatechin, kaempferol, or morin), at concentrations equimolar to the 
copper present significantly decreased copper binding to LDL (Roland, Patterson, & Leake 
2001). Later, the same group proposed uric acid as both antioxidant and prooxidant for LDL. 
They suggested that reduction of Cu+2 to Cu+ was behind the effects observed since the 
decreased concentration of Cu+2 would inhibit tocopherol-mediated peroxidation in native 
LDL, and the generation of Cu+ would promote the rapid breakdown of lipid 
hydroperoxides in mildly oxidized LDL into lipid radicals (Patterson, Horsley, & Leake 
2003).  These, other “in vitro” observations and the high plasma urate concentration, related 
to loss of urate oxidase in evolution, are postulated to protect humans from oxidative injury. 
This hypothesis has broad clinical relevance, but support rests largely on “in vitro” data and 
epidemiologic associations. Recently, “in vivo” evidence seems to deny such a physiological 
or pathological role. Therapy with infusion of PEGylated recombinant porcine urate oxidase 
generates H2O2 while depleting urate. Oxidative stress was monitored with F2-Isoprostanes 
(F2-IsoPs) and protein carbonyls (PC), products of arachidonic acid and protein oxidation, in 
plasma of 26 refractory gout patients receiving infusions of the enzyme. At baseline, urate 
was markedly elevated in all patients, and plasma F2-IsoP concentration was elevated in 
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most. Treatment rapidly lowered urate in all patients, but did not correlate with 
isoprostanes or protein carbonyls. The authors conclude that urate is not a major factor 
controlling oxidative stress “in vivo” (Hershfield et al. 2010). 
Another interesting aspect of research is the one that deals with the susceptibility of 
lipoprotein taken from atherosclerotic lesions or from patients receiving pharmacological 
treatment with anti-inflammatory or hypolipemic drug therapy. For example, it has been 
found that descendants with a positive family history for cardiovascular disease (CVD) or 
hyperlipidemia have an atherogenic lipid profile and increased LDL susceptibility to 
oxidation (Makedou et al. 2009). 
Also it has been suggested that endogenous estrogens protect against atherosclerosis by 
inhibition of lipoprotein oxidation. To act as antioxidants, estrogens need to be converted to 
lipophilic estrogen fatty acyl esters in a reaction catalyzed by lecithin: cholesterol 
acyltransferase (LCAT) (Hockerstedt, Jauhiainen, & Tikkanen 2004). Another hint linking 
LDL oxidative status and disease is the association between apolipoprotein E gene promoter 
polymorphism (–219G→T) has been with increased risk of myocardial infarction, premature 
coronary artery disease, and decreased plasma apolipoprotein E concentrations. The 
presence of the T allele in the apolipoproteinE –219G→T polymorphism increases the 
susceptibility of plasma LDL to oxidative modifications and enhances the response of 
apolipoprotein B and LDL cholesterol to the presence of saturated fat in the diet of healthy 
men (Moreno et al. 2004). 
In Rheumatoid Arthritis (RA) patients, another disease of inflammatory etiology, effects of 
tumor necrosis factor (TNF) on the antioxidative capacity of HDL has been investigated and 
it was observed that has beneficial effects on lipids through changes in HDL (high density 
lipoprotein) antioxidative capacity, which might be clinically relevant and contribute to the 
reported protective effect of anti-TNF on cardiovascular morbidity in Rheumatoid Arthritis 
(Popa et al. 2009). This observation emphasizes the importance of HDL antiatherogenic 
capacity for cardiovascular risk in chronic inflammatory conditions. 
Lipoproteins are very heterogeneous particles that contain several active enzymes and 
interact with other circulating proteins. Several of the these intrinsic or interacting enzymes 
have oxidative or antioxidative functions, e. g., paraoxonase-1 (Deakin et al. 2002), renin-
angiotensin system (Allen & Jandeleit-Dahm 2005), or myeloperoxidase (Shao et al. 2010). 
Most interestingly, changes in the interaction between apolipoprotein and shell lipids has 
been shown to occur when HDL or LDL were subject to oxidation “in vitro” (Obama et al. 
2007; Suc et al. 2003; Zarev et al. 2002). These changes in lipid protein interaction seem to be 
of importance for the biological function and receptor binding (Edelstein et al. 2001; Gao, 
Jayaraman, & Gursky 2008; Gomes et al. 2002; Hedrick et al. 2000). One example of the 
alteration in lipid-protein interaction was obtained using the myeloperoxidase (MPO) 
oxidative system. The researchers reported that oxidation of the three recombinant 
apolipoprotein E isoforms was differential, with apolipoprotein E4 being more susceptible 
than apolipoprotein E3, which in turn is much more susceptible than apolipoprotein E2 and 
that oxidation of apolipoprotein E decreases its incorporation into phospholipid discs 
(Jolivalt et al. 2000). LDL was also modified by MPO “in vitro” and by thiol-containing 
molecules as glutathione, captopril, and N-acetylcysteine has been shown to act as 
antioxidants (Van Antwerpen et al. 2005; Van Antwerpen et al. 2006). The ability of MPO to 
initiate lipid peroxidation “in vivo” and its role in generating bioactive eicosanoids during 
inflammation has been explored using a model of inflammation (peritonitis) with MPO 
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knockout mice (MPO−/−). Peritonitis-triggered formation of F2-isoprostanes, a marker of 
oxidant stress “in vivo” and was reduced by 85% in the MPO−/− mice. Parallel analyses of 
peritoneal lavage proteins for protein dityrosine and nitrotyrosine, molecular markers for 
oxidative modification by tyrosyl radical and ⋅NO2, respectively, revealed marked 
reductions in the content of nitrotyrosine, but not dityrosine, in MPO−/−samples. Thus, 
MPO serves as a major enzymatic catalyst of lipid peroxidation at sites of inflammation. 
Moreover, MPO-dependent formation of ⋅NO- derived oxidants, and not tyrosyl radical, 
appears to serve as a preferred pathway for initiating lipid peroxidation and promoting 
oxidant stress “in vivo” (Zhang et al. 2002). These findings indicate that the proposed role of 
MPO in dityrosine cross-linking were erroneous and suggest that alternative mechanisms 
participate in dityrosine formation in this model, such as protein-bound redox active 
transition metal ions, and ceruloplasmin (Seshadri, Fox, & Mukhopadhyay 2002). 

2.2 “In vivo” protein oxidation 
There are many reports that relate diseases caused by oxidative imbalance with 
characteristic features of oxidized protein “in vivo”. Many lines of evidence suggest that 
oxidized LDL is implicated in the pathogenesis of atherosclerotic vascular diseases (Yoshida 
& Kisugi 2010), in diabetes (Allen & Jandeleit-Dahm 2005; Erciyas et al. 2004), Alzheimer 
(Candore et al. 2010; Bassett & Montine 2003) . 
Recently, it has been demonstrated that HDL isolated from patients with established 
cardiovascular disease contains elevated levels of 3-chlorotyrosine and 3-nitrotyrosine, two 
characteristic products of MPO. When apolipoprotein A-I, the major HDL protein, was 
oxidized by MPO, its ability to promote cellular cholesterol was impaired. Moreover, 
oxidized apolipoprotein A-I was unable to activate LCAT, which rapidly converts free 
cholesterol to cholesteryl ester, a critical step in HDL maturation (Shao et al. 2010). 
Biochemical studies implicated tyrosine chlorination and methionine oxygenation in the loss 
of ability to promote cellular cholesterol efflux and LCAT activity by oxidized 
apolipoproteinA-I (Shao et al. 2008).  
In animal studies, the existence of oxidized apolipoproteins has been described under 
several experimental models, i.e. in Watanabe heritable hyperlipidemic rabbits the 
occurrence of malondialdehyde-LDL and of autoantibodies against malondialdehyde-LDL 
has been reported (Haberland, Fong, & Cheng 1988; Palinski et al. 1989). HDL from 
hypercholesterolemic chickens bear peroxidized oligomeric apolipoprotein A-I consequence 
of “in vivo” oxidation process (Artola et al. 1997). Interestingly, the oligomerization of 
apolipoprotein A-I implied dityrosine crosslink formation.   
It was found that high-cholesterol diet increases formation of a potential marker of cardiac 
ONOO−, dityrosine in the perfusate, demonstrating that hyperlipidemia increases ONOO− 
formation in the heart (Ónody et al. 2003). In contrast to dityrosine, perfusate nitrotyrosine 
was not statistically significantly increased in the study. This can be explained by results 
showing that at relatively low level of ONOO−, nitrotyrosine formation is suppressed in 
favor of dityrosine (Ónody et al. 2003). 
Both the levels of dityrosine and Nε-(hexanonyl)lysine were significantly elevated in the 
kidneys of diabetic Akita mice compared with the control mice without any accumulation of 
thiobarbituric acid reactive substances and 4-hydroxy-2-nonenal-modified protein (Ueno et 
al. 2002). These findings are consistent with previous works showing that diabetes increases 
oxidized lipids and protein. In another model of diabetic mice, increased levels of dityrosine 
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most. Treatment rapidly lowered urate in all patients, but did not correlate with 
isoprostanes or protein carbonyls. The authors conclude that urate is not a major factor 
controlling oxidative stress “in vivo” (Hershfield et al. 2010). 
Another interesting aspect of research is the one that deals with the susceptibility of 
lipoprotein taken from atherosclerotic lesions or from patients receiving pharmacological 
treatment with anti-inflammatory or hypolipemic drug therapy. For example, it has been 
found that descendants with a positive family history for cardiovascular disease (CVD) or 
hyperlipidemia have an atherogenic lipid profile and increased LDL susceptibility to 
oxidation (Makedou et al. 2009). 
Also it has been suggested that endogenous estrogens protect against atherosclerosis by 
inhibition of lipoprotein oxidation. To act as antioxidants, estrogens need to be converted to 
lipophilic estrogen fatty acyl esters in a reaction catalyzed by lecithin: cholesterol 
acyltransferase (LCAT) (Hockerstedt, Jauhiainen, & Tikkanen 2004). Another hint linking 
LDL oxidative status and disease is the association between apolipoprotein E gene promoter 
polymorphism (–219G→T) has been with increased risk of myocardial infarction, premature 
coronary artery disease, and decreased plasma apolipoprotein E concentrations. The 
presence of the T allele in the apolipoproteinE –219G→T polymorphism increases the 
susceptibility of plasma LDL to oxidative modifications and enhances the response of 
apolipoprotein B and LDL cholesterol to the presence of saturated fat in the diet of healthy 
men (Moreno et al. 2004). 
In Rheumatoid Arthritis (RA) patients, another disease of inflammatory etiology, effects of 
tumor necrosis factor (TNF) on the antioxidative capacity of HDL has been investigated and 
it was observed that has beneficial effects on lipids through changes in HDL (high density 
lipoprotein) antioxidative capacity, which might be clinically relevant and contribute to the 
reported protective effect of anti-TNF on cardiovascular morbidity in Rheumatoid Arthritis 
(Popa et al. 2009). This observation emphasizes the importance of HDL antiatherogenic 
capacity for cardiovascular risk in chronic inflammatory conditions. 
Lipoproteins are very heterogeneous particles that contain several active enzymes and 
interact with other circulating proteins. Several of the these intrinsic or interacting enzymes 
have oxidative or antioxidative functions, e. g., paraoxonase-1 (Deakin et al. 2002), renin-
angiotensin system (Allen & Jandeleit-Dahm 2005), or myeloperoxidase (Shao et al. 2010). 
Most interestingly, changes in the interaction between apolipoprotein and shell lipids has 
been shown to occur when HDL or LDL were subject to oxidation “in vitro” (Obama et al. 
2007; Suc et al. 2003; Zarev et al. 2002). These changes in lipid protein interaction seem to be 
of importance for the biological function and receptor binding (Edelstein et al. 2001; Gao, 
Jayaraman, & Gursky 2008; Gomes et al. 2002; Hedrick et al. 2000). One example of the 
alteration in lipid-protein interaction was obtained using the myeloperoxidase (MPO) 
oxidative system. The researchers reported that oxidation of the three recombinant 
apolipoprotein E isoforms was differential, with apolipoprotein E4 being more susceptible 
than apolipoprotein E3, which in turn is much more susceptible than apolipoprotein E2 and 
that oxidation of apolipoprotein E decreases its incorporation into phospholipid discs 
(Jolivalt et al. 2000). LDL was also modified by MPO “in vitro” and by thiol-containing 
molecules as glutathione, captopril, and N-acetylcysteine has been shown to act as 
antioxidants (Van Antwerpen et al. 2005; Van Antwerpen et al. 2006). The ability of MPO to 
initiate lipid peroxidation “in vivo” and its role in generating bioactive eicosanoids during 
inflammation has been explored using a model of inflammation (peritonitis) with MPO 
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knockout mice (MPO−/−). Peritonitis-triggered formation of F2-isoprostanes, a marker of 
oxidant stress “in vivo” and was reduced by 85% in the MPO−/− mice. Parallel analyses of 
peritoneal lavage proteins for protein dityrosine and nitrotyrosine, molecular markers for 
oxidative modification by tyrosyl radical and ⋅NO2, respectively, revealed marked 
reductions in the content of nitrotyrosine, but not dityrosine, in MPO−/−samples. Thus, 
MPO serves as a major enzymatic catalyst of lipid peroxidation at sites of inflammation. 
Moreover, MPO-dependent formation of ⋅NO- derived oxidants, and not tyrosyl radical, 
appears to serve as a preferred pathway for initiating lipid peroxidation and promoting 
oxidant stress “in vivo” (Zhang et al. 2002). These findings indicate that the proposed role of 
MPO in dityrosine cross-linking were erroneous and suggest that alternative mechanisms 
participate in dityrosine formation in this model, such as protein-bound redox active 
transition metal ions, and ceruloplasmin (Seshadri, Fox, & Mukhopadhyay 2002). 

2.2 “In vivo” protein oxidation 
There are many reports that relate diseases caused by oxidative imbalance with 
characteristic features of oxidized protein “in vivo”. Many lines of evidence suggest that 
oxidized LDL is implicated in the pathogenesis of atherosclerotic vascular diseases (Yoshida 
& Kisugi 2010), in diabetes (Allen & Jandeleit-Dahm 2005; Erciyas et al. 2004), Alzheimer 
(Candore et al. 2010; Bassett & Montine 2003) . 
Recently, it has been demonstrated that HDL isolated from patients with established 
cardiovascular disease contains elevated levels of 3-chlorotyrosine and 3-nitrotyrosine, two 
characteristic products of MPO. When apolipoprotein A-I, the major HDL protein, was 
oxidized by MPO, its ability to promote cellular cholesterol was impaired. Moreover, 
oxidized apolipoprotein A-I was unable to activate LCAT, which rapidly converts free 
cholesterol to cholesteryl ester, a critical step in HDL maturation (Shao et al. 2010). 
Biochemical studies implicated tyrosine chlorination and methionine oxygenation in the loss 
of ability to promote cellular cholesterol efflux and LCAT activity by oxidized 
apolipoproteinA-I (Shao et al. 2008).  
In animal studies, the existence of oxidized apolipoproteins has been described under 
several experimental models, i.e. in Watanabe heritable hyperlipidemic rabbits the 
occurrence of malondialdehyde-LDL and of autoantibodies against malondialdehyde-LDL 
has been reported (Haberland, Fong, & Cheng 1988; Palinski et al. 1989). HDL from 
hypercholesterolemic chickens bear peroxidized oligomeric apolipoprotein A-I consequence 
of “in vivo” oxidation process (Artola et al. 1997). Interestingly, the oligomerization of 
apolipoprotein A-I implied dityrosine crosslink formation.   
It was found that high-cholesterol diet increases formation of a potential marker of cardiac 
ONOO−, dityrosine in the perfusate, demonstrating that hyperlipidemia increases ONOO− 
formation in the heart (Ónody et al. 2003). In contrast to dityrosine, perfusate nitrotyrosine 
was not statistically significantly increased in the study. This can be explained by results 
showing that at relatively low level of ONOO−, nitrotyrosine formation is suppressed in 
favor of dityrosine (Ónody et al. 2003). 
Both the levels of dityrosine and Nε-(hexanonyl)lysine were significantly elevated in the 
kidneys of diabetic Akita mice compared with the control mice without any accumulation of 
thiobarbituric acid reactive substances and 4-hydroxy-2-nonenal-modified protein (Ueno et 
al. 2002). These findings are consistent with previous works showing that diabetes increases 
oxidized lipids and protein. In another model of diabetic mice, increased levels of dityrosine 
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were found in the nerve of treated mice that had developed neuropathy respect to the 
control mice (Wiggin et al. 2008). 
In one study, LDL oxidation and myocardial perfusion were measured in 
normocholesterolemic patients with type 1 diabetes before and after 4-month treatment with 
pravastatin or placebo. Pravastatin decreased LDL oxidation without improvement in 
myocardial perfusion reserve measured by positron emission tomography (Janatuinen et al. 
2004).  

2.2.1 Pharmacological treatments with antioxidant effects 
The pathogenesis of chronic inflammatory diseases is regulated by modulation of the 
expression of redox-sensitive inflammatory genes including adhesion molecules, chemokines, 
cytokines and several receptors (Khatami 2009). The inflammation of vasculature produces 
reactive oxygen species (ROS) released both extracellularly from activated leukocytes as well 
as intracellularly in cells involved in the inflammatory reaction. ROS can be toxic and not only 
cause damage to biomolecules (DNA, proteins, lipids) but have been recognized as important 
intracellular signaling mediators (Nordberg & Arnér 2001).  
Besides vasculature system, free radicals are constantly produced in the brain “in vivo”. 
Because of its high ATP demand, the brain consumes oxygen rapidly, and is thus 
susceptible to interference with mitochondrial function, which can in turn lead to increased 
superoxide radical formation (Zorov et al. 2006). Free radicals in central nervous system 
arise by the leakage of electrons from the mitochondrial electron transport chain to generate 
superoxide radical  and are generated for precise purposes, such as the role of nitric oxide in 
neurotransmission and the production of superoxide radical by activated microglia 
(Breckwoldt et al. 2008).  
Increased levels of oxidative damage to DNA, lipids and proteins have been detected by a 
range of assays in post-mortem tissues from patients with Parkinson’s disease, Alzheimer’s 
disease and amyotrophic lateral sclerosis, and at least some of these changes may occur 
early in disease progression (Ursini et al. 2002; Paula-Lima et al. 2009). The accumulation 
and precipitation of proteins that occur in these diseases may be aggravated by oxidative 
damage, and may in turn cause more oxidative damage by interfering with the function of 
the proteasome (Cook & Petrucelli 2009). Indeed, it has been shown that proteasomal 
inhibition increases levels of oxidative damage to proteins and to other biomolecules. 
Hence, there are many attempts to develop antioxidants that can cross the blood-brain 
barrier and decrease oxidative damage (Halliwell 2007) and of biopharmaceuticals that can 
counteract protein oxidation and precipitation-aggregation (Wang 2005). 
Aggregation of proteins is a common feature triggered by protein oxidation and it has been 
found “in vitro and “in vivo” being carbonylation a common feature (Mirzaei & Regnier 
2008). Aggregation is manifest in globular proteins, because under stress conditions or 
proteolysis nonnative conformations can be adopted. Although it seems that most proteins 
are able to form aggregates when expressed at high concentrations “in vitro”, they differ 
substantially in their intrinsic propensity to do so “in vivo”. The major contributors to 
aggregation propensity have been identified as hydrophobicity, net charge and propensity 
to form beta-sheet instead of alpha-helical structures (Tartaglia & Caflisch 2007).  
There is a large body of evidence demonstrating a role for ROS and oxidant stress in the 
pathogenesis of RA. Both preclinical and clinical studies have demonstrated relationship 
between oxidative stress biomarkers with disease progression  and the potential beneficial 

 
Relationship Between Protein Oxidation Markers and Oxidative Stress Biomarkers 287 

effects of antioxidant supplementation or therapy (Uchida 2008). Although a complete 
understanding of how oxidative stress participates in the pathogenesis of RA is lacking, 
there is evidence demonstrating that expression of several inflammatory genes that 
participate in RA  is regulated by redox-sensitive signaling pathways (Filippin et al. 2008). 
Other cells that have an important role in inflammation are lymphocytes. Distinct types of 
lymphocytes have divergent effects of inflammation. For example; Tr1-type regulatory 
immune response cells (CD4CD25 T-cells) reduces the development of experimental 
atherosclerosis, while the activation of T-lymphocytes contributes importantly to 
atherogenesis (Mallat et al. 2003). In human atheroma, CD4-positive cells, the major T-cell 
population, appear to promote atherosclerosis through elaboration of proinflammatory 
cytokines, such as interferon (IFN), tumor necrosis factors (TNFs), and interleukin (IL)-2 
(Zhou et al. 2000). In fact, patients with atherosclerosis and acute coronary syndromes 
exhibit T-cell activation and increased IFN serum levels (Liuzzo et al. 1999) and there is 
evidence that fibrates, drugs that are PPAR agonists, are anti-inflammatory mediators 
because they limit inflammatory cytokine expression of T lymphocytes (Marx et al. 2002). 
Statins are currently the medical treatment of choice for hypercholesterolemia. In addition to 
attaining a decrease in serum cholesterol levels, statin therapy seems to promote other 
effects that are independent of changes in serum cholesterol. These ‘‘pleiotropic’’ effects 
include attenuation of vascular inflammation, improved endothelial cell function, 
stabilization of atherosclerotic plaque, decreased vascular smooth muscle cell migration and 
proliferation, and inhibition of platelet aggregation (Sadowitz et al. 2010) and increase the 
synthesis of apolipoprotein A-I and HDL biogenesis in the liver (Yamashita et al. 2010). 
Interestingly, statin therapy in dyslipidemic type 2 diabetic patients plays a protective role 
on the lipid and protein oxidative damage (Manfredini et al. 2010). We have tested the effect 
of a statin (atorvastatin) and of a fibrate (fenofibrate) on the activation of T lymphocytes in 
culture by an unspecific mitogen (concanavalin A). It was noted that upon activation with 
concanavalin A T-cells expressing IL-2 receptor (CD25, marker of activation) are augmented 
and that VLDL (very low density lipoprotein) inhibit the proportion of CD25+ CD4+ cells 
after 48 h of co-culturing. When lymphocytes were cultured with VLDL plus Atorvastatin 
CD25CD4 positive cells increased respect to cell culture with VLDL alone, suggesting that 
another anti-inflammatory effect of the statin (Forcato et al. 2007). In another study, it has 
been shown that the combined treatment of pravastatin with irbesartan reduced sPLA2-IIA-
activity, sPLA2-IIA-protein concentration, and oxidized LDL in patients with CAD 
suggesting a novel anti-atherogenic effect by combining AT1-receptor blockade with statin 
treatment (Divchev et al. 2008). 
Human hepatocyte cells in different cell cycle phases (G1 and G2/M) were analyzed using 
flow citometry techniques for VLDL receptor (VLDLR+). VLDLR+ cells belonged equally to 
cells in the quiescent and in the synthesis or mitosis phase of the cell cycle. Challenging 
them with lipopolysaccharide an increase in the percentage of VLDLR+ cells was produced. 
Gemfibrozil treatment decreased the number of resting VLDLR+ hepatocytes but increased 
significantly (more than twice) the number of VLDLR+ hepatocytes in phase G2/M (Forcato 
et al. 2007). These observations could explain why fenofibrate is particularly effective for 
reducing postprandial VLDL and LDL particle concentrations, and the increased oxidative 
stress and inflammatory response that occurs after a fatty meal (Rosenson 2008). 
It is interesting to note that metabolites of statins and fenofibrate, but not the parent drugs, 
had been implied in protecting lipoproteins from oxidation “in vitro” suggesting that the 
antioxidant effects will be relevant “in vivo” (Aviram et al. 1998). 
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were found in the nerve of treated mice that had developed neuropathy respect to the 
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pravastatin or placebo. Pravastatin decreased LDL oxidation without improvement in 
myocardial perfusion reserve measured by positron emission tomography (Janatuinen et al. 
2004).  

2.2.1 Pharmacological treatments with antioxidant effects 
The pathogenesis of chronic inflammatory diseases is regulated by modulation of the 
expression of redox-sensitive inflammatory genes including adhesion molecules, chemokines, 
cytokines and several receptors (Khatami 2009). The inflammation of vasculature produces 
reactive oxygen species (ROS) released both extracellularly from activated leukocytes as well 
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2008). Aggregation is manifest in globular proteins, because under stress conditions or 
proteolysis nonnative conformations can be adopted. Although it seems that most proteins 
are able to form aggregates when expressed at high concentrations “in vitro”, they differ 
substantially in their intrinsic propensity to do so “in vivo”. The major contributors to 
aggregation propensity have been identified as hydrophobicity, net charge and propensity 
to form beta-sheet instead of alpha-helical structures (Tartaglia & Caflisch 2007).  
There is a large body of evidence demonstrating a role for ROS and oxidant stress in the 
pathogenesis of RA. Both preclinical and clinical studies have demonstrated relationship 
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proliferation, and inhibition of platelet aggregation (Sadowitz et al. 2010) and increase the 
synthesis of apolipoprotein A-I and HDL biogenesis in the liver (Yamashita et al. 2010). 
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activity, sPLA2-IIA-protein concentration, and oxidized LDL in patients with CAD 
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et al. 2007). These observations could explain why fenofibrate is particularly effective for 
reducing postprandial VLDL and LDL particle concentrations, and the increased oxidative 
stress and inflammatory response that occurs after a fatty meal (Rosenson 2008). 
It is interesting to note that metabolites of statins and fenofibrate, but not the parent drugs, 
had been implied in protecting lipoproteins from oxidation “in vitro” suggesting that the 
antioxidant effects will be relevant “in vivo” (Aviram et al. 1998). 
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2.3 Oxidation of proteins in tissues and fluids, where there are good and bad 
neighbors 
In this section I pretend to discuss some new insights about reactions that occur only in 
complex milieu as the appearance of acrylamide (Stadler et al. 2004), the antioxidant activity 
of Maillard products (Yilmaz & Toledo 2005) and discuss that some antioxidants produces 
oxidative modifications of proteins. Polyphenolic compounds have powerful antioxidant 
effects “in vitro”  in many test systems, but can act as pro-oxidants in some others (Halliwell 
2007). And it has been reported that tea catechins contribute to the formation of protein 
carbonyl in human  serum albumin (HSA) (Ishii et al. 2010). 

2.3.1 Acrylamide from food is absorbed in humans  
The heating of free amino acids, in particular asparagine, and sugars during food processing 
(120–180°C) results in the formation of acrylamide (Stadler et al. 2002). Most of the 
acrylamide ingested with food (i.e. fried potatoes) is absorbed in humans. Acrylamide and 
its metabolite glycidamide have the capability to bind covalently to the −SH and −NH2 
groups of proteins and nucleic acid nitrogens. Although both acrylamide and glycidamide 
DNA adducts are formed “in vitro”, only glycidamide adducts have been found after the 
administration of acrylamide or glycidamide “in vivo”(Gamboa da Costa et al. 2003). 
Acrylamide and glycidamide adducts to the NH2-terminal valine of human hemoglobin are 
used as convenient biomarkers for external acrylamide and/or internal glycidamide 
exposure. Acrylamide and glycidamide are also able to form glutathione conjugates that 
have been found in human urine, these metabolites have been proposed as biomarkers for 
acrylamide and glycidamide exposure (Fuhr et al. 2006). It is important to stress that there is 
no report of acrylamide formation in humans. 

2.3.2 Antioxidant activity of Maillard products 
Nonenzymatic glycation of free amino groups on proteins and amino acids is a biochemical 
reaction known as the “Maillard reaction.” It has been proposed that this is an evolutionary 
pathway for labeling of senescent cellular proteins for their recognition and ultimate 
degradation. The two traditional factors found to modulate the early glycation of proteins 
are the concentration of glucose and half life of the protein, so in both major forms of 
diabetes, persistent hyperglycemia and oxidative stress act to increase the formation of 
advanced glycation end products (Reddy et al. 2009).  But evidences in the literature have 
documented an increased glycated protein levels in some non-diabetic pathological states. 
Recently it has been hypothesized that oxidative stress either via increasing reactive oxygen 
species or by depleting the antioxidants may modulate the genesis of early glycated proteins 
“in vivo”. This hypothesis was sustained by the observations that a common denominator in 
all non-diabetic pathological conditions is oxidative stress and that malondialdehyde, 
reduced glutathione, vitamin C, vitamin E and drugs with antioxidant properties mitigate 
the process of protein glycation (Selvaraj et al. 2008). Maillard reactions occurring “in vivo” 
are associated with the chronic complications of diabetes mellitus and aging and age-related 
diseases by increases in oxidative chemical modification of lipids, DNA, and proteins. In 
particular, long-lived proteins such as lens, crystallines, collagens, and hemoglobin may 
react with reducing sugars to form advanced glycation end products and are biomarkers for 
detecting oxidative stress produced during Maillard reaction (Osawa & Kato 2005). 
The relationship between yin-yang and anti-oxidation-oxidation (Ou et al. 2003) seems also 
valid for Maillard reaction products since antioxidant activity of Maillard reaction products 
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has been demonstrated “in vitro” in foods. The existence of this relationship “in vivo” will 
be a subject of research in the future since a few studies have been reported exploring the 
antioxidant capacity of Maillard reaction products using “in vivo” systems (Chen & Kitts 
2008). 

2.3.3 Oxidant activity of antioxidants  
Recent studies have reported that various polyphenolic compounds, including catechins, 
cause protein carbonyl formation in proteins via their pro-oxidant actions. The oxidation 
stability and binding affinity of catechins with proteins and with fatty acids bound to 
protein are responsible for the formation of protein carbonyl (Dufour et al. 2007). 
Polyphenol binding altered BSA conformation with a major reduction of alpha-helix and an 
increase in beta-sheet and turn structures, indicating a partial protein unfolding (Bourassa et 
al. 2007) that could increase BSA oxidation susceptibility. Some authors have claimed that 
antioxidants can stimulate oxidative damage “in vivo”, especially ascorbate, alleged in 
several studies to increase oxidative DNA damage (Perron et al. 2011). 

2.3.4 Aggregation and proteolysis are defense or repair mechanisms?  
Moderately oxidized soluble cell proteins are selectively and rapidly degraded by the 20S 
proteasome, while harshly oxidized, aggregated, and crosslinked proteins are poor 
substrates and actually inhibit the proteasome (Davies & Shringarpure 2006). During aging, 
and in many age-related diseases/disorders, the proteasome is progressively inhibited by 
binding more protein aggregates. It has been postulated that an increase in the generation of 
reactive oxygen species as well as a decline in proteasome activity, results in the progressive 
accumulation of oxidatively damaged protein aggregates that eventually contribute to 
cellular dysfunction and senescence in senesce and disease (Davies & Shringarpure 2006). 
Small endogenous peptides, such as peptide hormones and signaling peptides, have strong 
effects on human. This has prompted an increasing interest from academia and food 
industries where it is reasoned that certain dietary peptides could also be potentially used as 
bioactive ingredients in functional foods. Dietary proteins have sequences of peptides, 
partially similar to those found in endogenous peptides, with hormonal or neuronal 
functions, and it has been proposed to exert physiological effects by acting either 
agonistically or antagonistically on the same targets as their endogenous counterparts 
(Ahlman & Nilsson 2001). Scientists are currently exploring use of protein sources such as 
mammalian and fish meat, soybeans, chickpeas, almonds, etc. for production of bioactive 
peptides with different biological activities (Minkiewicz et al. 2011). Bioactive peptides can 
reduce free radicals and have antioxidant activity (Sarmadi & Ismail 2010).  
During protein oxidation aggregation and proteolysis occur simultaneaously, so it can be 
presumed that the balance between protein aggregation and antioxidant peptide generation 
is important in modulating inflammation “in vivo”. 

2.4 Dityrosine and other markers of protein oxidative modification “in vivo” 
Most of the oxidative modifications that occurs “in vivo” and “in vitro” are susceptible of 
reversion and thus it is necessary to discern stable markers (Davies et al. 1999). Dityrosine 
bound formation and protein polymerization seems to be less prone to “in vivo” reduction 
or repair (Artola et al. 1997; Nagy et al. 2010). Also protein carbonyls could be a marker of 
endogenous oxidative stress (D'Aguanno et al. 2010), taking in account that this could be a 
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better marker than dityrosine, when the oxidative stimulus is radiant energy (ultraviolet 
light) (Scheidegger et al. 2010).  

3. Conclusion  
3.1 Is there a relationship between oxidized apolipoprotein and health status? 
Inflammation is associated with atherosclerosis. Human lipoproteins have been recognized 
to have proinflammatory or anti-inflammatory roles together with their receptors and the 
molecules involved in the interaction of lipoproteins with receptors. In example, it has been 
demonstrated that the inflammatory mediator IL-1ß disrupts cholesterol-mediated LDL 
receptor feedback regulation, permitting unregulated intracellular accumulation of 
unmodified LDL and causing foam cell formation. The authors suggest that this mechanism 
may contribute to the development of atherosclerosis in patients with chronic inflammation 
(Ruan et al. 2006).  
On the other hand, the anti-atherogenic properties of HDL can be beneficial in metabolic 
diseases associated with accelerated atherosclerosis. Indeed, metabolic syndrome and type 2 
diabetes are characterized by elevated cardiovascular risk and by low HDL-cholesterol 
(HDL-C) levels, but also by defective HDL function. Functional HDL deficiency is intimately 
associated with alterations in intravascular HDL metabolism and structure. Indeed, 
formation of HDL particles with attenuated antiatherogenic activity is mechanistically 
related to core lipid enrichment in triglycerides and cholesteryl ester depletion, altered 
apolipoprotein A-I conformation, replacement of apolipoprotein A-I by serum amyloid A, 
and covalent modification of HDL protein components by oxidation and glycation (Kontush 
& Chapman 2006, 2010). “In vivo” oxidation of apolipoprotein-I is equally consistent with 
the observation that HDL from hypercholesterolemic chickens contain higher amounts of 
oligomeric apolipoprotein-I and are more susceptible to “in vitro” oxidation than HDL from 
control animals (Artola et al. 1997). 
Fenofibrate is a PPAR-α agonist indicated for the treatment of hypertriglyceridemia and 
mixed dyslipidemia, lipid abnormalities commonly observed in patients at high risk of 
cardiovascular disease, including Type 2 diabetes and/or metabolic syndromes. Treatment 
with fenofibrate lowers triglycerides, raises HDL-cholesterol and decreases concentrations 
of small LDL-cholesterol particles and apolipoprotein B. Fenofibrate is effective for reducing 
postprandial VLDL and LDL particle concentrations that occurs after a fatty meal (Rosenson 
et al. 2007).  This decrease in VLDL could be related to the increase in VLDL receptor cause 
by  Gemfibrozil  in spleen mononuclear cells, in human hepatocyte cells (HepG2) and in a 
human acute monocytic leukemia cell line (THP-1) cultured with the fibrate (Forcato 2008). 
Fibrate also produced an accumulation of apolipoprotein A-I in HepG2 (Forcato 2008). Thus 
it is probable that fibrates have several concurrent beneficial effects on hyperlipemia and 
oxidative imbalance. 
The existence of oxidized lipids in pathological state is a common feature. Normal arteries 
contained similar levels of protein as atherosclerotic arteries, much less free cholesterol, and no 
detectable amounts of unoxidized or oxidized cholesteryl esters. It has been demonstrated the 
coexistence in human plaque of large amounts of oxidized cholesteryl esters with significant 
concentrations of ascorbate and vitamin E and that compared with healthy human arteries, 
advanced atherosclerotic plaques are not deficient in the antioxidant vitamins C and E, despite 
the occurrence of massive lipid oxidation (Suarna et al. 1995). On the contrary the removal of 
oxidized phospholipid in normal cells is the norm. Oxidized phospholipids within LDL can 
promote phagocyte recognition and engulfment, even when present at only a few molecules 
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per particle, by CD36, a prototypic member of the class B scavenger receptor family (Hazen 
2008). The removal of oxidized lipids associated to lipoproteins or to membranes seems to 
grant a low level in physiological conditions.  

3.2 Damaged proteins are biomarkers of oxidation imbalance 
Damaged proteins are recognized by the proteolytic machinery for degradation to their 
constitutive amino acids; however, this process can be inefficient as is evidenced by their 
accumulation. Deposits of aggregated, misfolded, and oxidized proteins accumulate 
normally over time in cells and tissues, especially in postmitotic cells of the brain and heart, 
and are often present in increased amounts in a range of age-related disorders, such as 
atherosclerosis, neurodegeneration, and cataractogenesis (Dunlop et al. 2009; Dunlop Ra Fau 
- Rodgers et al. 2002). 
Oxidatively modified proteins are usually considered degraded more or less exclusively by 
the proteasome system, although this would only apply to mildly oxidized proteins since 
substrates must be unfolded to enter the narrow catalytic chamber of the 20S core (Dunlop 
Ra Fau - Rodgers, Rodgers Kj Fau - Dean, & Dean 2002). 
Altogether, these studies show that protein oxidation products may serve as biomarkers for 
oxidative free radical damage. The intracellular accumulation of oxidized forms of proteins 
is a complex function of prooxidant-antioxidant activities and the concentrations and 
activities of the proteases that degrade the oxidized forms of proteins (Stadtman & Levine 
2000). However, measurements are performed in tissue or plasma that is invasively 
obtained samples. Therefore, future studies will have to be conducted to find techniques to 
determine these products in urine as well (de Zwart et al. 1999). 
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better marker than dityrosine, when the oxidative stimulus is radiant energy (ultraviolet 
light) (Scheidegger et al. 2010).  

3. Conclusion  
3.1 Is there a relationship between oxidized apolipoprotein and health status? 
Inflammation is associated with atherosclerosis. Human lipoproteins have been recognized 
to have proinflammatory or anti-inflammatory roles together with their receptors and the 
molecules involved in the interaction of lipoproteins with receptors. In example, it has been 
demonstrated that the inflammatory mediator IL-1ß disrupts cholesterol-mediated LDL 
receptor feedback regulation, permitting unregulated intracellular accumulation of 
unmodified LDL and causing foam cell formation. The authors suggest that this mechanism 
may contribute to the development of atherosclerosis in patients with chronic inflammation 
(Ruan et al. 2006).  
On the other hand, the anti-atherogenic properties of HDL can be beneficial in metabolic 
diseases associated with accelerated atherosclerosis. Indeed, metabolic syndrome and type 2 
diabetes are characterized by elevated cardiovascular risk and by low HDL-cholesterol 
(HDL-C) levels, but also by defective HDL function. Functional HDL deficiency is intimately 
associated with alterations in intravascular HDL metabolism and structure. Indeed, 
formation of HDL particles with attenuated antiatherogenic activity is mechanistically 
related to core lipid enrichment in triglycerides and cholesteryl ester depletion, altered 
apolipoprotein A-I conformation, replacement of apolipoprotein A-I by serum amyloid A, 
and covalent modification of HDL protein components by oxidation and glycation (Kontush 
& Chapman 2006, 2010). “In vivo” oxidation of apolipoprotein-I is equally consistent with 
the observation that HDL from hypercholesterolemic chickens contain higher amounts of 
oligomeric apolipoprotein-I and are more susceptible to “in vitro” oxidation than HDL from 
control animals (Artola et al. 1997). 
Fenofibrate is a PPAR-α agonist indicated for the treatment of hypertriglyceridemia and 
mixed dyslipidemia, lipid abnormalities commonly observed in patients at high risk of 
cardiovascular disease, including Type 2 diabetes and/or metabolic syndromes. Treatment 
with fenofibrate lowers triglycerides, raises HDL-cholesterol and decreases concentrations 
of small LDL-cholesterol particles and apolipoprotein B. Fenofibrate is effective for reducing 
postprandial VLDL and LDL particle concentrations that occurs after a fatty meal (Rosenson 
et al. 2007).  This decrease in VLDL could be related to the increase in VLDL receptor cause 
by  Gemfibrozil  in spleen mononuclear cells, in human hepatocyte cells (HepG2) and in a 
human acute monocytic leukemia cell line (THP-1) cultured with the fibrate (Forcato 2008). 
Fibrate also produced an accumulation of apolipoprotein A-I in HepG2 (Forcato 2008). Thus 
it is probable that fibrates have several concurrent beneficial effects on hyperlipemia and 
oxidative imbalance. 
The existence of oxidized lipids in pathological state is a common feature. Normal arteries 
contained similar levels of protein as atherosclerotic arteries, much less free cholesterol, and no 
detectable amounts of unoxidized or oxidized cholesteryl esters. It has been demonstrated the 
coexistence in human plaque of large amounts of oxidized cholesteryl esters with significant 
concentrations of ascorbate and vitamin E and that compared with healthy human arteries, 
advanced atherosclerotic plaques are not deficient in the antioxidant vitamins C and E, despite 
the occurrence of massive lipid oxidation (Suarna et al. 1995). On the contrary the removal of 
oxidized phospholipid in normal cells is the norm. Oxidized phospholipids within LDL can 
promote phagocyte recognition and engulfment, even when present at only a few molecules 
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per particle, by CD36, a prototypic member of the class B scavenger receptor family (Hazen 
2008). The removal of oxidized lipids associated to lipoproteins or to membranes seems to 
grant a low level in physiological conditions.  

3.2 Damaged proteins are biomarkers of oxidation imbalance 
Damaged proteins are recognized by the proteolytic machinery for degradation to their 
constitutive amino acids; however, this process can be inefficient as is evidenced by their 
accumulation. Deposits of aggregated, misfolded, and oxidized proteins accumulate 
normally over time in cells and tissues, especially in postmitotic cells of the brain and heart, 
and are often present in increased amounts in a range of age-related disorders, such as 
atherosclerosis, neurodegeneration, and cataractogenesis (Dunlop et al. 2009; Dunlop Ra Fau 
- Rodgers et al. 2002). 
Oxidatively modified proteins are usually considered degraded more or less exclusively by 
the proteasome system, although this would only apply to mildly oxidized proteins since 
substrates must be unfolded to enter the narrow catalytic chamber of the 20S core (Dunlop 
Ra Fau - Rodgers, Rodgers Kj Fau - Dean, & Dean 2002). 
Altogether, these studies show that protein oxidation products may serve as biomarkers for 
oxidative free radical damage. The intracellular accumulation of oxidized forms of proteins 
is a complex function of prooxidant-antioxidant activities and the concentrations and 
activities of the proteases that degrade the oxidized forms of proteins (Stadtman & Levine 
2000). However, measurements are performed in tissue or plasma that is invasively 
obtained samples. Therefore, future studies will have to be conducted to find techniques to 
determine these products in urine as well (de Zwart et al. 1999). 
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biochemical changes occur in liver or other cells. One of the important events in acute-phase 
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The level of acute-phase proteins changes rapidly in response to inflammation, and these 
proteins serve as useful indicators of stress and disease. The APPs are mainly synthesized 
and secreted from the liver, under cytokine stimulation (Fig.1 is from ref.7). These cytokines 
can drive the production of anti-inflammatory glucocorticoids by regulating the 
hypothalamic-pituitary-adrenal (HPA). 
 

 
Fig. 2. The summary of acute phase protein production. 

The three most common APPs are C-reactive protein (CRP), serum amyloid A (SAA) and 
serum amyloid P (SAP). Many other APPs have been found, and they all play important 
roles. According to the report (7), the APPs are stimulated by the release of cytokines such 
as IL-6 (Fig. 1), which is induced locally and systemically. APPs have showed a correlation 
with markers of oxidative stress (8). If the tissue damage stimulation has repeated pulses, 
the acute-phase reaction can become chronic. The chronic inflammation can continuously 
provide the increasing serum APPs. Some APPs would be expressed in the liver, stimulated 
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by injury; APP expression might also be a promoter of a benign or malignant tumor, such as 
SAA in ovarian tumors, and may trigger the tissue disorder. Acute-phase SAA is 
synthesized in the liver; extrahepatic production of SAA has been observed in several 
mammalian species (9). Based on these findings, the production of APPs can be summarized 
as in Fig. 2. 
In addition to the production of acute-phase protein, other physical responses would 
happen during the acute-phase response. They are listed in Table 1 (Table is from  
ref.10). Acute-phase phenomena may be included in a large number of behavioral, 
physiological, biological and nutritional changes. APPs can be induced under all of these 
phenomena. 
 

 
Table 1. Other acute phase phenomena 

2. Acute-phase proteins (APPs) 
Currently, numerous proteins are considered APPs, human APPs are listed in Table 2 (10). 
(Table 2 is from ref.10). The proteins can serve as inhibitors or mediators of the 
inflammatory processes. These proteins are a large and varied group of glycoproteins that 
would appear in the bloodstream and would be unrelated to immunoglobulin being 
responsive to inflammatory reaction (11). 
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2.1 Classification of acute-phase proteins (APPs) 
Based on the protein concentration in plasma, APPs can be divided into two classes. 

2.1.1 Negative acute-phase protein 
APPs are produced by the liver and have an increased concentration in the serum. When 
APP concentration in the serum is decreased, the APPs are called negative APPs. Albumin, 
transferrin, transthyretin and retinol-binding protein (vitamin A binding protein, RBP) have 
been found as negative APPs (12). In chronic inflammation in humans, especially in 
developing countries, vitamin A deficiency is serious (13, 14). It is well-known to have a 
negative feedback effect on immunity. As this stress, nutrient deficiency, RBP would be 
reduced. 

2.1.2 Positive acute-phase proteins 
When APP concentration in the serum increases, the APPs are called positive APPs. They 
include such proteins as CRP, mannose-binding protein,-1 antitrypsin, etc, as listed in 
Table 3 (Table is from ref.5). The overall changed APP concentration in the serum includes 
negative and positive APPs. The APP pattern may vary from one species to another. Serum 
amyloid p-component (SAP) is an APP in mice but not in humans. Age may also be a factor. 
For example, some APPs exist in the infant stage normally, but they may not be found in 
adults. Furthermore, some APPs would be increased in some species but decreased in 
others. Transferrin is a negative APP in most mammalian species, but it is a positive APP in 
chickens (15). According to the report of González et al., (16), they mentioned that the serum 
albumin would be decreased significantly at 48h and a lot of APPs would be increased, such 
as fibrinogen, SAA and Hp etc. However, there has no evidence to conclude the correlation 
between albumin and induction of positive APPs.  
 

 
Table 3. Major positive and negative acute phase reactants in mammals and birds. 

2.2 The function of APPs 
The function of APPs has not been completely clarified. In general, the positive APPs serve 
different physiological functions in the immune system and in regulating and trapping 
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infected microorganisms and their products. In addition, the alteration of APP production 
can serve a useful purpose in inflammation, healing to injury or adaptation to infection. For 
example, the concentration of C-reactive protein (CRP) in serum rose significantly under 
acute-phase reaction; it is referred to as an acute-phase protein. It can participate in 
inflammatory response by inducing production of inflammatory cytokines and display anti-
inflammatory effects (17). CRP, characterized as a calcium-dependent binding to various 
substrates, such as DNA or cellular proteins, increases dramatically in response to tissue-
destructive processes (18). Currently, CRP has been found in direct stimulation of 
angiogenesis and may play a role in vessel formation (19). It indicates that APPs have 
multiple functions in the biosystem. 

2.3 Regulation of APPs 
Acute-phase reaction (APR) is a systemic response to injury and/or infection associated 
with endocrine and metabolic changes, including alteration of behavior, body temperature, 
production of cytokines and induction of APPs. Inflammatory cytokines, produced by 
inflammatory cells, are induced locally and systemically. The inflammatory mediators 
activate many cells and trigger a systemic release of cytokines (as pro-inflammatory 
cytokines). The increased serum-cytokines would result in the production of APPs. IL-1, 
TNF, INF- are major and important cytokines for the expression of inflammatory 
mediators to induce the production of cytokines from the liver, such as IL-6. It is the major 
mediator of liver secretion of many APPs. In mammals, APR activities are enhanced 
indirectly by the activation of the pituitary (Fig. 1). As the APR occurring, increase of the 
glucocorticoids is a result of cytokine secretion from the pituitary. The human acute phase 
serum amyloid A (SAA), a positive acute phase protein, was up-regulated significantly after 
stimulation by glucocorticoid and cytokine in human hepatoma cells (20). Besides, many 
non-hepatic cell types including monocytes, endothelial cells and others have been shown to 
express SAA in high levels when stimulated with cytokines and glucocorticoids (21). This 
indicates that cytokines and glucocorticoids regulate the synthesis of APPs (22). 
Glucocorticoid can be a positive and negative regulator of APP synthesis during APR 
(Scheme 1 is from ref.22).  
To our knowledge, cytokines are released from an injury or pathogen’s infection site. The 
proinflammatory cytokines, TNF, IL-1 and IL-6, are considered the primary mediators of the 
APR. Upon injury or infection, macrophage or circulating monocytes are activated; they 
release cytokines locally and stimulate the liver to synthesize the APPs. At the same time, 
these early responsive pro-inflammatory cytokines can also activate the 
hypothalamus/adrenal cortex and induce fever and synthesis of glucocorticoids. 
Glucocorticoids have been proved to enhance the cytokine-dependent APPs’ synthesis in the 
liver during APR. Numerous studies have provided evidences that glucocorticoids clearly 
show positive effects on APP synthesis during APR by way of a synergistic enhancement of 
pro-inflammatory cytokine effects (23–25). 
APPs are almost glycosylated and change with their structure of side sugar chain during 
different inflammatory processes (11). Glycosylation changes in APPs could be markers of 
disease. As an example, -1-acid glycoprotein (AGP) is an APP and has expressed more 
sialyl Lewis X (SLex) linkages in pancreatic cancer (PaC) tissue than in inflamed pancreatic 
tissue; however, the SLex linkages were barely detected in healthy pancreatic tissue (26). 
This reveals that the glycosylation of APPs can regulate the function of APPs. 
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Scheme 1. Activation of the AP response 
The cytokine-mediated network linking the inflammatory site and target organs/tissues is 
shown. Following exposure to the stimulating agent, cytokines produced by macrophages 
act on neighbouring cells, e.g. leucocytes (monocytes, neutrophils and lymphocytes) and 
endothelial cells, in the vicinity of the inamed sites. These cells themselves become 
activated and express additional cytokines and receptors. Endothelial cells express selectins 
( ) which recruit circulating leucocytes and platelets from the bloodstream. Cytokines 
released to the circulation induce the hepatic AP response, which involves the increased 
synthesis of AP proteins e.g. A-SAA, C-reactive protein and complement components. 
Stimulation of the central nenrous system by cytokines induces fever and the synthesis of 
glucocorticoids by the adrenal cortex. Glucoconicoids enhance the hepatic AP response and 
at the same time feed back to down-regulate the local inammation (open arrow) and its 
systemic inflammatory consequences. 

3. Acute phase index 
During the APR, there is an increase in APPs (positive APPs) and there are decreases in 
some APPs (negative APPs); the quantification of these proteins provides valuable clinical 
information in diagnosis and treatment. Numerous researchers have developed the method 
in animals to assess-nonhealthy animals versus healthy ones, and the calculating index is 
called the “acute phase index” (6, 27). 
 

 
(Eq. is from ref.6) 
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In general, the calculated indexes were significantly higher in nonhealthy animals than in 
normal ones, and decreased indexes were observed after treatment. For calculating the 
indexes, the ratio between positive and negative acute-phase proteins has to the determined. 
If the ratio is combined with those of rapid and slow changes in positive and negative APPs, 
the acute-phase signal can be enhanced. The index has been used as a prognostic 
inflammatory for human patients, who might also have a nutritional deficiency. 
Determination of the index with several APPs can help in monitoring the health of 
individual subjects. 
Before calculating the index, the protein concentrations have been measured quantitatively. 
Many technologies, such as the protein chip, the protein microarray method or quantitative 
polymerase chain reaction (qPCR), can be used for APP measurement. These technological 
developments should have crucial importance in future diagnostics. 

4. Acute-phase proteins related to oxidative stress 
The reactive oxygen species (ROS) in the environment indicates the stress status. It has been 
implicated in inflammation. Elevation of ROS induces gene expression, which is involved in 
inflammatory and acute-phase responses (28, 29). It indicates the stress will trigger the APR 
and the occurrence of APPs synthesis. For example, patients with pressure sores present a 
systemic inflammatory response associated with the decrease of ascorbic acid levels, 
suggesting that the patient may be nutritionally deficient (30). Nutritional deficiency is a 
kind of stress in vivo and triggers the elevation of the ROS level. The high ROS level in vivo, 
known as an acute-phase status, includes alternations of APPs and is related to cell 
apoptosis. These may contribute to the development of pressure sores in patients and may 
impede the wound-healing process. 
Infections are also associated with elevating the intracellular oxidative stress via the reaction 
of proinflammatory cytokines. The bactericidal factors and the inflammatory response 
confer oxidative stress to the cells that may lead to cell apoptosis. This means APR was 
developed by infections and initiated an increase in oxidative stress and possibly triggered 
cell apoptosis via APPs (31). For example, LCN2 could induce the increase of intracellular 
ROS significantly within a short time, upon the protein interaction with the cells and 
suppression by the ROS inhibitor (Fig. 3) (32). 
This protein has been described as being mainly expressed in tissues that may be exposed to 
microorganisms (33), or detected in acute inflammatory response (34) in keeping with these 
conditions’ stress status. Cowland et al. (35) showed that during lung inflammation, the 
human LCN2 protein (also called Neutrophil Gelatinase Associated Lipocalin; NGAL or 
human 24p3 protein) synthesis increases in the bronchial epithelial cells, so it was 
considered as a disease activity marker (36, 37). All of these imply that the LCN2 protein 
correlates with environmental stress and tissue damage. In cultured cells, the LCN2 protein 
increment is observed in response to glucocorticoid stimulation, and also in other conditions 
such as serum deprivation. Elevating the glucocorticoid level in circulation during stress 
may trigger the LCN2 protein being highly expressed under this stress condition and exert 
an autocrine control (38) during stress, thus playing a role in cell death (39). Over the years, 
ROS has been perceived as a biological hazard, causing oxidative damage to the cellular 
components, and leading to cancer, cell degeneration and disorders related to aging (40). 
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Based on the descriptions, APPs may initiate the aberrant cell growth under stress 
conditions. 
In general, we have known that cytokines are stimulators of most APPs’ synthesis during 
APR. At the same time, APP is also a stimulator of cytokine production as cells are 
responsive to the APP. Exposure of endometrial carcinoma cell line (RL95-2) to LCN2 for 
>24 h reduced LCN2–induced cell apoptosis, changed the cell proliferation and up-
regulated cytokine secretions, including: interleukin-8 (IL-8), inteleukin-6 (IL-6), monocyte 
chemotatic protein-1 (MCP-1) and growth-related oncogene (GRO) (Fig. 4) (41). These 
cytokines may change the growth of the cells. 
 

 
Fig. 3. Induction of ROS by 24p3 protein (also called mouse LCN2) treatment. RL95-2 cells 
were treated with 5μM 24p3 protein for various time intervals, followed by incubation with 
20μM DCFH-DA for 15 min. The amount of intracellular ROS can be quantified by detection 
via a microfluorometer with excitation and emission wavelengths at 485 and 535 nm, 
respectively. The results were confirmed in multiple experiments and presented as the 
mean±S.D. (**) p < 0.01, (***) p < 0.001, n = 5. (A) The time course of 24p3 protein effect on 
RL95-2 cells. (B) The DPI prevents the 24p3 protein from inducing ROS in RL95-2 cells. The 
black bar indicates the 30-min incubation and the gray bar indicates 60-min incubation of 
24p3 protein with the cells. 
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Fig. 4. Cytokine array analysis of conditioned medium from Lcn-2-treated RL95-2 cells. 
(A) RayBio® Human Cytokine Antibody Array I Map. (B) The signals of cytokine 
concentrations in conditioned media; significant signals are labeled with Arabic numerals: 1, 
MCP-1; 2, IL-6; 3, IL-8; and 4, GRO. Relative intensities of these four cytokines are shown in the 
lower panels with the intensities of values from control serum-free media set as 1. (C) mRNA 
levels of cytokines in Lcn-2-treated cells. A total of 4×104 cells were incubated with or without 
10 μM Lcn-2 in serum-free medium for 24, 36 and 48 h. After incubation, the total RNA 
isolated from cells was reverse transcribed and amplified by RT-PCR using primers for MCP-
1, IL-6, IL-8 and GRO. Levels of mRNA were determined by semi-quantitative RT-PCR. 
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However, IL-8 mRNA and protein levels were dramatically increased in LCN2–treated 
RL95-2 cells. The major focus was to determine the IL-8 effect on LCN2-treated RL95-2 cells. 
Adding recombinant IL-8 (rIL-8) resulted in decreased caspase-3 activity in LCN2–treated 
cells, whereas the addition of IL-8 antibodies resulted in significantly increased caspase-3 
activity and decreased cell migration. Data indicate that IL-8 plays a crucial role in the 
induction of cell migration (Fig. 5) (41). 
 

 
Fig. 5. Effects of LCN2-conditioned medium on RL95-2 cell migration. RL95-2 cells were 
stimulated with LCN2 for varying lengths of time, and then culture supernatants were 
collected from conditioned medium. Cytokine antibodies (anti-IL-8 or anti-IL-6) were added 
to clarify the effect of these cytokines on 48 h CM-induced cell migration. Cell migration was 
measured using the transwell assay in the absence or presence of conditioned medium. (A) 
After incubation for 24 h, RL95-2 cells were stained with 0.5% crystal violet, and cells were 
counted in ten random fields under a microscope at X20 magnification. (B) OD570 values of 
cells on the lower surface of the membrane extracted with 33% acetic acid after anti-IL-8 
neutralization. These data are representative of three independent experiments. The cell 
number of RL95-2 incubation under 48 h CM for 24 h is as a control experiment. Values are 
the mean ± SEM. **, P < 0.01; ***, P < 0.001. 
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Interestingly, LCN2-induced cytokines, secretion from RL95-2 cells, could not show the 
potent cell migration ability with the exception of IL-8. We concluded that LCN2 triggered 
cytokine secretions to prevent RL95-2 cells from undergoing apoptosis and subsequently 
increased cell migration. We hypothesize that LCN-2 increased cytokine secretion by RL95-2 
cells, which in turn activated a cellular defense system. This means the APP would secrete 
from the cell under stress and then promote the secretion of cytokines and enhance cell 
growth. 

5. Acute-phase proteins related to cytokines 
Furthermore, tumorigenesis and the invasion capacity of tumor cells are medicated by 
growth factors, including cytokines, which promote cell proliferation, including the invasion 
of tumor cells. Cytokines are a part of homeostasis, stress response, inflammation and 
tumorigenesis (42). IL-6 is known to be a proinflammatory cytokine. The elevation of IL-6 
levels in patients with a Ras-induced cancer can trigger the other secreting cytokine, IL-8, an 
important factor for tumor growth in HeLa cells. It provided the information linking 
cytokines to tumorigenesis and also hinted at the linkage of APPs to tumorigenesis (43–46). 
IL-8 can be induced in endometrial cells by an acute-phase protein, LCN2, also an 
angiogenic factor in some cancers (47). According to the report of Arenberg et al., (37) 
inhibition of IL-8 expression would reduce the tumor development of human lung cancer in 
mice. It was announced that the IL-8 plays role in mediating angiogenesis during 
tumorigenesis of human cancer. IL-8 thereby offers the potential to promote the formation 
of tumor (48). Based on the result of Lin et al. (41), LCN2 could induce IL-8 expression and 
secretion and enhance cell migration and invasion. This suggests IL-8 as an LCN2-induced 
tumor factor. It indicates that the LCN2-induced IL-8 secretion from uterine endometrial 
cells and promotes the cell migration therefore the result provides evidence for APP playing 
a role in tumorigenesis. 

6. Acute-phase proteins as tumorigenic factors or diseases inducers 
APPs may initiate tumor formation indirectly via induced cytokines, or/and directly by 
themselves. To our knowledge, serum amyloid A (SAA) is an APP; it has been found that it 
may contribute the role in directing and enhancing the tumor process. Especially, numerous 
studies on SAA had been focused on the tumor progression. 
The acute-phase serum amyloid A proteins (SAAs) are multifunctional proteins that would 
be up-regulated by proinflammatory cytokines during inflammation, infection, trauma or 
stress. Several biological effects of SAA have been described in relation to inflammation, 
including cell adhesion, cell migration, tissue infiltration of inflammatory cells, enhancing 
matrix metalloproteinases (MMPs) increasing expression of cytokines, or stimulating 
angiogenesis. The liver is the main site for SAA synthesis; however, extra hepatic expression 
has been found in many normal human tissues (20). In more recent studies, SAA in serum 
levels were found elevated in a wide range of cancers. SAA is expressed locally in colon 
carcinoma and also overexpression in endometrial carcinoma and ovarian tumors (49). 
Breast cancer is one of the most common cancers in women worldwide. Finding the 
potential biomarkers to identify the types of breast cancer is an important work in progress. 
LCN2 is a newly identified biomarker for breast cancer; clarification of the possible 
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mechanisms underlying its role in tumorigenesis is ongoing. LCN2, originally an 
inflammatory marker in both adipose and liver tissue (50), can be induced by 
lipopolysaccharides, suggesting that LCN2 is an acute-phase protein as in previous 
mentioned. However, increased systemic LCN2 levels in several diseases have been 
reported, such as chronic renal failure, chronic inflammation and some cancers. This may 
reveal that APPs play multi-functions in the biological system. 

6.1 Endometrial hyperplasia 
Human LCN2 (NGAL) is also found in human endometrial hyperplasia, a uterine disorder 
disease. Up-regulation of NGAL protein and mRNA was much higher in endometrial 
hyperplasia than in adenomyosis. Endometrial carcinoma is more often associated with 
endometrial hyperplasia (55%) than with endometrial adenomyosis (16%) (51). It seems to 
 

 

 
Fig. 6. Western blot analysis of NGAL in biopsy samples of endometrial disorders and 
immunohistochemical staining of endometrial adenomyosis and hyperplasia samples with 
anti-NGAL. A. Immunoblotting with anti- NGAL and anti-GAPDH. The data represent the 
mean ± SEM from all biopsies (eight adenomyosis samples and 27 hyperplasia samples), 
and were calculated using the ratio of NGAL to the internal control (GAPDH). The right 
panel shows the signal after immunoblotting. B. NGAL immunoreactivity was not observed 
in adenomyosis in the presence of the NGAL antibody (b). Similarly, no NGAL expression 
was observed in either tissue in the absence of NGAL antibody (a, c). However, in the 
presence of NGAL antibody, strong NGAL expression was observed as a light brown color 
in the cytoplasm of glandular epithelia (GE) in endometrial hyperplasia (arrows). The nuclei 
were stained with hematoxylin (blue). Magnification x100 and x400 (inset). 
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indicate that endometrial hyperplasia itself presents a higher risk for progressing to 
endometrial carcinoma compared to adenomyosis. Therefore, we asked whether the cancer 
marker NGAL was responsive to tumorigenic transformation of endometrial hyperplasia 
and if it was expressed at high levels. Immunohistochemical analysis revealed that NGAL 
expression in the glandular epithelia was strongly elevated in endometrial hyperplasia 
compared to adenomyosis (Fig. 6) (52). Some studies have shown that NGAL can be a 
marker for ovarian, breast, bladder, and pancreatic cancers, and that it is a survival factor 
for thyroid neoplastic cells (53–55). 
Consistent with our findings, a significant increase in NGAL expression in endometrial 
hyperplasia may be a part of the tumorigenic process. Therefore, we propose an autocrine 
function for NGAL, which may play a role in uterine disorders or carcinomas. Previous 
studies have suggested that NGAL overexpression may be required for tumorigenesis by 
promoting tissue invasion (56). Based on these studies, it seems likely that NGAL is related 
to the transition from endometrial hyperplasia to endometrial carcinoma. The data showed 
that NGAL expression was significantly increased in endometrial hyperplasia compared to 
adenomyosis and correlated positively with COX-2 expression (r = 0.42). The increased 
COX-2 expression in hyperplasia may signify an early step in carcinogenesis. These uterine 
disorders may be inflammatory disorders and may trigger COX-2 gene expression. COX-2 is 
also important during tumorigenic transformation of hyperplasia (57, 58), where it decreases 
endometrial cell apoptosis and increases angiogenesis. It is the evidence for the correlation 
of APP with disease. 

6.2 Endometriosis 
Endometriosis, which usually develops in pelvic organs such as the ovaries and may 
contribute to infertility, is an estrogen-dependent disease characterized by the presence of 
endometrium-like tissue outside the uterine cavity (59). A relationship between ovarian 
endometriosis and certain types of ovarian cancer has been suggested, and endometriosis is 
believed to increase cancer risk. Endometriosis is similar to cancerous tumors in that it 
requires angiogenesis for expansion (60–62). Epithelial-mesenchymal transition (EMT) is a 
process whereby epithelial cells are converted to a mesenchymal phenotype and may be 
essential for the migration, invasion and relocalization of epithelial cells (59). EMT also can 
be induced by other signals, including the acute stress response (63). We hypothesized that 
EMT might be involved in the development of endometriosis. LCN2 is an oxidative stress 
factor that responds to environmental stress and triggers changes in cellular physiology. 
This signaling pathway may be activated under physiological as well as pathophysiological 
conditions (64). Cannito et al. found that intracellular ROS also are involved in the 
regulation of EMT (64), and Yanga et al. (65) found that LCN2 is associated with breast 
cancer progression via EMT. In addition, LCN2 also triggered cell migration and invasion 
(Fig. 7) (unpublished data), and this effect might contribute to the development of ectopic 
endometrial tissue implantation. Based on our evidence, we propose that LCN2 induces 
EMT in endometrial epithelial cells under nutrient-deprived conditions and thereby 
promotes the development of endometriosis. 
In summary, during inflammation or stress, APPs can be induced by proinflammatory 
mediators and trigger the changes in cell physiological balance. Actually, cell apoptosis and 
cell proliferation are involved in the APPs triggered pro-inflammatory (cell apoptosis) or 
anti-inflammatory (wound-healing). According to Khatami's theory (66-68), acute phase 
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response is a highly regulated immune response to achieve a well-balance of cell death and 
cell growth in biological system; and indicates the APPs reaction is a kind of "Yin-Yang" 
doctrine. Therefore, the regulation of inflammatory response could initiate the challenge to 
the balance of tumoricidal versus tumorigenesis in immune system. The alteration of 
balance is considered as factor for causing the diseases; however, the regulatory pathways 
of APPs in disease formation remain unanswered. Future elucidation of the complex 
network of APPs, cytokines and pathological conditions is essential. The knowledge of APPs 
might be useful for providing an important method to monitor mammalian health. 
 

 
 

Fig. 7. Endometrial epithelial cell migration assays. Primary endometrial epithelial cells 
were harvested and then cultured in 1% FBS/DMEM/F12 medium for 48 h. The medium 
was collected and centrifuged to remove the suspended cells and cell debris and was used 
as a conditioned medium. Conditioned medium with or without 0.02 M LCN2 antibody 
was used for wound-healing experiments and the Transwell assay. A, Wound-healing assay. 
Endometrial epithelial cells (5 × 104) were cultured in 24-well plates for 48 h until near 
confluence (～90%). A sterile 200-l pipette tip was used to scratch through the cells to 
simulate a wound. After conditioned medium was added, the scratches were observed 
microscopically over a 12-h period. The green lines indicate the edge of each side of the 
scratch to show cell migration. B, C, Transwell assay. Endometrial epithelial cells (1 × 105) in 
100 l 1% FBS/DMEM/F12 medium were added to Transwell units. Conditioned medium 
(400 l) was then added, and cells were allowed to migrate for 24 h in a 37C, 5% CO2 
incubator. After incubation, the cells in the membrane insert were stained as described in 
the text and visualized (C); cells were then counted (B). 
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as a conditioned medium. Conditioned medium with or without 0.02 M LCN2 antibody 
was used for wound-healing experiments and the Transwell assay. A, Wound-healing assay. 
Endometrial epithelial cells (5 × 104) were cultured in 24-well plates for 48 h until near 
confluence (～90%). A sterile 200-l pipette tip was used to scratch through the cells to 
simulate a wound. After conditioned medium was added, the scratches were observed 
microscopically over a 12-h period. The green lines indicate the edge of each side of the 
scratch to show cell migration. B, C, Transwell assay. Endometrial epithelial cells (1 × 105) in 
100 l 1% FBS/DMEM/F12 medium were added to Transwell units. Conditioned medium 
(400 l) was then added, and cells were allowed to migrate for 24 h in a 37C, 5% CO2 
incubator. After incubation, the cells in the membrane insert were stained as described in 
the text and visualized (C); cells were then counted (B). 
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1. Introduction 
Asthma is a chronic, heterogeneous and variable disease in which airways inflammation, 
transient obstruction and hyperresponsiveness are the major features of the illness (Faffe, 
2008; Jenkins et al., 2005; Lemanske & Busse, 2010; Sugita et al., 2003). The inflammation in 
asthma is characterized by eosinophil cell infiltration although neutrophils are also observed 
in acute asthma exacerbation and in severe asthma patients (Fahy, 2009; Kim & Rhee, 2010; 
Venge, 2010). A main role of eosinophils and neutrophils in asthma is to release mediators 
involved in the development of airway pathological structural changes, the called airway 
remodeling. An important consequence of airway remodeling is the thickening of the 
airway wall produced by the deposit of extracellular matrix components (Bazan-Perkins et 
al., 2009; Janson, 2010; Salerno et al., 2009). The enlargement of airway wall could alter the 
transient airway obstruction in asthma that usually is resolved either spontaneously or after 
treatment, by inducing a residual and permanent airway obstruction (Broekema et al., 2011; 
Janson, 2010; Jeffery et al., 2000; Wenzel, 2003).  
Airway hyperresponsiveness is a crucial physiopathological feature of asthma fundamentally 
because maintains a relation to the disease magnitude (Busse, 2010; Cockcroft & Davis, 2006; 
O'Byrne & Inman, 2003; Sugita et al., 2003). Although the mechanism involved in the 
generation of airway hyperresponsiveness is not attributable to a single but to multiple 
pathological processes, two main factors could contribute to its development: inflammation 
and remodeling. In this scenario, it has been observed that the inflammatory factor is 
associated to inducible, transient and variable hyperresponsiveness while remodeling has been 
related to persistent airway hyperresponsiveness (Busse, 2010; Cockcroft & Davis, 2006; 
O'Byrne & Inman, 2003). Additionally, variable hyperresponsiveness occurs mainly in acute 
asthma while persistent hyperresponsiveness predominantly takes place in chronic or severe 
asthma (Cockcroft & Davis, 2006; O'Byrne & Inman, 2003; Wenzel, 2003). Nevertheless, 
independently of its pathological basis, the development of therapeutic strategies reducing the 
hyperresponsiveness is fundamental in asthma control. 
Polymerized type I collagen (PtI-collagen) is a composite made with a γ-irradiated mixture 
of atelopeptidic porcine type I dermal collagen and polyvinylpyrrolidone that has shown 
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anti-inflammatory and fibrolytic properties in many diseases. In humans, PtI-collagen is 
safe, well-tolerated and non-genotoxic, as shown in short and long administration periods 
(Furuzawa-Carballeda et al., 2003). PtI-collagen effects has been evaluated in rheumatoid 
arthritis patients (Furuzawa-Carballeda et al., 1999; Furuzawa-Carballeda et al., 2003; 
Furuzawa-Carballeda et al., 2006; Furuzawa-Carballeda et al., 2002), skin diseases as 
scleroderma (Furuzawa-Carballeda et al., 2005), pressure ulcers (Zeron et al., 2007) and 
hypertrophic scars (Krotzsch-Gomez et al., 1998), and a case of its use in ileocolonic ulcer 
has also been reported (De Hoyos Garza et al., 2007).  
In bone fracture in rats, PtI-collagen stimulates the healing process and accelerates the new 
bone formation (Chimal-Monroy et al., 1998; Furuzawa-Carballeda et al., 2003). 
Furthermore, in neoformed bone tissue in dogs, favored the vascular growth and the 
expression of transforming growth factor-β1 (Ascencio et al., 2004). After appendectomy in 
rabbits, decreases the incidence and size of intra-abdominal adhesions (Cervantes-Sanchez 
et al., 2003). Moreover, in the tracheoplasty site in dogs, reduces the inflammatory 
lymphocytic infiltration and the degree of fibrosis and tracheal stenosis (Olmos-Zuniga et 
al., 2007). In addition, in rat chronic cyclosporine nephropathy model, PtI-collagen has 
shown anti-apoptotic properties (Sanchez-Pozos et al., 2010).  
In guinea pigs we have observed that PtI-collagen administrated in acute asthma model 
reduces the expression of TNF in addition to airway eosinophil and neutrophil infiltration, 
as well as fibrosis (Moreno-Alvarez et al., 2010). In this study we have evaluated the effects 
of PtI-collagen in a guinea pig allergic-asthma model with remodeled airways and antigen-
induced airway hyperresponsiveness (AI-AHR) to histamine. 

2. Materials and methods 
We used healthy male guinea pigs (350-400 g) purchased originally from Harlan Mexico 
(strain HsdPoc:DH) and reproduced at our institutional laboratory animal facilities. Animals 
were bred in filtered air-conditioned, 12/12-h light/dark cycles, at 21±1°C and 50-70% 
humidity, and fed with sterilized pellets (2040 Harlan Teklad Guinea Pig Diet) and water ad 
libitum. The protocol was reviewed and approved by the Scientific and Bioethics 
Committees of the Instituto Nacional de Enfermedades Respiratorias Ismael Cosio Villegas 
in Mexico City. 

2.1 Study design 
After an initial sensitization protocol, guinea pigs were intermittently exposed to the 
aerosolized allergen (ovalbumin, OVA) for up to 125 days (asthma model group), receiving 
a total of twelve allergenic challenges (Fig. 1). The control group animals received saline 
solution instead OVA. Some animals from both asthma model and control groups were 
treated with 0.66 mg/ml of PtI-collagen aerosols administrated every 5 days from day 65 to 
day 120. The development of AI-AHR was evaluated in every guinea pig group by 
performing dose-response curves to histamine before and after either the antigen or saline in 
the reinforcement day (day 8) and at the sixth and twelfth antigenic or saline challenges. 
After the twelfth antigenic or saline challenges, animals were euthanized and a 
bronchoalveolar lavage was carried out to analyze cell count. Then, lung samples were 
obtained to analyze both the changes in the amount of collagen stain in subepithelial 
mucosa by Masson trichrome by light microscopy. Airway subepithelial mucosa was 
defined as the area comprised between the basal edge of epithelial cells and the beginning of 
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airway smooth muscle, a region containing mainly basement membrane and lamina 
propria. 

2.2 Sensitization procedure 
On the first day, each guinea pig received a single intraperitoneal injection of OVA (0.06 
mg/ml, Sigma St Louis, EU) with aluminium hydroxide (1 mg/ml; J.T. Baker, NJ, EU) 
dispersed in saline solution (Fig. 1). Sensitization was reinforced 8 days later with OVA 
aerosols (3 mg/ml saline) delivered during 5 min. Aerosols were produced by an US-1 
Bennett nebulizer (flow, 2 ml/min), releasing mixed particles, 44% <4 µm in size, 38% of 4-
10 µm, and 18% >10 µm (multistage liquid impinger, Burkard Manufacturing Co., 
Rickmansworth, Hertfordshire, UK). From day 15 onward, guinea pigs were challenged 
every 10 days with OVA aerosols (1 mg/ml in the first challenge, and 0.5 mg/ml in the 
eleven subsequent challenges) during 1 min. Control guinea pigs received inhalatory 
challenges with vehicle (saline solution). All challenges were carried out while the guinea 
pig was inside a barometric plethysmograph, allowing us to record acute 
bronchoobstructive response to the antigenic challenge immediately after OVA delivery was 
ended, as described in the following section. This guinea pig model of allergic asthma does 
not develop a noticeable late airway response. We corroborated that this sensitization 
procedure induces production of OVA-specific IgG1 and IgE. 

2.3 Barometric plethysmography 
Whole-body single-chamber plethysmography for freely moving animals (Buxco Electronics 
Inc., Troy, NY, USA) was used to evaluate the pulmonary function indirectly according to 
principles previously described (Hamelmann et al., 1997; Vargas et al., 2010). Briefly, 
pressure inside the plethysmograph was measured through a differential transducer 
connected to a preamplifier. Because air in lungs is heated and humidified, during the 
inspiratory phase the volume of air inside the thorax is larger than the volume of air drawn 
by the animal from the plethysmographic chamber. This larger volume of air inside the 
thorax produces an increase in the plethysmographic chamber pressure, and the reverse 
occurs during the expiratory phase. The signal from the chamber was processed with 
computer-installed software (Buxco Biosystem XA v1.1) to calculate several respiratory 
parameters, including Penh (enhanced pause). This index was obtained by the following 
formula (Hamelmann et al., 1997) (1):  

 Penh = ((Te-Rt)/Rt)(PEP/PIP) (1) 

where Te = expiratory time (s), Rt = relaxation time (s), PEP = peak expiratory pressure (cm 
H2O), and PIP = peak inspiratory pressure (cm H2O). The software was adjusted to only 
include breaths with a tidal volume of 1 ml or more, with minimal inspiratory time of 0.15 s, 
maximal inspiratory time of 3 s, and maximal difference between inspiratory and expiratory 
volumes of 10%. After the guinea pig was placed inside the plethysmographic chamber, a 5-
min baseline Penh recording was initiated 5 min later. One minute after OVA or vehicle 
administration, Penh was recorded at 5 and 10 min, and every 15 min thereafter. Because 
Penh was calculated for each breath, adjustments were made to the software to average 
values from all breaths occurring during 15 s, and then to average these values during the 
last 5 min of each period. 
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Fig. 1. Experimental design. After initial immunization and reinforcement, guinea pigs 
received up to twelve antigen challenges. Animals were sacrificed at days 125 after antigen-
induced airway hyperresponsiveness was evaluated. =antigen-induced airway 
hyperresponsiveness evaluation day, OVA=ovalbumin, PtI-collagen= polymerized type I 
collagen. 

2.4 PtI-collagen treatments 
Some guinea pigs from asthma model group received 0.66 mg/ml PtI-collagen dispersed in 
20 ml of saline for 5 min (n= 5-6). PtI-collagen doses and frequency of administration were 
selected in accordance to a previous study (Moreno-Alvarez et al., 2010). PtI-collagen 
aerosols were administrated with an US-1 Bennett nebulizer at a flow rate of 2 ml/min 
every 5 days from day 65. PtI-collagen was administrated one hour after OVA when it 
coincided with the OVA-challenge day. Five guinea pigs from the control group received 
0.66 mg/ml PtI-collagen to constitute the sham group. 

2.5 Antigen-induced airway responsiveness 
Airway responsiveness was evaluated in all groups at day of sensitisation reinforcement 
and at sixth and twelfth OVA challenges by comparing histamine dose-response curves 
before and after OVA administration. In guinea pig, histamine aerosol administration 
induces an all-or-none response (Fig. 2). To avoid receptor desensitization, we administrated 
non-cumulative doses of histamine from low to high doses (0.01 to 0.1 mg/ml; Fig. 2) after 
an initial Penh baseline acquisition. The dose-response curve was stopped at the first airway 
obstructive response in which usually Penh reached three times its baseline level. Each 
histamine dose was delivered during 1 min, and the average Penh value during the 
following 5 min was obtained. The interval between doses was 10 min. Once Penh had 
returned close to the initial baseline value (<50% increment) (Bazan-Perkins et al., 2004), 
OVA challenge was administered. The second curve was performed 3 h after OVA 
challenge. 
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Fig. 2. Dose-response curve to aerosolized histamine. After initial baseline acquisition (0 
mg/ml histamine), guinea pigs received non-cumulative doses to histamine. The arrow 
shows the provocative dose 200% (PD200), i. e., the interpolated histamine dose that caused a 
three-fold increase of basal Penh. 

2.6 Cell counts in bronchoalveolar lavage 
One hour after concluding the second histamine curve, and when at least 50% of baseline Penh 
was reached (Bazan-Perkins et al., 2004), animals were overdosed with an intraperitoneal 
injection of pentobarbital sodium (65 mg/kg) and the trachea was cannulated. Using a syringe, 
5 ml of saline solution (37°C) was introduced through the tracheal tube and gently recovered 1 
min later. This procedure was repeated and the recovered fluid was mixed with the first 
bronchoalveolar lavage fluid. Total recovered fluid was immediately centrifuged for 10 min at 
500 g (4°C), the cell pellet was resuspended in 1-ml saline solution, and total cells were 
counted employing the Kimura stain in a Neubauer haemocytometer. Volume was adjusted to 
obtain 1 x 106 cells/ml and 50 µl of this mixture was deposited on a slide stainer (7120 
Aerospray, Wescor Inc., Logan, Utah, USA) to be stained with Romanowsky stain for 
differential cell counting. Cell counts were expressed as number of cells per ml of BAL fluid. 
Cell viability >80% was confirmed by Trypan blue exclusion technique in each BAL. All 
smears were coded, and cells were counted in blind fashion. 

2.7 Conventional histology and automated morphometry analysis 
Left caudal lung lobe was dissected and fixed by manually perfusing 10% neutral buffered 
formaldehyde solution via intra-arterial route until lung lobe was exsanguinated. Lung 
fragments obtained by sagittal cutting were embedded in paraffin, and 4 µm-thick lung 
sections were stained with Masson trichrome stain. Surface areas (µm2) of airways 
subepithelial mucosa were determined through the use of automated morphometry (Qwin, 
Leica Microsystems Imaging Solutions, Cambridge, UK). All measurements were conducted 
in six bronchi chosen at random from each animal, data was adjusted by length of the 
corresponding basement membrane, and their average was considered the final result. 
Bronchus was identified by presence or absence of cartilage in airway wall, respectively. 

2.8 Statistical analysis 
Airway responsiveness to histamine was evaluated by means of the provocative dose 200% 
(PD200), i.e., the interpolated histamine dose that caused a three-fold increase of basal Penh. 
Changes in histamine responsiveness induced by antigenic challenge was evaluated by the 
PD200 ratio, i.e., PD200 value observed after OVA challenge divided by PD200 value before 
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Fig. 1. Experimental design. After initial immunization and reinforcement, guinea pigs 
received up to twelve antigen challenges. Animals were sacrificed at days 125 after antigen-
induced airway hyperresponsiveness was evaluated. =antigen-induced airway 
hyperresponsiveness evaluation day, OVA=ovalbumin, PtI-collagen= polymerized type I 
collagen. 

2.4 PtI-collagen treatments 
Some guinea pigs from asthma model group received 0.66 mg/ml PtI-collagen dispersed in 
20 ml of saline for 5 min (n= 5-6). PtI-collagen doses and frequency of administration were 
selected in accordance to a previous study (Moreno-Alvarez et al., 2010). PtI-collagen 
aerosols were administrated with an US-1 Bennett nebulizer at a flow rate of 2 ml/min 
every 5 days from day 65. PtI-collagen was administrated one hour after OVA when it 
coincided with the OVA-challenge day. Five guinea pigs from the control group received 
0.66 mg/ml PtI-collagen to constitute the sham group. 

2.5 Antigen-induced airway responsiveness 
Airway responsiveness was evaluated in all groups at day of sensitisation reinforcement 
and at sixth and twelfth OVA challenges by comparing histamine dose-response curves 
before and after OVA administration. In guinea pig, histamine aerosol administration 
induces an all-or-none response (Fig. 2). To avoid receptor desensitization, we administrated 
non-cumulative doses of histamine from low to high doses (0.01 to 0.1 mg/ml; Fig. 2) after 
an initial Penh baseline acquisition. The dose-response curve was stopped at the first airway 
obstructive response in which usually Penh reached three times its baseline level. Each 
histamine dose was delivered during 1 min, and the average Penh value during the 
following 5 min was obtained. The interval between doses was 10 min. Once Penh had 
returned close to the initial baseline value (<50% increment) (Bazan-Perkins et al., 2004), 
OVA challenge was administered. The second curve was performed 3 h after OVA 
challenge. 
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Fig. 2. Dose-response curve to aerosolized histamine. After initial baseline acquisition (0 
mg/ml histamine), guinea pigs received non-cumulative doses to histamine. The arrow 
shows the provocative dose 200% (PD200), i. e., the interpolated histamine dose that caused a 
three-fold increase of basal Penh. 

2.6 Cell counts in bronchoalveolar lavage 
One hour after concluding the second histamine curve, and when at least 50% of baseline Penh 
was reached (Bazan-Perkins et al., 2004), animals were overdosed with an intraperitoneal 
injection of pentobarbital sodium (65 mg/kg) and the trachea was cannulated. Using a syringe, 
5 ml of saline solution (37°C) was introduced through the tracheal tube and gently recovered 1 
min later. This procedure was repeated and the recovered fluid was mixed with the first 
bronchoalveolar lavage fluid. Total recovered fluid was immediately centrifuged for 10 min at 
500 g (4°C), the cell pellet was resuspended in 1-ml saline solution, and total cells were 
counted employing the Kimura stain in a Neubauer haemocytometer. Volume was adjusted to 
obtain 1 x 106 cells/ml and 50 µl of this mixture was deposited on a slide stainer (7120 
Aerospray, Wescor Inc., Logan, Utah, USA) to be stained with Romanowsky stain for 
differential cell counting. Cell counts were expressed as number of cells per ml of BAL fluid. 
Cell viability >80% was confirmed by Trypan blue exclusion technique in each BAL. All 
smears were coded, and cells were counted in blind fashion. 

2.7 Conventional histology and automated morphometry analysis 
Left caudal lung lobe was dissected and fixed by manually perfusing 10% neutral buffered 
formaldehyde solution via intra-arterial route until lung lobe was exsanguinated. Lung 
fragments obtained by sagittal cutting were embedded in paraffin, and 4 µm-thick lung 
sections were stained with Masson trichrome stain. Surface areas (µm2) of airways 
subepithelial mucosa were determined through the use of automated morphometry (Qwin, 
Leica Microsystems Imaging Solutions, Cambridge, UK). All measurements were conducted 
in six bronchi chosen at random from each animal, data was adjusted by length of the 
corresponding basement membrane, and their average was considered the final result. 
Bronchus was identified by presence or absence of cartilage in airway wall, respectively. 

2.8 Statistical analysis 
Airway responsiveness to histamine was evaluated by means of the provocative dose 200% 
(PD200), i.e., the interpolated histamine dose that caused a three-fold increase of basal Penh. 
Changes in histamine responsiveness induced by antigenic challenge was evaluated by the 
PD200 ratio, i.e., PD200 value observed after OVA challenge divided by PD200 value before 
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challenge (Bazan-Perkins et al., 2009). In multiple comparisons, one way or repeated 
measures ANOVA followed by Tukey or Bonferroni tests were used. Statistical significance 
was set at two-tailed P < 0.05. Data in the text and figures are expressed as mean ± SE. 

3. Results 
Considering that control and sham groups had quite similar results in functional and 
structural analyses, to avoid excessive data, only control group is shown in the result section. 

3.1 Allergen-induced airway obstructive response in PtI-collagen treated guinea pigs 
Saline aerosol challenges in control group did not modify Penh basal values. In asthma 
model guinea pigs, OVA-nebulization at sensitisation reinforcement day did not alter Penh 
baseline. Nevertheless, since first to twelve OVA-challenges, the asthma model guinea pigs 
showed a transient Penh increment and maximum responses in the first hour were 
significantly higher than maximum values in control (P < 0.001; n=6 each group; Fig. 3). PtI-
collagen administration in asthma model guinea pigs did not modify maximal Penh 
responses in comparison with asthma model group but also were higher than control (P < 
0.001; n=6 each group; Fig. 3). 
Baseline Penh values in control animals were similar throughout the study. In asthma model 
group, a progressive baseline Penh increment that reaches statistical differences at the tenth 
to the twelfth OVA-challenges in comparison with control group was observed (P < 0.05; 
n=6 each group; Fig. 4). PtI-collagen treated asthma model guinea pigs also showed a 
similar pattern of baseline Penh increment and a post hoc analysis demonstrated statistically 
significant higher Penh values at the eight, tenth (P < 0.05) and eleventh (P < 0.01) OVA 
challenges in comparison with control group (n=6 each group; Fig. 4). 
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Fig. 3. Airway obstructive responses induced by ovalbumin challenge in PtI-collagen treated 
allergic guinea pigs. Average of maximum airway obstructive responses (Rmax) induced by 
ovalbumin (open squares and circles) and saline (close squares) challenges in guinea pigs.  
PtI-collagen treated guinea pigs are shown in open circles. *P < 0.001 compared with control 
group (repeated measures ANOVA with Bonferroni´s multiple comparisons test). Symbols 
represent the means ± SE of n = 6 of each group. Penh = airway obstruction index. R= 
sensitisation reinforcement day. 
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Fig. 4. Baseline airway obstruction index (Penh) changes in PtI-collagen treated guinea pigs. 
Values of saline (close squares) and ovalbumin (open squares and circle) challenged guinea 
pigs were obtained at the beginning of each plethysmographic recording and before drug 
administration. PtI-collagen treated guinea pigs are shown in open circles. *P < 0.05 asthma 
model compared with control group, +P < 0.05 and ++P < 0.01, PtI-collagen treated guinea 
pigs compared with control groups (repeated measures ANOVA with Bonferroni´s multiple 
comparisons test). Symbols represent the means ± SE of n = 6 of each group. R= sensitisation 
reinforcement day. 

3.2 Airway responsiveness in PtI-collagen treated guinea pigs 
PD200 ratio to aerosolised histamine was similar at the sensitisation reinforcement day in 
control and asthma model groups (Fig. 5). In the sixth OVA challenges, asthma model 
guinea pigs groups exhibited a significant decrease of histamine PD200 ratio in comparison 
with control group (n = 6 each group; P < 0.05; Fig. 5). At twelfth OVA-challenge, asthma 
model guinea pigs showed a significantly PD200 ratio decrement in comparison with control 
(n = 6 each group; P < 0.001) and asthma model guinea pigs treated with PtI-collagen (n = 6 
each group; P < 0.001; Fig. 5). 

3.3 Airway structure in PtI-collagen treated guinea pigs 
Subepithelial mucosa collagen deposit in bronchus, identified with Masson trichrome 
staining, in asthma models groups was significantly higher than control group (P < 0.001 
when comparing control vs. asthma model; P < 0.05 when comparing asthma model PtI-
collagen treated vs. control guinea pigs; n = 6 each group; Fig. 6). In addition, PtI-collagen 
asthma model guinea pigs showed a significantly decrement in comparison with asthma 
model untreated animals (P < 0.001; n = 6; Fig. 6). 

3.4 Airway inflammation in PtI-collagen treated guinea pigs 
Lymphocyte and macrophage numbers in bronchoalveolar lavage fluid were not different 
among groups (data not shown). Eosinophil and neutrophil increased numbers were 
statistically significant in comparison with the control group (P < 0.01; Fig. 7). Likewise, PtI-
collagen treatment significantly reduced neutrophil counts in comparison with non-treated 
PtI-collagen group (P < 0.01; Fig. 7). 
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challenge (Bazan-Perkins et al., 2009). In multiple comparisons, one way or repeated 
measures ANOVA followed by Tukey or Bonferroni tests were used. Statistical significance 
was set at two-tailed P < 0.05. Data in the text and figures are expressed as mean ± SE. 

3. Results 
Considering that control and sham groups had quite similar results in functional and 
structural analyses, to avoid excessive data, only control group is shown in the result section. 

3.1 Allergen-induced airway obstructive response in PtI-collagen treated guinea pigs 
Saline aerosol challenges in control group did not modify Penh basal values. In asthma 
model guinea pigs, OVA-nebulization at sensitisation reinforcement day did not alter Penh 
baseline. Nevertheless, since first to twelve OVA-challenges, the asthma model guinea pigs 
showed a transient Penh increment and maximum responses in the first hour were 
significantly higher than maximum values in control (P < 0.001; n=6 each group; Fig. 3). PtI-
collagen administration in asthma model guinea pigs did not modify maximal Penh 
responses in comparison with asthma model group but also were higher than control (P < 
0.001; n=6 each group; Fig. 3). 
Baseline Penh values in control animals were similar throughout the study. In asthma model 
group, a progressive baseline Penh increment that reaches statistical differences at the tenth 
to the twelfth OVA-challenges in comparison with control group was observed (P < 0.05; 
n=6 each group; Fig. 4). PtI-collagen treated asthma model guinea pigs also showed a 
similar pattern of baseline Penh increment and a post hoc analysis demonstrated statistically 
significant higher Penh values at the eight, tenth (P < 0.05) and eleventh (P < 0.01) OVA 
challenges in comparison with control group (n=6 each group; Fig. 4). 
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Fig. 3. Airway obstructive responses induced by ovalbumin challenge in PtI-collagen treated 
allergic guinea pigs. Average of maximum airway obstructive responses (Rmax) induced by 
ovalbumin (open squares and circles) and saline (close squares) challenges in guinea pigs.  
PtI-collagen treated guinea pigs are shown in open circles. *P < 0.001 compared with control 
group (repeated measures ANOVA with Bonferroni´s multiple comparisons test). Symbols 
represent the means ± SE of n = 6 of each group. Penh = airway obstruction index. R= 
sensitisation reinforcement day. 
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Fig. 4. Baseline airway obstruction index (Penh) changes in PtI-collagen treated guinea pigs. 
Values of saline (close squares) and ovalbumin (open squares and circle) challenged guinea 
pigs were obtained at the beginning of each plethysmographic recording and before drug 
administration. PtI-collagen treated guinea pigs are shown in open circles. *P < 0.05 asthma 
model compared with control group, +P < 0.05 and ++P < 0.01, PtI-collagen treated guinea 
pigs compared with control groups (repeated measures ANOVA with Bonferroni´s multiple 
comparisons test). Symbols represent the means ± SE of n = 6 of each group. R= sensitisation 
reinforcement day. 

3.2 Airway responsiveness in PtI-collagen treated guinea pigs 
PD200 ratio to aerosolised histamine was similar at the sensitisation reinforcement day in 
control and asthma model groups (Fig. 5). In the sixth OVA challenges, asthma model 
guinea pigs groups exhibited a significant decrease of histamine PD200 ratio in comparison 
with control group (n = 6 each group; P < 0.05; Fig. 5). At twelfth OVA-challenge, asthma 
model guinea pigs showed a significantly PD200 ratio decrement in comparison with control 
(n = 6 each group; P < 0.001) and asthma model guinea pigs treated with PtI-collagen (n = 6 
each group; P < 0.001; Fig. 5). 

3.3 Airway structure in PtI-collagen treated guinea pigs 
Subepithelial mucosa collagen deposit in bronchus, identified with Masson trichrome 
staining, in asthma models groups was significantly higher than control group (P < 0.001 
when comparing control vs. asthma model; P < 0.05 when comparing asthma model PtI-
collagen treated vs. control guinea pigs; n = 6 each group; Fig. 6). In addition, PtI-collagen 
asthma model guinea pigs showed a significantly decrement in comparison with asthma 
model untreated animals (P < 0.001; n = 6; Fig. 6). 

3.4 Airway inflammation in PtI-collagen treated guinea pigs 
Lymphocyte and macrophage numbers in bronchoalveolar lavage fluid were not different 
among groups (data not shown). Eosinophil and neutrophil increased numbers were 
statistically significant in comparison with the control group (P < 0.01; Fig. 7). Likewise, PtI-
collagen treatment significantly reduced neutrophil counts in comparison with non-treated 
PtI-collagen group (P < 0.01; Fig. 7). 
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Fig. 5. Airway responsiveness to histamine before and after OVA challenge in PtI-collagen 
guinea pigs. Symbols correspond to PD200 ratio of control (closed squares) and asthma 
model guinea pigs (open circles and squares) PtI-collagen treated guinea pigs are shown in 
open circles. *P < 0.05 and **P < 0.01 asthma group compared with control; ♯P<0.05 PtI-
collagen group compared with (repeated measures ANOVA with Bonferroni´s multiple 
comparisons test); §P < 0.01 untreated asthma group compared with PtI-collagen treated 
guinea pigs. The line delimited the borderline between hyperresponsiveness (below the line) 
and hyporresponsiveness (over the line). Symbols represent the means ± SE of n = 6 of each 
group. R= sensitisation reinforcement day. 
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Fig. 6. Subepithelial mucosa changes by PtI-collagen treatment in asthma model. Area of 
subepithelial mucosa (SEM) of bronchi adjusted by the basement membrane (BM) perimeter, 
as measured by automated morphometry. Bars and vertical lines are mean ± SE of n = 6 in 
each group. *P < 0.05, **P < 0.01 comparing control; §P < 0.05 when compared untreated 
asthma guinea pigs with PtI-collagen treated asthma model guinea pigs (one way ANOVA 
with Tukey's multiple comparisons test). C = control, AM = untreated asthma model and 
AM + PtI-collagen = asthma model guinea pigs treated with PTI-collagen. 
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Fig. 7. Bronchoalveolar granulocyte infiltration changes by PtI-collagen treatment in asthma 
model. Bars and vertical lines are mean ± SE of n = 6 in each group. *P < 0.05 when 
comparing vs. control, +P < 0.05 when compared untreated asthma guinea pigs with PtI-
collagen treated asthma model guinea pigs (one way ANOVA with Tukey´s multiple 
comparisons test). C = control, AM = untreated asthma model and AM + PtI-collagen = 
asthma model guinea pigs treated with PTI-collagen. 

4. Discussion 
PtI-collagen is a biodrug which has shown immunomodulatory, fibrolytic, haemostatic and 
tissue regeneration properties. In humans, acute and chronic PtI-collagen treatments have 
been shown not to be genotoxic or to induce a localized hypersensitivity reaction, 
fibroproliferation (Krotzsch-Gomez et al., 1998), lymphoproliferation, human antiporcine 
collagen, or anti-collagen–polyvinylpyrrolidone antibodies (Furuzawa-Carballeda et al., 
2003). In addition, PtI-collagen is capable to reduce the inflammatory infiltrate (Furuzawa-
Carballeda et al., 1999; Krotzsch-Gomez et al., 1998), to modulate type I and III collagen 
turnover (Furuzawa-Carballeda et al., 1999; Furuzawa-Carballeda et al., 2005; Furuzawa-
Carballeda et al., 2002; Krotzsch-Gomez et al., 1998), and to downregulate the expression 
level of TNF, interleukin-1β (Furuzawa-Carballeda et al., 2005; Furuzawa-Carballeda et al., 
2002; Krotzsch-Gomez et al., 1998), inteleukin-8 (Furuzawa-Carballeda et al., 2002), platelet 
derived growth factor (Furuzawa-Carballeda et al., 2005; Krotzsch-Gomez et al., 1998), 
vascular cellular adhesion molecule-1 (Furuzawa-Carballeda et al., 2005; Furuzawa-
Carballeda et al., 2002), endothelial leukocyte adhesion molecule-1, TGF-β1 (Furuzawa-
Carballeda et al., 2005; Krotzsch-Gomez et al., 1998) and cyclooxygenase-1 (Furuzawa-
Carballeda et al., 2002). Additionally, tissue inhibitor of metalloproteinase-1 and Fas 
expression as well as apoptosis are upregulated by this biodrug (Furuzawa-Carballeda et al., 
2002). In the current study we have found that PtI-collagen displays anti-inflammatory, anti-
fibrotic and functional properties in a guinea pig asthma model. 
Asthma is an airway inflammatory chronic disease that exhibits heterogeneous and variable 
symptoms derived from airway physiologic abnormalities (Busse & Lemanske, 2001; Faffe, 
2008; Hargreave, In press; Jenkins et al., 2005; Lemanske & Busse, 2010). A typical 
inflammatory response in asthma exacerbation is a transient influx of neutrophils, followed 
by eosinophils accumulation (Fahy, 2009; Taube et al., 2003; Venge, 2010). Airway 
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Fig. 5. Airway responsiveness to histamine before and after OVA challenge in PtI-collagen 
guinea pigs. Symbols correspond to PD200 ratio of control (closed squares) and asthma 
model guinea pigs (open circles and squares) PtI-collagen treated guinea pigs are shown in 
open circles. *P < 0.05 and **P < 0.01 asthma group compared with control; ♯P<0.05 PtI-
collagen group compared with (repeated measures ANOVA with Bonferroni´s multiple 
comparisons test); §P < 0.01 untreated asthma group compared with PtI-collagen treated 
guinea pigs. The line delimited the borderline between hyperresponsiveness (below the line) 
and hyporresponsiveness (over the line). Symbols represent the means ± SE of n = 6 of each 
group. R= sensitisation reinforcement day. 
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Fig. 6. Subepithelial mucosa changes by PtI-collagen treatment in asthma model. Area of 
subepithelial mucosa (SEM) of bronchi adjusted by the basement membrane (BM) perimeter, 
as measured by automated morphometry. Bars and vertical lines are mean ± SE of n = 6 in 
each group. *P < 0.05, **P < 0.01 comparing control; §P < 0.05 when compared untreated 
asthma guinea pigs with PtI-collagen treated asthma model guinea pigs (one way ANOVA 
with Tukey's multiple comparisons test). C = control, AM = untreated asthma model and 
AM + PtI-collagen = asthma model guinea pigs treated with PTI-collagen. 
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Fig. 7. Bronchoalveolar granulocyte infiltration changes by PtI-collagen treatment in asthma 
model. Bars and vertical lines are mean ± SE of n = 6 in each group. *P < 0.05 when 
comparing vs. control, +P < 0.05 when compared untreated asthma guinea pigs with PtI-
collagen treated asthma model guinea pigs (one way ANOVA with Tukey´s multiple 
comparisons test). C = control, AM = untreated asthma model and AM + PtI-collagen = 
asthma model guinea pigs treated with PTI-collagen. 

4. Discussion 
PtI-collagen is a biodrug which has shown immunomodulatory, fibrolytic, haemostatic and 
tissue regeneration properties. In humans, acute and chronic PtI-collagen treatments have 
been shown not to be genotoxic or to induce a localized hypersensitivity reaction, 
fibroproliferation (Krotzsch-Gomez et al., 1998), lymphoproliferation, human antiporcine 
collagen, or anti-collagen–polyvinylpyrrolidone antibodies (Furuzawa-Carballeda et al., 
2003). In addition, PtI-collagen is capable to reduce the inflammatory infiltrate (Furuzawa-
Carballeda et al., 1999; Krotzsch-Gomez et al., 1998), to modulate type I and III collagen 
turnover (Furuzawa-Carballeda et al., 1999; Furuzawa-Carballeda et al., 2005; Furuzawa-
Carballeda et al., 2002; Krotzsch-Gomez et al., 1998), and to downregulate the expression 
level of TNF, interleukin-1β (Furuzawa-Carballeda et al., 2005; Furuzawa-Carballeda et al., 
2002; Krotzsch-Gomez et al., 1998), inteleukin-8 (Furuzawa-Carballeda et al., 2002), platelet 
derived growth factor (Furuzawa-Carballeda et al., 2005; Krotzsch-Gomez et al., 1998), 
vascular cellular adhesion molecule-1 (Furuzawa-Carballeda et al., 2005; Furuzawa-
Carballeda et al., 2002), endothelial leukocyte adhesion molecule-1, TGF-β1 (Furuzawa-
Carballeda et al., 2005; Krotzsch-Gomez et al., 1998) and cyclooxygenase-1 (Furuzawa-
Carballeda et al., 2002). Additionally, tissue inhibitor of metalloproteinase-1 and Fas 
expression as well as apoptosis are upregulated by this biodrug (Furuzawa-Carballeda et al., 
2002). In the current study we have found that PtI-collagen displays anti-inflammatory, anti-
fibrotic and functional properties in a guinea pig asthma model. 
Asthma is an airway inflammatory chronic disease that exhibits heterogeneous and variable 
symptoms derived from airway physiologic abnormalities (Busse & Lemanske, 2001; Faffe, 
2008; Hargreave, In press; Jenkins et al., 2005; Lemanske & Busse, 2010). A typical 
inflammatory response in asthma exacerbation is a transient influx of neutrophils, followed 
by eosinophils accumulation (Fahy, 2009; Taube et al., 2003; Venge, 2010). Airway 
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eosinophilia is an important feature of asthma that has been related to airway remodelling 
(Fahy, 2009; Kariyawasam & Robinson, 2007; Koerner-Rettberg et al., 2008; Macedo et al., 
2009; Passalacqua & Ciprandi, 2008; Venge, 2010). Neutrophilia in asthma has been 
associated to the disease severity (Fahy, 2009; Macedo et al., 2009; Wenzel, 2003). Recently, it 
has been suggested that chronic or unresolved inflammation is the result of the loss of 
balance of protective mechanisms of the immune system or 'Yin' (tumoricidal) and 'Yang' 
(tumorigenic) processes (Khatami, 2008; Khatami, 2009; Khatami, 2011); and a chronic 
allergic process has been shown to facilitate the 'Yang' side of unresolved inflammation 
(Kathami, 2005). In the guinea pig asthma model, PtI-collagen administration during the 
acute phase, i.e. from the third to sixth antigen challenges, prevents the infiltration of 
inflammatory cells and mediators such  as neutrophils and TNF (Moreno-Alvarez et al., 
2010). In the current study we have shown that PtI-collagen administrated after the acute 
phase, i.e. from the sixth to twelfth antigen challenges, is capable to revert the neutrophilic 
inflammation, suggesting that PtI-collagen is able not only to prevent the development of 
inflammation but also to revert this process. 
A consequence of chronic inflammation in the guinea pig asthma model is the accumulation 
of extracellular matrix components (Bazan-Perkins et al., 2009). It is known that extracellular 
matrix accumulation in airways is a central component of remodelling that has been 
detected even in mild childhood asthma (Barbato et al., 2003) and has been associated with 
asthma severity (Chetta et al., 1997; Wenzel, 2003). Extracellular matrix accumulation is a 
phenomenon occurring at the sixth antigen challenge in our asthma model (Moreno-Alvarez 
et al., 2010). In the present study we have observed that PtI-collagen administration, after 
the sixth antigenic challenge, reverts this accumulation, suggesting that PtI-collagen has 
important anti-fibrotic properties in the airway wall.  
The functional consequences of extracellular matrix accumulation include the residual and 
permanent airflow limitation (Bazan-Perkins et al., 2009; Sobonya, 1984). In our guinea pig  
asthma model, a progressive rise in the baseline airway obstruction associated to 
extracellular matrix component accumulation in airway wall has been observed (Bazan-
Perkins et al., 2009). Nevertheless, our current results show that, although PtI-collagen 
reverts the accumulation of extracellular matrix components in the airway wall, the baseline 
airway obstruction rising during the antigenic challenge persists. This suggests that the 
airway wall thickening in the guinea pig asthma model is not involved in the fixed airflow 
limitation, and that PtI-collagen has no effect on baseline airflow limitation. 
A distinctive physiologic abnormality in asthma is airway hyperresponsiveness (Busse, 
2010; Cockcroft et al., 2007; O'Byrne & Inman, 2003; Sugita et al., 2003). Airway 
hyperresponsiveness development has been associated to airway inflammation (Bazan-
Perkins et al., 2009; Busse, 2010; Cockcroft & Davis, 2006; O'Byrne & Inman, 2003; Sugita et 
al., 2003) and remodelling (Cockcroft & Davis, 2006; Cockcroft et al., 2007; O'Byrne & Inman, 
2003). We have previously described in our guinea pig asthma model (Bazan-Perkins et al., 
2009) that the number of neutrophils and eosinophils and the extent of extracellular matrix 
accumulation in airways is related to airway hyperresponsiveness degree. It is noteworthy  
that PtI-collagen treatment is capable to reduce (Moreno-Alvarez et al., 2010) and revert the 
neutrophil and extracellular matrix accumulation in airway. Then, our data suggest that 
neutrophils and fibrosis might be key factors in the development of airway 
hyperresponsivess in asthma model guinea pig. Finally, PtI-collagen did not modify the 
maximal airway obstructive responses, suggesting that the modulation of the allergic 
response is not affected by this biodrug. 
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5. Conclusions 
Our data suggest that PtI-collagen is able to revert the development of neutrophilic 
infiltration, extracellular matrix deposition and airway hyperresponsiveness in a guinea pig 
model of chronic asthma. Additionally, it is likely that neutrophils and extracellular matrix 
component accumulation play significant roles in the development of airway 
hyperresponsivess in the guinea pig asthma model. 
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5. Conclusions 
Our data suggest that PtI-collagen is able to revert the development of neutrophilic 
infiltration, extracellular matrix deposition and airway hyperresponsiveness in a guinea pig 
model of chronic asthma. Additionally, it is likely that neutrophils and extracellular matrix 
component accumulation play significant roles in the development of airway 
hyperresponsivess in the guinea pig asthma model. 
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1. Introduction 
Genes determine functions of the neuroendocrine and immunological systems that affect an 
animal’s ability to cope with stress, resulting in resistance or susceptibility to infection and 
inflammation. In this study, genetic variation in responses to lipopolysaccharide (LPS) 
challenge was examined in chicken lines divergently selected for high (HGPS) and low 
(LGPS) group productivity and survivability resulting from cannibalism and flightiness in 
colony cages and in a Dekalb XL (DXL) commercial line selected individually for egg 
production. Six-week-old chicks were randomly assigned to control or experimental groups 
and were injected intravenously with Escherichia coli LPS (5 mg/kg BW) or distilled saline 
(control). Sickness responses were measured at 6, 12, 24, 48, and 72 h following injection 
(n=10/at each point in time for each line). Although LPS induced widespread sickness 
symptoms in all of the treated chicks, the reactions were in a genotypic- and phenotypic-
specific manner. Compared to both LGPS and DXL chicks, HGPS chicks had acute, transient 
behavioral and physical changes with less effect on body weight (BW) gain and organ 
development as well as core temperature, which were in the order HGPS<DXL<LGPS. The 
effects of heritable factors and LPS challenge on the differential responses among the 
present lines may reflect each line’s unique adaptability to stress and resistance to infection 
and inflammation. The results suggest that the present chicken lines may provide a new 
animal model for biomedical investigation on the effects of genetics, epigenetics, and gene-
environmental interactions on physiological homeostasis in response to stress and 
inflammatory disorders as well as infectious disease.   

2. Aging and inflammation 
Aging is a complex biological process characterized by decline of the functions of various 
biological systems through the lifetime in an organism. Especially, the decline in the 
functions of the immune system results in an immune-senescence status (i.e., the coexistence 
of inflammation and immunodeficiency), with a low-grade chronic inflammation (so called 
inflamm-aging effect) (Franceschi et al., 2000; Gruver et al., 2007; Salvioli et al., 2006). In 
humans, inflamm-aging is characterized by the up-regulation of the inflammatory response, 
resulting in over expressing pro-inflammatory cytokines, such as interleukin (IL)-1, IL-6, IL-
12, tumor necrosis factor (TNF)-alpha, and interferon (IFN)-alpha and IFN–beta 
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biological systems through the lifetime in an organism. Especially, the decline in the 
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(Bruunsgaard and Pedersen, 2003; Salvioli et al., 2006). The aging process also causes an 
increase in cortisol concentrations due to over activation of the hypothalamus-pituitary-
adrenal (HPA) axis by various specific and non-specific stressors (Sergio, 2008). Aging–
associated changes in immunity and stress reaction systems increase the risk of infection 
and promote inflammation, which underlies the biological mechanisms of age-related 
inflammatory diseases (Agrawal et al., 2010; Cevenini et al., 2010; Chung et al., 2011). 
Nonsteroidal anti-inflammatory drugs (NSAIDs) are commonly used in the elderly for the 
treatment of fever, headache, pain, and pain associated with inflammation (Table 1). 
However, aging–associated physiological changes, such as alterations in pharmacokinetics 
and impaired homeostasis, and drug interactions, lead to worse the side-effects profile of 
NSAIDs (Bennett, 1999; Buffum and Bufum, 2000). 
 
Common drugs Characteristics of Aging Common treatments Impact of NSAIDs 

during aging1,2 
Nonselective 
NSAIDs 

a low-grade systemic Pain, fever, headache Gastrointestinal tract: 
ulcers and bleeding 

Salicylates Inflammation with 
increased 

Inflammation in 
rheumatoid 

Renal tract: acute renal 
impairment 

Propionic acid 
derivatives 

Pro-inflammatory 
cytokines 

Arthritis and 
osteoarthritis 

Liver: hepatotoxicity 

Acetic acid 
derivatives 

such as IL-1, -6, -12, 
TNR-α 

Neuromuscular disorder Others: cardiovascular, 
hematological 

Enolic acid 
derivatives 

and overexpression of 
free 

Musculoskeletal 
conditions 

and CNS effects and 
photosensitivity 

Fenamic acid 
derivatives 

Radicals, such as NO 
and ROS 

and Alzheimer’s disease  

Selective NSAIDS and CRP, contributing to   
Celecoxib Neurodegenerative 

diseases 
  

1, The common side-effects of NSAIDs in the elderly persons, resulting from, a few examples, age-
related alterations in pharmacokinetics, impaired homeostasis, and drug interactions. 
2, The information presented in the table is summary from the following references: Bennett, 1999; 
Buffum and Buffum, 2000; Candore et al., 2010; Capone et al., 2010; Gruver et al., 2007; Johnson and 
Day, 1991; Lipton et al., 2007; Maroon et al., 2010; McGeer and McGeer, 2004; Menkes, 1989; Salvioli et 
al., 2006; Sastre and Gentleman, 2010; Sherman et al., 2005; Tiihonen et al., 2008. 
COX = cyclooxygenase; CRP = C-reactive protein; IL = interleukin; NO = Nitric oxide; NSAIDs = 
Nonsteriodal anti-inflammatory drugs; ROS = Reactive oxygen species. 

Table 1. The impact of common anti-inflammation dugs during aging and age-related 
inflammatory disorders  

2.1 Inflammation and stress 
Inflammation has been termed as: a localized protective response to various harmful 
stimuli, such as tissue injury or pathogens invasion, which serves to destroy, dilute, or wall 
off both the injurious agent and the injured tissue. Recently, inflammation has also been 
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defined as a balanced biological process between apoptosis (‘Yin’) and wound healing 
(‘Yang’) for acute inflammation; and lost of the balance for chronic inflammation, i.e., 
mismatched the biological signals during apoptotic and wound healing processes, resulting 
in disrupting the protective mechanisms of the immune system (Khatami, 2008, 2011). In 
general, inflammation, as a part of the evolutionary program, is a critical defense 
mechanism to pathogenic viruses and bacteria; and inflammatory response is a non-specific 
response of the tissues of an organism. Normally, inflammation facilitates the organism to 
return to physiological homeostasis to permit survival while uncontrolled inflammatory 
response contributes to chronic conditions of pathophysiological changes seen during aging 
(Vasto et al., 2007). 
Stress is defined as: any disruption of an animal’s homeostatic equilibrium requiring the 
animal to make some response to maintain its psychophysiological integrity (Hurnik et al., 
1995). Stress and inflammatory response evoke the similar somatosensory pathways to 
signal the brain, and then the brain sends integrated information to the subcortical centers, 
such as the hypothalamus, regulating final active organs, such as immune cells (T and B 
lymphocytes and macrophages) and the adrenal glands to regulate the organism’s immune 
and stress responses (Carrier et al., 2005; Sternberg, 2006; McNaull et al., 2010).  
Inflammatory response has been considered as a part of stress response. There is a bilateral 
communication between the immune and neuroendocrine systems (Turnbull et al., 1999; 
Cohen and Cohen, 1996). For example, various internal and external specific and non-
specific stressors induce an increase in releasing cytokines from immune cells during the 
aging process. The released cytokines bind to their receptors on neurons, affecting the 
activity of the HPA axis, causing an increase in cortisol concentrations with age. Cortisol, at 
a physiological level, acting as a potent immune regulator and an anti-inflammatory agent, 
is necessary for reducing tissue damage and injury. Age-related increase in cortisol 
concentrations, causing an imbalance between inflammatory response and anti-
inflammatory networks, is a major determinant of immune-senescence observed during 
aging (Bauer, 2008). Immune-senescence, resulting from lifelong chronic antigenic load 
(allostatic load), leads to a low-grade chronic pro-inflammatory status. Previous studies 
have evidenced that the antigenic load to individuals exposed throughout lifetime impacts 
greatly on immune performance and stress response in late life (Pawelec and Larbi, 2008). 
Due to inherent differences in the capability to maintain physiological homeostasis in 
response to internal and external stimuli, the interaction of environmental factors with 
genetic variations determines the phenotypes of the aging process in organisms.  

2.2 Inflammation and genetic characters 
Aging process and rate of age-associate diseases in humans and other animals is not 
uniform. It is depended on internal (genetic heterogeneity) and external (environment) 
factors (Vogt et al., 2008; Turko et al., 2011). There are two types of genetic variations 
affecting the aging process and susceptibility, progression, and severity of aging diseases: 1) 
the gene sequence (genotype or phenotype) and 2) the modifications of DNA and DNA 
associated proteins (epigenetics).  
Genes regulate patterns of cellular processes and determine the functions of the immune 
and neuroendocrine systems in controlling an animal’s coping strategy and productivity. 
There are genetic basis in variations of the polymorphism in the promoter regions of the 
genes encoding pro-inflammatory cytokines and inflammatory mediators (Loktionov, 2003; 
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There are genetic basis in variations of the polymorphism in the promoter regions of the 
genes encoding pro-inflammatory cytokines and inflammatory mediators (Loktionov, 2003; 
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Naumova et al., 2004; Pes et al., 2004). Genetic background has been proposed as a major 
contributor for the differences in stress response within and among species (intra- and inter-
individuals’ difference) (Knight, 2005; Pastinen and Hudson, 2004). Molecular basis of low-
grade, sub-clinical inflammation is a major risk factor for exacerbating the aging process and 
its associated disease.   
Inheritance is not restricted to DNA sequence. Epigenetics plays a key role in producing 
viable offspring by passing epigenetic information to progeny (Migicovsky and Kovalchuk, 
2011). Similarly, during aging process, a chronic low-grade inflammation status is also 
related to a trans-generational gene expression via heritable epigenetic mechanisms (vel Szic 
et al., 2010). Epigenetics means ‘above the genetics’, used to define the change in gene 
expression occurring without a change in primary DNA sequence (Lu et al., 2006; Duff, 
2007; Mill J 2011). There is growing evidence that epigenomic variability mediates the 
variation in susceptibility to various diseases during the aging process (Hatchwell and 
Greally, 2007; Tang and Ho, 2007). Several epigenetic mechanisms associated with 
phenotypic variations have been identified, including DNA methylation (epimutations), 
histone modifications, and RNA-mediated pathways from non-coding RNAs, notably 
silencing RNA (siRNA) and microRNA (miRNA) expression (Wilson 2008; Baccarelli and 
Bollati, 2009; Krishna et al., 2010). Epigenetic changes are heritable across generations and 
under environmental influence. Environmental factors, such as lifestyle choices, may result 
in conflict with the programmed adaptive changes or genomic imprinting made during 
early development, leading to disease in later life, especially those involving the 
inflammatory diseases (Petronis, 2001; Pearce et al., 2006; Bayarsaihan, 2011).  

2.3 Lipopolysaccharide (LPS) and inflammation 
Lipopolysaccharide (LPS) is an integral component of the outer membrane (cell wall) of 
Gram-negative bacteria. Lipopolysaccharide as an endotoxin, is ubiquitous in the external 
environment; and, as a “hormone”, is released from the gastrointestinal tracts in response to 
a variety of stressors. In a host, LPS, invaded from outside or absorbed from the 
gastrointestinal tracts, binds to the host’s plasma proteins, such as albumin and soluble 
CD14, to form monomeric particles. The monomeric particles interact with specific surface 
receptors of host cells, such as Toll-like receptor 4 (TLR4), to activate the intracellular 
signaling pathways to initiate gene transcription to disrupt the host’s innate immune 
system, resulting in local and or systemic inflammatory reactions (Alexander and Rietshel, 
2001; Fessler et al., 2002). Previous studies have shown that LPS induces release of pro-
inflammatory cytokines, adhesion molecules, and acute phase reactants from various cells of 
the innate immune system, stress hormones, such as CRF and cortisol, from the HPA axis, 
and catecholamines, i.e., epinephrine and norepinephrine, from the automatic nervous 
system (the sympathetic and parasympathetic systems) to facilitate the resolution of 
inflammation (Black and Garbutt, 2002; Marshall, 2005).     
Lipopolysaccharide has been implicated as the bacterial product which is responsible for the 
clinical syndrome of inflammation and infectious disease. Experimentally, administrated 
LPS causes sickness symptoms including fever, reduction of weight gain and food intake as 
well as changes of behavior in animals including birds (Xie et al., 2000; Koutsos and Klasing, 
2001). In mammals, LPS-induced acute phase response is species and individual dependent 
(Leininger et al., 1998). Recent findings suggest that birds show many similar response 
patterns to LPS-immune challenge as mammals (Xie et al., 2000; Koutsos and Klasing 2001). 
In my lab, chicken has been used as an animal model for detecting the effect of genetic 
variation on animals’ stress response and disease resistance. 
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2.4 Chicken as an animal model for genetic basis of variations in Inflammation 
Chickens is a useful animal models in the assessment of the effects of genetic-environmental 
interactions on psychopathological stress and inflammation, since a chicken can have more 
than three hundred offspring with similar genetic characteristics within a lifespan of 
approximately 60 weeks. In addition, the chicken’s immune and HPA systems display similar 
functions in pathogenic and stress response as those in mammals (Larson et al., 1985; Savory 
and Mann, 1997). Chickens have been used as animal models in various clinical and 
psychopharmacological studies (Norman, 1990; Johnson, 1998; Dubousset and Machida, 2001).  
Functional integrations among behavior, physiology, and morphology may create suites of 
traits that are simultaneously acted upon by selection.  Recently, a selection program termed 
“group selection” was introduced (Muir, 2005; Muir and Schinckei, 2002; Cheng and Muir, 
2005). The advancement of the program is that it allows selection on production traits but 
takes into account competitive interactions in a group setting. The program focuses on 
gene(s), environment, and genetic-environmental interactions, by which, it turns “survival 
of the fittest” with emphasis on the individuals to “survival of the adequate” with emphasis 
on the group, by which antisocial behaviors are overcome.  
A genetic basis of differentially regulated behavior and physical indexes, in response to social 
stress, has been found in the chickens from White Leghorn lines selected for high (HGPS) or 
low (LGPS) group productivity and survivability in colony cages (Muir and Craig, 1998; 
Cheng et al., 2001a). Group productivity was based on an average rate of lay whereas 
survivability was based on days of survival.  Chickens were not beak-trimmed and high light 
intensity was used to provide conditions that allowed expression of aggressive behavior with 
resulting stress and productivity impacts (Craig et al., 1999). Under these housing conditions, 
the HGPS line (previously named KGB, the Kinder, Gentler Bird) showed an improved rate of 
lay, survival and feather score as well as reduced cannibalism and flightiness compared to 
hens from the non-selected control line, Dekalb XL (DXL) line, and reversed selected LGPS line 
(Cheng et al., 2001a). HGPS hens also had better and faster adaptations to various stressors 
such as social, handling, cold, and heat in multiple-hen cages (Hester et al., 1996a, b, and c). In 
addition, HGPS hens displayed a greater cell-mediated immunity with a higher ratio of 
CD4:CD8, whereas LGPS hens exhibited eosinophilia and heterophilia and had a greater ratio 
of heterophil:lymphocyte (H/L) (Cheng et al., 2001b). Both eosinophilia and H/L have been 
used as stress indicators in animals including chickens (Gross and Siegel, 1983; Woolaston et 
al., 1996; Hohenhaus et al., 1998). Collectively, genetic selection has created the lines with 
significantly different phenotypes, each of which has unique characteristics in physical 
indexes, behavior, immunity and resistance to stressors (Table 2), which are likely due to 
differential stress adaptation of the HPA axis and immune system. Based on our and others 
studies we hypothesize that gene(s) and gene-environmental interactions affect immunity and 
neuroendocrine functions, which in turn alters the animal’s stress coping ability and well-
being.  
In one of our studies, the role of LPS on evoking inflammatory response in those selected 
lines was examined. One-day-old chicks from the HGPS, LGPS and DXL line were used in 
the study. Female chicks (n=60 per line), at 6 weeks of age, were randomly divided into 
saline control and experimental groups. Experimental chickens were injected intravenously 
with 0.2 mL of sterile saline reconstituted LPS at an approximate dose of 5.0 mg/kg of body 
weight. The saline control chicks were handled the same as the experimental chicks except 
that they were injected intravenously with 0.2 mL of sterile saline.  
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Stressors  Birds  References 

 HGPS LGPS DXL  

Single-bird cage     

Immunity high Low -1 Cheng et al., 2001a 

Production high Low - Cheng et al., 2011b 

Mortality Low High - Cheng et al., 2001b 

Level of DA, EP, 5-HT Low High - Cheng et al., 2001b 

Multiple-hen cages2     

Social environment Great 
adaptation - Low 

adaptation Hester et al., 1996a 

H/L ratio No change - Increased Hester et al., 1996a 
Handling stress Low - High Hester et al., 1996b 
Production High - Low Hester et al., 1996b 
Cold exposure Resistant - Susceptive Hester et al., 1996b 
Heat exposure Resistant - Susceptive Hester et al., 1996b 
Others     
Social stress Low High High Cheng, et al., 2002, 2003a,b 
Immune challenge Low High High Cheng et al., 2004a,b 
Transportation stress Low High High Cheng & Jefferson, 2008 

1, Birds were housed in 12 hens per cage without beak trimming. 

2 -, Did not compare in the studies. 
3,  Immune reaction followed Escherichia coli lipopolysaccharide challenge. 
5-HT= Serotonin; DA = Dopamine; DXL = Dekalb XL line; EP = Epinephrine; H/L ratio = Heterophil to 
lymphocyte ratio, as stress indicator; HGPS (also called KGB; kind, gentle birds, previously) = High 
group productivity and survivability; LGPS (also called MBB; mean, bad birds, previously).    

Table 2. The differences between the selected birds in responses to various stressors. 

3. Genetic variations in LPS-induced inflammation 
3.1 The LPS-induced different changes in body weight and organ weight in different 
chicken lines 
Present study demonstrated that LPS-induced immune stress differently affected chickens’ 
growth among the HGPS, LGPS, and DXL lines.  In DXL chicks, change in body weight 
(BW) gain exhibited a biphasic pattern, i.e., a greater reduction of BW gain at 6 h post-
injection (P<0.05) and a tendency for reduction of BW gain at 24 h post-injection (P=0.08), 
followed by a full recovery at 48 h post-injection (Figure 1). Compared to DXL chicks, LGPS 
chicks, but not HGPS chicks, had a similar biphasic pattern of reduction of BW gain in 
response to LPS immune challenge. In LGPS chicks, reduction of BW gain was greater at 
both 6 h and 24 h post-injection (P<0.05) and did not reach a positive BW gain at 72 h post-
injection. In contrast, HGPS chicks did not have a reduction of BW gain until 24 h post-
injection (P<0.05), followed by a completive recovery at 48 h post-injection (P>0.05), and 
reached a positive BW gain from 48 h to 72 h post-injection.    
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Fig. 1. Differential regulation of BW gains in different chicken lines following 
lipopolysaccharide (LPS) intravenous injection. The HGPS and LGPS hens were selected for 
high or low group productivity and survivability, respectively, and the DXL was 
commercial chicken line. Compared to BW from their respective controls, the BW gain was 
significant reduced in DXL chicks at 6 h post injection (P<0.05); in LGPS chicks at both 6 and 
24 h post injection (P<0.05), and in HGPS chicks at 24 h post-injection (P<0.01). * = P<0.05 
and ** = P<0.01 (n=10/at each period in time for each line). 

The interactions of genetic-LPS challenge on chicks’ growth among the present chicken lines 
were also found in their organ development. Compared to each line’s respective controls, 
spleen weight increased in DXL chicks at 48 h post-injection and reached a peak at 72 h post-
injection (P<0.05 and P<0.01, respectively,  Figure 2a), while LPS-induced increases in spleen 
weight were not detected in both HGPS and LGPS chicks until 72 h after injection (P<0.05). 
The LPS injection also resulted in a differential change of liver weight among the lines (Figure 
2b). Compared to each line’s respective controls, the LPS-induced increase in the liver weight 
was found only in LGPS chicks from 12 to 48 h post-injection (P<0.01 and P<0.05, respectively, 
Figure 2b). There were no changes in the heart weight in both DXL and HGPS chicks at any 
time measured (P>0.05) while LGPS chicks had an increased heart weight during the entire 
treatment period, with a peak at 72 h post-injection (P<0.05 and P<0.01, respectively, Figure 
2c). The LPS-induced increase in adrenal weight was found in LGPS chicks at 6 h post-
injection (P<0.05 and P>0.05, respectively, Figure 2d) while adrenal weight was not changed in 
HGPS and DXL chicks during the entire observed period (P>0.05). 
The present results showed that, compared to both LGPS and DXL chicks, HGPS chicks had 
a delayed and transient reduction of BW gain and mild changes in organ development in 
response to LPS challenge (Figures 1and 2). The data confirmed that the acute toxicity of 
LPS induced sickness symptoms including reduction of BW gain and changes in organ 
development in animals, but the effect of LPS on chickens was stain and time dependent.  
Similar to the present results, a genetic basis of different effects of LPS injection on BW gain 
was also reported by Parmentier et al. (1998). In their study, they found that although LPS 
injection induced an acute, transient reduction of BW weight in all of the chicken lines, 
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chickens selected for high antibody response to sheep red blood cells (SRBC) had a higher 
percentage of BW gain than chickens selected for low antibody response to SRBC and a 
random bred control line.  
 

 

 
Fig. 2. Differential regulation of organ weight in different chicken lines following 
lipopolysaccharide (LPS) intravenous injection. The HGPS and LGPS hens were selected for 
high or low group productivity and survivability, respectively, and the DXL was 
commercial chicken line. Compared to their respective controls, spleen weight (A) was 
significantly increased in DXL chicks at 48 h (P<0.05) and 72 h (P<0.01) post-injection, while 
in both HGPS and LGPS chicks at 72 h post-injection (P<0.05, respectively); increased liver 
weight (B), heart weight (C), and adrenal gland weight (D) were found in LGPS chicks but 
not in both HGPS and DXL chicks from 12 to 48 h post-injection (P<0.05), 6 to 72 h (P<0.05 
and P<0.01, respectively), and at 6 h (P<0.05) post injection, respectively. * = P<0.05 and ** = 
P<0.01 (n=10/at each period in time for each line). 
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The reason for the differing regulation of growth performance in the present lines could be 
related to each line’s unique characteristics in response to stress. Previous studies showed 
that, compared to LGPS and DXL chickens, HGPS chickens had a better fast coping response 
to various stressors, such as social stress, handling and transport stress, and cold and heat 
stimulations (Hester et al., 1996 a, b, c; Cheng et al., 2001a, b, 2002). The HGPS chickens, 
compared to LGPS and DXL chickens, also had a stable neuroendocrine homeostasis in 
response to social stress, which could be related to their higher resistance to LPS stress 
(Cheng et al., 2002, 2003). In agreement with this hypothesis, Quan et al. (2001) and 
Carobrez et al. (2002) reported that impaired coping capability to social stress increases the 
susceptibility to LPS challenge in rodents and caused long-term consequences on animal 
well-being.   

3.2 LPS-induced different changes of body temperature in the different chicken lines 
The present study demonstrated that LPS-induced changes of core temperature (cloacal 
temperature) in chicks were strain and time dependent. Compared to each line’s respective 
controls, LPS injection resulted in hypothermia in all of the treated chicks at 6 h post-
injection regardless of the strain (Figure 3), but the greatest hypothermia was found in 
HGPS chicks (HGPS<LGPS<DXL, P<0.001, P<0.01, and P<0.05, respectively). At 12 h post-
injection, LPS induced a significant hyperthermia in both DXL and LGPS chicks (P<0.05 and 
P<0.01, respectively) but not in HGPS chicks (P=0.09). From 12 to 72 h post-injection, 
compared to their respective controls, the core temperature returned to normal in both DXL 
and HGPS chicks (P>0.05), while LGPS chicks had a secondary hypothermia from 48 to 72 h 
post-injection (P<0.01 and P<0.05, respectively).    
The present results showed that LPS injection induces changes in chickens’ core temperature 
regardless of strain. However, each strain had a unique pattern of regulating core 
temperature in response to LPS immune stress (Figure 3). The HGPS chicks had transient 
monophasic hypothermia, the DXL chicks had a biphasic response showing an initial 
hypothermia followed by hyperthermia, and the LGPS chicks had a triphasic response 
showing an initial hypothermia, then hyperthermia, followed by a longer-lasting secondary 
hypothermia.  Similar to the current results, previous studies found that LPS-induced 
different fever responses in birds, such as a monophasic hypothermia in chicks (Smith et al., 
1978) and a biphasic response, i.e., an initial phase of hypothermia followed by a fever 
response, in chickens (Rotiroti et al., 1981), Japanese quail (Koutsos and Klasing, 2001), and 
pigeons (Nomoto, 1996). The LPS-induced biphasic and triphasic response were also found 
in rats (Derijk and Berkenbosch, 1994; Romanovsky et al., 1996) and mice (Kozak et al., 
1994). The genetic bases of the different responses to the LPS immune stress between 
animals are likely to constitute an intrinsic characteristic of the animals’ unique febrile 
response and could result from its capability to resist stress. The hypothesis is supported by 
the findings from the previous studies in which it was reported that psychological stress 
itself can induce an increase in core temperature, “psychogenic fever,” in humans and 
animals (Oka et al., 2001). 
The mechanism(s) of differential regulation of core temperature between the present lines 
could be related to each line’s unique pattern in coping with stressors, such as the capability of 
behavioral and physiological plasticity including changes in the neuroendocrine and immune 
systems (Cheng et al., 2001a,b, 2002, 2003). A parallel study showed that LPS injection induced 
changes of pro-inflammatory interleukin (IL), such as IL-1 mRNA expressions, in the liver of 
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chickens selected for high antibody response to sheep red blood cells (SRBC) had a higher 
percentage of BW gain than chickens selected for low antibody response to SRBC and a 
random bred control line.  
 

 

 
Fig. 2. Differential regulation of organ weight in different chicken lines following 
lipopolysaccharide (LPS) intravenous injection. The HGPS and LGPS hens were selected for 
high or low group productivity and survivability, respectively, and the DXL was 
commercial chicken line. Compared to their respective controls, spleen weight (A) was 
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The reason for the differing regulation of growth performance in the present lines could be 
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all of  the LPS-treated chicks (Eicher and Cheng, 2003), but LGPS chicks had a heavier liver 
than both DXL and HGPS chicks at 12 and 48 h post-injection, during which period LGPS 
chicks suffered from secondary hypothermia. These results may suggest that, in response to 
endotoxin challenge, the liver functions of LGPS chicks were increased and might have 
secreted a greater amount of IL-1 protein. The hypothesis agrees with the finding that the liver 
is a major source of IL in endotoxemia. The LPS-induced increase in the liver’s metabolic 
function and increase in the release of acute phase proteins and cytokines including IL-1 have 
been reported in experimental animals including chickens (Xie et al., 2000).  
 

 
Fig. 3. Differential regulation of core temperature in different chicken lines following 
lipopolysaccharide (LPS) intravenous injection. The HGPS and LGPS hens were selected for 
high or low group productivity and survivability, respectively, and the DXL was 
commercial chicken line. Compared to their respective controls, LPS injection resulted in 
hypothermia in all of the treated chicks at 6 h post-injection, but the greatest reduction of 
core temperature was found in HGPS chicks (P<0.05 and P<0.01, respectively). By 12 h post-
injection, both DXL and LGPS chicks but not HGPS chicks had hyperthermia. Core 
temperature returned to control levels at 24 h post injection in both DXL and HGPS chicks, 
while LGPS chicks had a secondary hypothermia from 48 to 72 h after injection (P<0.05). * = 
P<0.05 and ** = P<0.01 (n=10/at each period in time for each line). 

3.3 LPS-induced different change of behavior in the different chicken lines  
The majority of significant behavioral differences between LPS and saline control groups were 
observed from 6 to 12 h post-injection. During this period, chicks were very inactive, as 
illustrated by a very large and significant increase in sitting (P<0.001, Figure 4a-e). 
Correspondingly, standing, feeding, drinking, and moving were all significantly lower during 
this time compared to control chicks. By 24 h post-injection, sitting, standing, feeding, and 
drinking returned to control levels (Figure 4 b-e). However, the amount of time spent sitting 
was increased again at 48 h post-injection in all of the treated chicks, with a time length in the 
order LGPS > HGPS > DXL (Figure 4e). The increase in sitting in LGPS chicks could be related  
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Fig. 4. Differential regulation of behavioral plasticity in different chicken lines following 
lipopolysaccharide (LPS) intravenous injection; A) movement, B) feeding, C) drinking, D) 
standing, and E) sitting. The HGPS and LGPS hens were selected for high or low group 
productivity and survivability, respectively, and the DXL was commercial chicken line. 
Compared to their respective controls,  all of the treated chicks were very inactive at 6 to 12 
h post injection, as illustrated by a very large and significant increase in sitting (P<0.01, 
Figure 4a-e). Correspondingly, standing, feeding, drinking, and moving were all 
significantly lower during this time. By 24 h post injection, setting, standing, feeding, and 
drinking returned to the control levels (Figure 4 b-e). However, the amount of time spent 
sitting was increased again at 48 h post injection in all of the treated chicks in the order 
LGPS > HGPS > DXL (P<0.05 and P<0.01, respectively, Figure 4e). * = P<0.05 and ** = 
P<0.01 (n=10/at each period in time for each line). 

to their secondary peak of hypothermia, which started at 48 h post-injection (Figure 2). 
Interestingly, the amount of time that chicks spent moving was suppressed in all LPS-injected 
groups and had not returned to control levels even after 72 h post-injection, suggesting that 
there may still have been some mild effect from the LPS injection (Figure 4a).  
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4. Conclusion 
The LPS injection induced a series of sickness symptoms in the infected individuals at both 
behavioral and clinical levels, but the reactions were in a genotypic- and phenotypic-specific 
manner. Compared to both LGPS and DXL chicks, HGPS chicks had acute, transient 
behavioral and physical changes with less effect on BW gain and organ development. These 
results suggested that genetic selection for productivity and survivability may also have 
altered the mechanisms controlling the animals’ immunity and stress response including 
LPS challenge. This hypothesis is in agreement with the previous findings that the genetic 
selection for one indicator could result in changes in other characteristics in animals 
including chickens. For instance, chickens selected for their high level of plasma 
corticosterone, compared to a reversely selected line, greatly resisted E. coli challenge (Gross 
and Siegel, 1975). Bayyari et al. (1997) also reported that genetic selection from increased 
body weight and egg production in turkeys affected their immune and physiological 
responses. 
The present study provided evidence that genetic differences in chickens’ productivity and 
behavioral styles were associated with hereditary plasticity of the behavioral and 
physiological homeostasis in response to LPS challenge. The LPS-induced alterations in 
behavioral and physical measurements were found in all of the three chicken lines, but the 
most pronounced changes were found in the LGPS line. The results demonstrated that, in 
chickens as in mammals, the cellular mechanisms regulating the response to LPS challenge 
are genotypic and phenotypic dependent. The differential responses between the present 
lines are consistent with the hypothesis that, in poultry, population differences exist in 
response to various stressors, and LPS challenge can be a useful indicator to evaluate the 
efficacy of immunity and capability to adapt infection in poultry. The present chicken lines 
may also provide a new animal model for biomedical investigation on the effects of genetics, 
epigenetics, and gene-environmental interactions on inflammatory disorders and infectious 
diseases.   
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1. Introduction 
Immune response is a universal and evolutionarily conserved mechanism of host defense 
against infection. It is the first line of defense found in all multicellular organisms and is 
adaptive only in vertebrates (Medzhitov, 1997). 
The body responds to tissue injury through two different defense systems, the innate (non-
specific or non-adaptive) and adaptive (specific) immune system. The adaptive immune 
response is highly specific and has a memory which helps the system to remember the 
invading agent but the innate immune system is an evolutionary rudiment whose only 
function is to contain the infection regardless of the type of invading pathogen until the 
“real” immune response can kick in. Adaptive immunity developed because of the 
inflexibility of the nonclonal receptors used by the innate immune response.  It uses 
receptors and effectors that are ancient in their lineage and must provide protection against 
a wide variety of pathogens. Defects in innate immunity are very rare and almost always 
lethal. 
 

Adaptive immune system Innate immune system Property 
Encoded in gene segments 
Rearrangement necessary 

Fixed in genome 
Rearrangement is not necessary 

Receptors 

Clonal 
   All cells of a class distinct 

Non-clonal 
   All cells of a class identical 

Distribution 

Details of molecular structure 
   (Proteins, peptides, carbohydrates) 

Conserved molecular patterns    
   (LPS, LTA, mannans, glycans) 

Recognition 

Imperfect: Selected in individual somatic 
   cells 

Perfect: Selected over 
   evolutionary time 

Self-Nonself 
discrimination 

Delayed activation of effectors Immediate activation of effectorsAction time 
Clonal expansion or anergy 
IL-2 
Effector cytokines (IL-4, INFγ) 

Co-stimulatory molecules 
Cytokines (IL1β, IL-6) 
Chemokines (IL-8)

Response 

Table 1. Innate and adaptive immunity 
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Some of the consequences of the innate immune response are sodium and water retention in 
response to hypovolaemia, aldosterone  and ADH release, pyrexia (elevation of body 
temperature by 1 to 4° C) for 24-48 hours, increase energy expenditure, increase glucose and 
fat turnover, breakdown of adipose tissue as principal energy source, decrease in iron 
concentration, activation of monocytes and macrophages, catabolism of skeletal muscle to 
provide amino acid for gluconeogenesis and synthesis of acute-phase proteins. The 
properties of innate and adaptive immune systems are compared in Table 1. 
Increased expression of MHC class I related genes is demonstrated in hepatocytes after LPS 
treatment proposing as indicative of a possible link between innate and adaptive immune 
response (Yoo and Desiderio, 2003). 
In the CNS, cytokines induce a cascade of events which potentiate the cytokine-induced 
response, so favouring the appearance of the three hallmarks of the APR, namely fever, 
leucocytosis and changes in the concentration of serum acute phase proteins (APPs). In 
addition, the stimulation of the CNS results in activation of a variety of responses, mostly 
mediated by the hypothalamo– pituitary–adrenal and hypothalamo–pituitary–gonadal axes, 
inducing behavioural changes such as including lethargy, anorexia, adipsia and a disinterest 
in social and sexual activities (Paltrinieri 2007). 
Some of the factors modifying the response to injury include: severity of injury, nature of 
injury/infection, genetic factors, nutritional status, and coexisting diseases (Paltrinieri 2007). 
Inflammation can be classified into two categories: acute and chronic. Acute inflammation is 
a highly regulated defense mechanism of immune system possessing two well-balanced and 
biologically opposing arms termed apoptosis (‘Yin’) and wound healing (‘Yang’) processes. 
Unresolved or chronic inflammation (oxidative stress) is perhaps the loss of balance 
between ‘Yin’ and ‘Yang’ that would induce co-expression of exaggerated or ‘mismatched’ 
apoptotic and wound healing factors in the microenvironment of tissues. Unresolved 
inflammation could initiate the genesis of many age-associated chronic illnesses such as 
autoimmune and neurodegenerative diseases or tumors/cancers (Khatami, 2009). As it is in 
the Daoism theory Yin and Yang can change in to one another. 
The term “acute phase” was introduced in 1941 to describe serum in which C-reactive 
protein was present (Petersen et al., 2004). 
Acute phase response (APR), an evolutionary conserved and nonspecific response, refers to 
a series of complex physiological events occurring shortly after a tissue injury, inflammation 
and infections, infection, trauma, malignant neoplasms, burns, tissue infarction, 
immunologically mediated inflammatory states, crystal-induced inflammatory states (gout), 
strenuous exercise, childbirth, and marked psychological stress (Hirvonen, 2000). 
The purpose of the APR is to prevent further injury of an organ, to limit the growth of the 
infective organism, to remove harmful molecules, and to activate the repair processes to 
return the organ to normal function (Hirvonen 2000). APR is mediated by cytokines and 
signaling molecules which are produced and secreted by hepatocytes, macrophages, 
fibroblasts, and epithelial cells (Burgess-Beusse and Darlington, 1998). They are able to 
release a broad spectrum of inflammatory mediators, such as cytokines, lipid mediators, 
vasoactive amines, products of the complement and coagulation cascades, proteases, 
reactive oxygen species, and nitric oxide (Hirvonen, 2000). 
These inflammatory mediators set off both the local and systemic inflammatory processes. 
Activated macrophages release a broad spectrum of mediators of which cytokines appear to 
be uniquely important in initiating the next series of reactions (Koj, 1996).  
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Cytokines which act as the messengers between the local site of injury and hepatocytes, 
have different sources and functions and are present in mammals, birds, fish, and reptiles 
and starfish (Peterson et al., 2004). 
At the reactive site, cytokines act on stromal cells, including fibroblast and endothelial cells, 
to cause a secondary wave of cytokines. This secondary wave augments the homeostatic 
signal and initiates the cellular and cytokine cascades involved in the complex process of the 
APR (Baumann and Gauldie, 1994).  
The synthesis and release of plasma APP from liver is regulated by inflammatory mediators. 
These mediators fall into four major categories: interleukin-6-type cytokines, interleukin-1-
type cytokines, glucocorticoids, and growth factors. Cytokines mainly stimulate the APP 
gene-expression, while glucocorticoids and growth factors function more as modulators of 
cytokine action (Baumann & Gauldie 1994). Interleukin-6 (IL-6) has been recognized as the 
principal regulator of most APP genes (Hirvonen 2000). 
The cytokines act in a synergistic manner: TNF-α mobilizes peripheral amino acids by 
activating a proteolytic process in muscles, thus increasing the molecules available for the 
liver to synthesize new proteins. IL-1 is a key element in modulating hepatic protein 
synthesis since it has an inhibitory effect on the synthesis of negative APPs and, by contrast 
a stimulatory activity on the synthesis of positive APPs (Paltrinieri, 2007). 
This latter effect depends also on a permissive action of glucocorticoids. 
 

 
Fig. 1. Summary of the mechanisms responsible for the clinical signs and laboratory findings 
in the acute phase reaction (circled by the thick line). Solid lines indicate stimulatory effects; 
dashed lines indicate inhibitory effects. IL-1, interleukin-1; TNF-a, tumour necrosis factor a; 
IL-6, interleukin-6; CRF, corticotrophin releasing factor; GnRH, gonadotropin releasing 
hormone; LH, luteinising hormone; FSH, follicle stimulating hormone; ACTH, 
adrenocorticotropic hormone; APP, acute phase protein (Paltrinieri, 2007). 
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Finally, IL-6 facilitates the release of APPs in blood (Ceciliani et al., 2002). This complex 
pattern of induction is defined as ‘type I response’ but some APPs are induced mainly by IL-
6, according to a ‘type II response’ (Petersen et al., 2004). 
There are two categories of APP genes based on their cytokine responsiveness. Type 1 genes 
respond to IL-1, IL-6, tumor necrosis factor alpha (TNF-α), and glucocorticoids, while type 2 
genes respond to IL-6 and glucocorticoids but not IL-1 or TNF-α (Burgess-Beusse B.L. and 
Darlington G.J., 1998). Some authors categorize the pro-inflammatory cytokines into two 
major groups with respect to acute phase protein induction, namely IL-1 type cytokines 
(including IL-1α, IL-1β, TNF-α, TNF-β, etc ) and IL-6 type cytokines (including IL-6, 
oncostatin M, IL-11, leukemia inhibitory factor, oncostatin M, cardiotrophin-1, etc) acting 
through different receptors located on the membrane of the hepatocytes. IL-1 type cytokines 
elicit a primary autostimulatory signal stimulating the release of a secondary cytokine 
signal, IL-6 type cytokines, in various cell types (Mackiewicz, 1997) (Fig 1). 
IL-6 type cytokines also seem to exert a negative feed-back on the production of IL-1 type 
cytokines (Petersen et al., 2004). IL-6 is released by many cells when they are injured. β –
adrenergic agonists also can enhance IL-6 release from stimulated cells (Munford, 2000). 
These cytokines all elicit similar responses because of the association of their respective 
individual receptors with a common membrane-spanning signal-transduction molecule, gp 
130 (Uhlar and Whitehead, 1999). Serum concentrations of cytokines increase during hours 
after stimulation (Petersen et al., 2004) and would be cleared from blood soon. Cytokines 
mainly stimulate the APP gene-expression, while glucocorticoids and growth factors 
function more as modulators of cytokine action (Baumann & Gauldie 1994). 
Hepatocytes have a high density of cytokine receptors per cell, and the liver has the largest 
number of cells with receptors, making it a primary organ involved in the APR. In response 
to cytokines, changes in expression of various acute-phase protein (APP) genes occur, with 
an up regulation of positive APP genes (those genes whose expression increases during the 
APR) and a down regulation of negative APP genes (genes whose expression decreases 
during the APR). The protein products of these genes are secreted from hepatocytes and, in 
combination with the effects of the cytokines themselves, bring about the systemic and 
metabolic changes seen in response to inflammation. These changes include clinical, 
systemic inflammatory signs as fever, inappetite and depression, which are reflections of 
multiple endocrinological, haematological, immunological, metabolic and neurological 
changes in the diseased animal (Stadnyk and Gauldie, 1991). 

2. Acute phase proteins (reactants) 
One of the main phenomena during the APR is the production of acute phase proteins 
(APPs) (Baumann and Gauldie, 1994). APPs play a role in the defense response of the host. 
Monitoring the blood concentrations of APPs can provide information on the progression of 
the inflammatory reaction (Kent, 1992). The APR may result in changes in more than 200 
proteins grouped as either positive APP or negative APP (Cray et al., 2009). 
It has been proposed that the term ‘acute phase protein’ should be replaced with ‘acute 
phase reactant’. The two terms are generally considered to be synonymous, but the latter 
would also include non-protein molecules such as total serum syalic acid, which increases 
during inflammation, or proteins involved in APRs but traditionally considered separately 
from APPs, such as the same APR-inducing cytokines or hormones ghrelin, leptin, and 
gonadotropins, the concentrations of which vary during APR (Paltrinieri, 2007). Here we use 
the more common nomenclature (acute phase proteins, since only the classical APPs are 
discussed). 
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Interleukin-6 (IL-6) has been recognized as the principal regulator of most APP genes. The 
APPs produced are termed type-2 APPs; in most species these  include fibrinogen (Fb), 
haptoglobin (Hp) and at least one of the major antiproteases, like α1-proteinase inhibitor 
(α1-PI). The group of APP genes regulated by interleukin-1-type  cytokines  (IL-1a,  IL-1b, 
TNFα) is clearly different from that regulated by IL-6-type cytokines. The APP produced are 
called type-1 APP, and they include alpha1-acid glycoprotein (α1-AG), serum amyloid-A 
(SAA), and C-reactive protein (CRP), depending on the species. 
Binding of the inflammatory mediators to their respective receptors on hepatocytes and 
transduction of this signal induce changes in APP gene expression that are primarily 
regulated at a transcriptional level. Under certain conditions post-transcriptional 
mechanisms, translation, APP modelling and export, may also be involved in this process 
(Kushner 1993, Pannen & Robotham 1995). Some APPs are also produced extrahepatically, 
e.g. α1-PI, ceruloplasmin (Cp), complement components, and SAA (Raynes 1994). 
By definition, APPs are proteins which their serum concentrations change by >25% in 
esponse to inflammation or infection (Eckersall and Bell, 2010). The APPs can be divided 
into minor, moderate and major APPs depending on their increase in concentration 
(Eckersall, 2000; Peterson, et al., 2004) (Table 2).  
 

Major APP (10-100 fold increase) Haptoglobin (Hp)
Serum amyloi-A (SAA)

Moderate APP (2-10 fold increase)  α1- acid glycoprotein (α1-AG)
α1- proteinase inhibitor (α1-PI) 

Minor APP (1-5 fold increase)  

Fibrinogen
Ceruloplasmin  
α2- macroglobulin (α2-M) 
complement component 3 (C3) 
Bovine lipopolysaccharide binding protein (bLBP) 

Table 2. Illustration of bovine plasma APP according to their responsivity during APR 
(Hirvonen, 2000). 

A major APP has a low serum concentration (<1 µg/L) in healthy animals and rises 
significantly by 100-1000 fold on stimulation, peaking at 24-48 h and then declining rapidly 
during the recovery phase. Moderate APPs increase some 5-10-fold on activation, peak after 
2-3 days, and decrease more slowly than major APPs. Minor APPs gradually increase by 
between 50% and 100% of its initial level. Negative APPs include albumin, transferrin and 
retinol binding protein which apart from albumin, their use in veterinary medicine is not 
common (Eckersall and Bell, 2010).  
This way of classifying positive APPs partly overlap since in many cases the protein that most 
frequently increases in a given species also shows a higher magnitude of increases compared 
to other species. The important concept is that each animal species has its own ‘major’ APP(s) 
that must be considered the marker of choice for diagnostic purposes (Table 3). 
The serum concentration of the rapid reacting APPs (such as SAA and CRP), which  are 
primarily induced by IL-1 type cytokines, increases within four hours (Petersen et) and 
return to the normal levels rapidly. Type 2 APPs (fibrinogen and haptoglobin in most 
species) are characterized by a latter increase in serum concentration remaining up to two 
weeks (Petersen  et al., 2004). The above mentioned classification is not  complete: bovine 
Hp is stimulated  by IL-6 and TNF, but not by IL-1 (Nakagawa-Tosa et al. 1995). 
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The group of positive APPs tends to increase continuously with the inclusion of newly 
discovered molecules, such as hepcidin, a protein involved in regulating iron metabolism 
during inflammation (Nemeth et al., 2003; Fry et al., 2004), or of molecules that are involved 
in processes different from inflammation but that are characterised by the typical ‘APP 
behaviour’ (e.g. showing an increase of >25% during inflammation). This is the case with 
antithrombin III, which may work as an APP in cats (Paltrinieri, 2007). 
 

 
*Normal level as well as acute phase concentration changes of SAP differ strongly between different 
mouse strains. ?: Nothing has been reported about the reaction of the protein indicated in the literature. 
NEG: Decrease in concentration (10-30%); 0: No change; I: 50% to 100% increase; II: Between 100% and 
10 time increase; III: More than 10 times increase (Petersen et al., 2004). 

Table 3. Acute phase proteins in different species. 

The APP  profiles  vary among  different  animal  species  (Kushner  1982, Hayes  1994)  and 
also within them. The profiles can be affected e.g. by age, sex, pregnancy, and 
polymorphism (Alsemgeest et al. 1993, Hayes 1994). Table 4 shows the physicochemical 
properties and reference intervals of different APP responders in some animal species.  
 

 
EF, electrophoretic migration; MW, molecular weight; g/dL, physiological concentration in serum; 
Group: proteins are listed according to the usual increase during the acute phase reaction (APR): I = 
increase up to 100%, II = increase up to 10·, III = increase >10· during APR. Major or Minor = species in 
which each APP is considered major or minor based on the frequency of increase during APR and on 
the magnitude of elevation (see I, II and III above); B = bovine; C = canine; E = equine; F = feline; H = 
human; M = mouse; S = swine; R = rat (Paltrinieri, 2008). 

*Modified from Gruys and Toussaint (2001) and Petersen et al. (2004).  

Table 4. Summary of physico-chemical characteristics of the most important positive acute 
phase proteins in different animal species. 
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3. Selected acute phase proteins of clinical importance 
3.1 Haptoglobin 
The name haptoglobin (Hp) is derived from its ability to form a stable complex (haptein = to 
bind) with hemoglobin. Hp, an α2-globulin with a molecular weight of approximately 125 
kDa, is one of the APPs in the blood of humans and animals and its concentration varies 
according to the health status (Whicher and Westacott 1992; Kushner & Mackiewicz, 1987). 
Hp was first described as a protein with the ability to increase the stability of the peroxidase 
activity of hemoglobin to low pH. Hp consists of light (α) and heavy (β) chains (αβ)2, linked 
by disulfide bonds (Petersen et al., 2004). In humans, 16 different subtypes have been 
observed which have three different phenotypes, Hp 1-1, Hp 2-1 and Hp 2-2, with molecular 
weights of 100, 220 and 400 kDa, respectively (Putman, 1975). Porcine Hp has an 
electrophoretic mobility similar to that of human Hp phenotype 1-1; bovine Hp exists as a 
tetramer in association with albumin with a molecular weight above 1000 kDa in cattle 
serum which is most similar to human Hp 2-2 (Eckersall & Conner, 1990). Equine Hp 
consists of a pair of polypetides with molecular weights of 108 and 105 kDa. Dogs have only 
1 phenotyoe of Hp, which closely resembles human Hp 1-1 with molecular weight of 81 KD 
but the 2 αβ chains are joined by a noncovalent interaction rather than by a disulfide bridge 
(the noncovalent linkage also exists in feline HP) (Petersen et al., 2004). 
The main function of Hp is to prevent the loss of iron via urine by the formation of a very 
stable complex with free hemoglobin. Hp together with hemopexin and transferrin helps to 
reduce the detrimental effects of free iron and to restrict the availability of free iron and to 
invading pathogens (Petersen et al., 2004). Free hemoglobin released from erythrocytes has 
oxidative and toxic properties (Putman, 1975). The Hp-hemoglobin complex is recognized 
via a specific cell surface receptor located on macrophages and when bound the complex 
will rapidly be removed from circulation.  Hp also inhibits bacteria dependent on hem iron 
for growth (Eaton et al., 1982). In cattle, Hp has been proposed to be involved in the 
regulation of lipid metabolism and as a immunomodulator. Stimulation of angiogenesis, 
role in lipid metabolism/development of fatty liver in cattle and inhibition of neutrophils 
respiratory burst activity have been proposed for Hp (Petersen et al., 2004). 
Hiss et al., (2004) showed that Hp in milk not only originates from serum Hp, which is 
produced by hepatocytes, but also from mammary glands in which Hp mRNA is expressed.  
Hp levels increase dramatically during infection, inflammation or trauma and measurement 
of its concentration in serum provides valuable diagnostic information to clinicians in both 
human and veterinary medicine. 

3.2 Serum amyloid A 
The SAA family was originally considered to comprise only a single circulating precursor of 
the amyloid A protein from which its name is derived. SAA constitutes a protein family 
related to the A proteins of secondary amyloidosis (Betts et al., 1991). The family is known to 
contain a number of differentially expressed apolipoproteins which can be divided into two 
main classes based on their responsiveness to inflammatory stimuli: acute phase serum 
amyloid A (A-SAA) and constitutive SAAs (C-SAAs). The A-SAAs are highly conserved 
across evolutionarily distinct vertebrate species and it is generally accepted that they have a 
crucial protective role during inflammation.  C-SAAs have been described in two species, 
human and mouse and are minimally induced during APR. Both SAAs associate with HDL.  
Multiple SAA genes and proteins have been described for several mammalian species 
(including human, mouse, hamster, rabbit, dog, mink, fox, cow, sheep, goat and horse) and 
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non-mammalian vertebrates (including marsupials and fish which provide evidence that 
they are likely to have important biological functions (Uhlar and Whitehead, 1999). 
The four human and five mouse SAA family members were originally named in numerical 
progression according to the order in which they were identified. According to the 
Nomenclature Committee of the International Society of Amyloidosis, extrahepatically-
produced SAA should be referred to as SAA3 (Sipe, 1999). The human SAA1 and SAA2 and 
the mouse Saa1 and Saa2 genes have 90 percent nucleotide identity (Betts et al., 1991) and all 
encode A-SAAs.  SAA3 show approximately 70 percent identity with SAA1 and SAA2 
(Kluve-Beckerman et al., 1986) but no mRNA or protein product specified by human SAA3 
has been identified. So human SAA3 protein, if it exists, cannot be a molecule with functions 
analogous to those of the SAA3 molecules in other species. The human SAA4 and the mouse 
Saa5 gene are the only constitutively expressed genes, which produce C-SAA (Uhlar and 
Whitehead, 1999). Intestinal epithelial cells, convoluted tubules of the kidney, bone marrow 
stromal cells, jejunal mucosa stomach, muscle, spleen, brain, heart, lung, ovary, testis, uterus 
and mammary glands are among the extrahepatic sites of A-SAA synthesis (Uhlar and 
Whitehead, 1999; McDonald et al., 2001). Different names have been used for SAA occurring 
in milk. Some authors refer to mammary-associated serum amyloid A as M-SAA 3 
(McDonald et al., 2001, Larson et al., 2005) while others use MAA (milk amyloid A) 
(O’Mahony et al., 2006; Safi et al., 2009). Many studies only use SAA regardless if it is 
hepatically or locally produced (Gronlund et al., 2003).  
The induction profiles of the SAA mRNAs in the liver and other tissues, vary considerably 
with different inflammatory agents. In humans, extra hepatic synthesis of both A-SAA and 
C-SAA mRNAs are expressed in monocytic/macrophages cell lines, endothelial and smooth 
muscle cells and also in adipocytes. These findings suggest a possible role for SAAs as an 
immunological defense molecule at local sites against inflammatory stimuli during the time 
taken to mount a systemic response by increased hepatic synthesis (Uhlar and Whitehead, 
1999). 
Like Hp, the biological function of SAA is not fully understood but it is known that SAA is 
involved in lipid transport /metabolism (Malle et al., 1993) and also in alteration of 
cholesterol metabolism under inflammatory conditions (Pannen & Robotham, 1995). SAA 
binds Gram-negative bacteria (Hari-Dass et al., 2005), possibly to facilitate the uptake by 
macrophages and neutrophils (Larson et al., 2005). Inhibitory effect on fever, on the 
oxidative burst of neutrophilic granulocytes and on in vitro immune response, chemotaxic 
effect on monocytes, PMN and T cells, and induction of calcium mobilization by monocytes 
and inhibition of platelet activation are among the functions attributed to SAA. Different 
conditions and diseases lead to increased SAA concentration in human, pig, cattle, horse, 
dog, cat, mouse, rabbit and chicken (Peterson et al. 2004,  Murata  et al., 2004), which will be 
addressed in the following sections.  
SAA is synthesized intraarticularly during inflammatory conditions, and this intraarticular 
SAA may lead to induction of metalloproteinase activity. The intraarticularly produced SAA 
isoform had a highly alkaline pI value, which is in accordance with pI values reported for 
extrahepatically synthesized murine and bovine SAA3 (Jacobsen et al., 2005). 
In chickens, SAA is likely to be a reliable APP for diagnosing inflammatory lesions 
(Chamanza et al., 1999). 

3.3 C-reactive protein (CRP) and serum amyloid-P component (SAP) 
CRP and SAP are pentraxins, belong to the highly conserved pentraxin family of plasma 
proteins with a pentameric organization of subunits (Steel and Whitehead, 1994).  
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Pentraxins are able to clear nuclear material released from necrotic tissue; they are also 
involved in opsonization, activation of classical pathway of complement (C1q),  
chemoattraction,  and  enhancement  of phagocytosis. CRP binds released bacterial or host 
DNA (Hirvonen, 2000). 
Canine AGP has been described as a very unusual protein of 43 KD with a very low pI of 
2.8-3.8 and a very high carbohydrate content of 45% (Ceron et al., 2005). 
CRP and SAP are found in all mammals and presumptive homologues have been found in a 
number of nonmammalian vertebrates and invertebrates (Steel and Whitehead, 1994).  CRP 
behaves like a broad-specificity antibody. It has been called an “ante” antibody, since it has 
been found in invertebrates that do not make either immunoglobulins or complement. It 
also is one of the key pattern recognition molecules that enable prompt host recognition of 
invading pathogens. In humans, CRP and SAP share only 51% amino acid identity and 59% 
nucleotide sequence identity (Steel and Whitehead, 1994).  
CRP is the first APP to be described as an APP in human. Crystallization of the CRP isolated 
from human serous fluids was first described in 1947. The crystalline protein was obtained 
from two pathological specimens, one a pleural fluid from a patient with streptococcal 
pneumonia and the other an abdominal fluid from a cirrhotic patient suffering from an 
intercurrent infection. CRP has been described in ruminants, dog, pig, rat, rabbit and to a 
lesser degree, horse (Petersen et al., 2004) and was originally named for its ability to bind the 
C-polysaccharide of Pneumococcus pneumonia. CRP has been shown to act as an opsonin for 
bacteria, parasites and immune complexes, can activate the classical pathway of 
complement, can modulate the behavior of several cell types, including neutrophils, 
monocytes, natural killer cells and platelets and can bind to chromatin, histones, and small 
nuclear ribonucleoprotein particles (snRNPs) (Steel and Whitehead, 1994). CRP increases L-
selectin shedding from neutrophils and prevents neutrophils-endothelial cell adhesion 
which leads to neutrophils release from marginated pool. CRP also stimulates monocytes to 
release an anti-inflammatory molecule, IL-1 receptor antagonist (IL-1Ra). Although CRP 
does not bind to normal cell membranes, it can  bind avidly to cells that are undergoing 
apoptosis or necrosis, through its ability to recognize the lysophosphatidylcholine (lysoPC) 
that appears on the surfaces of dying cells (Munford, 2000). 
SAP is a non-fibrillar plasma glycoprotein which is found in amyloid deposits due to its 
specific calcium dependent binding to motifs present on all types of amyloid fibrils. 
Amyloid deposits are present in a heterogeneous group of disorders, the amyloid A 
amyloidoses. The predominant amyloid A protein type found in amyloidotic tissues 
corresponds to the N-terminal two thirds of A-SAA (the first 76 residues of mature human 
A-SAA) (Uhlar and Whitehead, 1999). The SAP is also found to prevent fibrillar breakdown 
by enzymes and seems to be one of the factors that maintains the stability of the amyloid 
deposits. It interacts with inflammatory and complement factors and might be associated 
with the production of inflammation in specific cases. SAP concentration does not change in 
cattle, human, rat and rabbit during inflammation but normal level as well as acute phase 
concentration changes of SAP differ strongly between different mouse strains (Petersen et 
al., 2004). The exact role of SAP is uncertain. 

3.4 Alpha-1-acid glycoprotein (AGP) 
AGP is a sialo-glycoprotein synthesized and secreted mainly by hepatocytes and is the main 
protein component in seromucoid, the fraction of plasma that is most resistant to acid 
precipitation (Ceron et al., 2005).  
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Human AGP is characterized by low molecular weight (41–43 kDa), high solubility, very 
low pI (2.8–3.8) and high percentage of carbohydrates (45%). Its glycosylation pattern is very 
variable (12–20 glycoforms) depending on the physiological or pathological conditions, such 
as pregnancy, inflammation or cancer (Paltrinieri, 2008). 
AGP is considered a moderate APP in most species and is more likely to be associated with 
chronic conditions rather than acute inflammation. 
AGP is mostly synthesized during inflammation in rat, rabbit, mouse, man, cat, dog, horse 
and cattle but mammary-associated AGP has also been identified in bovine colostrum and 
milk (Ceciliani et al., 2005).  
AGP is a immunocalin; a group of proteins that shows significant immunomodulatory 
effects (Logdberg and Wester, 2000). AGP regulates the inflammatory response of leucocytes 
(e.g., inhibits platelet aggregation, proliferation of lymphocytes and activation of 
neutrophils (Hochepied et al., 2003). Immunomodulating effects of AGP are primarily 
downgrading the local inflammatory response to reduce tissue damage caused by 
inflammatory cells (Hochepied et al., 2003). Suppression of cattle leucocytes was also found 
to correlate with AGP concentrations during mastitis (Sato et al., 1995). One of the many 
functions of AGP is to protect cells from apoptosis, and an anti-apoptotic effect on cattle 
monocytes has recently been reported (Ceciliani et al., 2007). There is  some evidence that 
AGP might contribute to the net charge on microvessel walls and could decrease albumin  
leakage  from  circulation  during the acute phase. In cattle, AGP is known to suppress 
lymphocyte blastogenesis and thus possess immunosuppressive properties (Sato et al. 1995). 
Systemic AGP has two major physiological functions: drug binding and 
immunomodulation. Like serum albumin, AGP binds with and carries endogenous and 
exogenous substances such as heparin, histamine, serotonin and steroids. This ability might 
help to keep total drug binding levels unaffected in APR in which serum albumin decreases 
in concentration. AGP may help to enhance the clearance of lipopolysaccharide (LPS) by 
binding with it and neutralizing its toxicity (Murata et al., 2004). 

3.5 Fibrinogen (Fb) 
Fibrinogen is a soluble β-globulin present in the plasma of all vertebrates. It is composed of 
3 nonidentical polypeptide chains linked by disulfide bridges and a glycoprotein that 
contains 3-5% carbohydrates. Fb specifically binds to CD11/CD18 integrins on the cell 
surface of migrated phagocytes, thereby triggering a cascade of intracellular signals that 
lead to enhancement of degranulation, phagocytosis, antibody-dependent cellular 
cytotoxicity and delay of apoptosis (Murata et al., 2003). Fb was one of the earliest 
recognized APPs. It is a coagulation protein produced by liver, serving as a matrix for 
wound healing (Raynes 1994). Fibrinogen is a minor APP in most species including humans 
and cattle and horse. Although determination of plasma Fb concentration has long been 
used for detecting inflammatory diseases, its relatively slow reaction during inflammatory 
insult hampers its clinical utility. Nevertheless, Fb measurements are easy and inexpensive 
to perform, and this fact has likely secured its continued wide use in veterinary medicine 
(Crisman et al., 2008). 

3.6 Negative acute phase proteins: albumin and transferrin 
Albumin is the most abundant protein in blood constituting the major band observed in 
serum protein electrophoretograms.  
Transferrin is a plasma glycoprotein that is responsible for the transport of iron in the 
circulation and has a single polypeptide chain of about 700 amino acids. It binds iron as a ferric 
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ion in 2 binding sites at a neutral pH (Ceron et al., 2005). Nutritional status affects production 
of negative APPs but the APR has a stronger effect than the nutritional plane on concentration 
of transferrin, albumin, and other negative APPs (Ceron et al., 2005). In mammals transferrin is 
down-regulated during inflammation (Kushner and Rzewnicki, 1999). 
Ovotransferrin in birds appears to have special characteristics differing from those of 
mammals. It has been shown that following injection of croton oil to induce inflammation a 
65-kDa glycoprotein with an N-terminal sequence matching to that of chicken 
ovotransferrin, a major egg white protein is induced. In laying hens, ovotransferrin is 
synthesized under the control of estrogen (Palmiter et al., 1981) and is a major constituent of 
egg white. Its major physiological function, like other members of the transferrin family, is 
presumed to be iron transport, and its antimicrobial activities are probably related to its 
ability to sequester iron, an essential element for bacterial growth. However, unlike in 
mammals, in birds it appears to be a positive APP (Xie et al., 2002). 
Other APPs like proteinase inhibitors, α1-antitrypsin, α1-antichymotrypsin, α2-
macroglobulin, mannan-binding lectin (MBL), ceruloplasmin, etc have been dexcribed as 
APPs in different species but have a less diagnostic importance. 

4. Methods of analysis 
Although inflammatory status can be measured indirectly by measuring serum 
concentrations of albumin, globulins and copper (kaneko et al., 2008), but more specific and 
sensitive methods to determine the status are based upon direct measurement of individual 
APPs. The development of assays to quantify APPs has been pioneered by a number of 
laboratories throughout the world, in which calibration of the assays has been achieved by 
isolation of the protein and determinations of its concentration prior to its use as a standard 
(Skinner, 2001). The European Commission Directorate General Research Concreted Action 
Group was established in 2000 to harmonize the calibration of APP assays and to 
disseminate strategic and applied research results on the use of these assays. For those 
laboratories that are unable to set up specific and sensitive methods for APP measurement, 
electrophoresis on agarose or cellulose acetate gels can be used to identify changes in APP 
concentrations during inflammation or infection. (Carapeto et al., 2006). 

4.1 Haptoglobin 
Assays for serum Hp concentration can be divided into 2 groups: a) spectrophotometric 
assays and b) immunoassays. Although some ELISA assays have been established for Hp 
measurement, the convenience of methods based on the binding of Hp to hemoglobin and 
the potential for the development of automation, has lead to biochemical Hp assay 
becoming a routine biochemical test in many veterinary diagnostic laboratories. 
Spectrophotometric assays have been based on ability of Hp to bind hemoglobin, forming 
Hp-Hb complexes that either alter the absorbance of Hb in proportion to the concentration 
of Hp or preserve peroxidase activity at an acidic pH (Ceron et al., 2005). An automated 
spectrophotometric multispecies assay based on the peroxidase activity of Hp-Hb 
complexes has been described and validated by Eckersall et al., (1999), in which interference 
by serum albumin is eliminated. The methodology has been developed into a commercial 
biochemical assay kit for routine analysis, giving satisfactory results.  
Nephelometric immunoassays, in which the rate of precipitation of the Ab-Ag complex is 
measured, have been validated for Hp measurement in dogs (Ceron et al., 2005) and pigs 
(Lipperheide et al., 1998). Other methods for estimation of serum Hp include capillary zone 
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electrophoresis, turbidimetry (Ekersall, 2000), biosensor assay (Åkerstedt et al., 2006), single 
radial immunodiffusion (SRID) (Hanzawa et al., 2002), latex agglutination test (In Murata et 
al., 2003) and capillary zone electrophoresis (Pirlot et al., 1999). Most of these assays depend 
on the cross reactivity of antiserum to human Hp with the analogus protein in animal serum 
and must be properly validated before use.  
Canine serum samples must be diluted in many cases when Hp assays developed for other 
species are used, as the concentrations of Hp in health and disease are significantly higher in 
dogs than in other species (Ceron et al., 2005). 
Other methods of liquid phase analysis with the option of recycling of the sample (Philips, 
2001), such as those possible with Surface Plasmon Resonance (Biacore system), have been 
tested for Hp in bovine milk (Ǻkerstedt et al., 2005). 
Bovine serum Hp has been traditionally analyzed indirectly by measurement of Hb bound 
to Hp (Makimura & Suzuki 1982). Morimatsu et al. (1992) introduced a single radial 
immunodiffusion assay for bovine serum Hp.  Monoclonal antibodies against bovine Hp 
have been characterized and used for analysing bovine serum Hp by several 
immunotechniques (Hirvonen, 2000). 

4.2 Serum amyloid A 
Previously, SAA measurements were primarily the domain of research laboratories. 
Nowadays there are several methodologies for SAA measurement in different species. 
Monoclonal antiserum against human SAA has been used in a sandwich ELISA that can be 
used successfully for other species as well. An ELISA for equine SAA using 
chemiluminescent substrate has been established. Other methodologies for measurement of 
equine SAA include slide-reversed passive latex agglutination, latex agglutination 
immunoturbidimetric assay. A commercially developed immunoturbidimetric assay for 
human SAA has been evaluated for use in horses with good precision (Crisman et al., 2008). 
A commercially available ELISA for SAA measurement in veterinary species using 
monoclonal antiserum against human SAA has been proven to be useful for canine and 
feline SAA quantification (Ceron et al., 2005). Multispecies SAA kit has been developed by 
Tridelta Development Ltd which is suitable for most species except murine. 
Bovine SAA can be analyzed immunologically, and enzyme-linked  immunosorbent  assays 
(ELISA)  for the determination of bovine SAA have been developed (Boosman et al. 1989; 
Horadagoda et al. 1993). 
Other methods include electroimmunoassay, single radial immunodiffusion (SRID) and a 
sandwich enzyme immunoassay (Hultén et al., 1999). 

4.3 C –reactive protein 
Measurement of serum CRP is generally performed by immunoassays using species-specific 
CRP antibodies with several formats such as immunoturbidimetric assay, ELISA, 
slide/capillary reverse passive latex agglutination test, and time-resolved fluorometry 
(TRFIA) (Ceron et al., 2005). There is a commercially available automated turbidometric 
immunoassay for human serum CRP which has been validated for measuring canine CRP; 
however, in other investigations very weak cross-reactivity of canine CRP with antihuman 
CRP antibodies has been found (Ceron et al., 2005). Different nephelometry systems are 
compared during application for human CRP (Maggiore et al., 2005). Turbidimetry is 
developed for CRP in the dog (Kjelgaard-Hansen et al., 2003).  
A protein chip has been developed for measurement of haptoglobin and SAA in human 
patients (Tolson et al., 2004).  
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4.4 Alpha-1-acid glycoprotein (AGP) 
Although AGP can be estimated by precipitation of the majority of serum proteins by 
perchloric acid and quantification of the remaining soluble proteins, AGP is measured 
routinely by single radial immunodifffusion (SRID) on agarose gel impregnated with anti-
species AGP rabbit serum (Tamura, 1989). The kits are species-specific and are available for 
humans, dogs and cats but have the disadvantage of time consuming process (24 to 48 hours 
to be complete). Immunoturbidimetric assays for canine and feline AGP have been 
developed that are rapid and adaptable to biochemical analyzers (Ceron, et al., 2005). 
Nephelometric and turbidometric immunoassay methods have been also described for AGP 
measurement (Komine et al., 1994). 
Preliminary experiments with a monoclonal anti porcine CRP and pig acute phase sera 
using protein microarray methodology on slides (Timmerman et al., 2004), offered the 
possibility to measure more than 1000 pig blood sample spots on a single slide. 
 In chickens, AGP is an APP of clinical significance. High AGP levels have been observed in 
chickens with various bacterial or viral pathogens (Murata et al., 2004).  

4.5 Ceruloplasmin 
Many quantitative methods based on different principles have been used for Cp 
measurement in plasma or serum. Assays based on oxidation of different compounds such 
as p-phenylenediamine (PPD) or its N-dimethyl derivative and o-dianisidine 
dihydrochloride have been used most often in veterinary medicine. Manual and automated 
methods based on PPD-oxidase activity have been reported for measuring Cp (Ceron et al., 
2005). Ceruloplasmin can also be estimated biochemically by measuring its endogenous 
oxidase activity.  
One of the main problems with Cp assays is the lack of commercially available reference 
materials to standardize Cp measurements (Ceron et al., 2005). 

4.6 Fibrinogen 
Fibrinogen (Fb) is a large protein of 340,000 Da, which constitutes about 5% of the total 
proteins of plasma. It is most simply and rapidly estimated by the heat precipitation-
refractometer method proposed by Kaneko and Smith in 1967. The heat precipitation 
method is now extensively used as a routine screening method but more accurate methods 
include modifications of the Ratnoff-Menzie assay, measurement of clot weight, and 
immunoprecipitation method (Crisman, et al., 2008). 

4.7 Methods of analysis: alternatives 
Indirectly, acute phase protein formation may be measured in biopsies by methods to assess 
upregulation of protein synthesis (quantitative PCR) (Gruys et al., 2005). 
A possible future challenge for veterinarians would be the development of high throughput 
techniques, such as protein microarray methodology, which would allow simultaneous 
measurements of thousands of samples per batch, as has already proposed for some species 
(Gruys et al., 2005). In addition, techniques able to detect qualitative or structural changes to 
the APPs, such as two-dimensional gel electrophoresis, high performance liquid 
chromatography (HPLC), Western blotting and lectin staining, are available (Paltrinieri, 2008). 
Although these techniques are currently used mainly for research purposes due to high cost 
and to the need for specialized equipment and trained personnel but they  may have crucial 
importance in diagnostics in the future if done rapidly, and at low costs, making it possible 
to run many samples at the same time. 
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5. Clinical applications of major APPs 
APP concentrations are elevated in many diseases with different pathogeneses. The fact cause 
APPs to have poor specificity in detecting the cause for a particular disease but some studies 
have been performed to increase the specificity of  APPs, using group analysis of APPs (acute 
phase index) (Gruys et al., 2005). On the other hand APPs have very high sensitivity in 
detecting different conditions that cause subclinical infection or inflammation. So APPs can 
provide 1) an alternative means for monitoring animal health, as well as for human patients 2) 
an objective information about the presence and extent of ongoing lesions in individual 
animals, 3) an information about the prevalence of a disease/diseases indicated by the high 
serum concentration of selected APP(s),  4) a prognostic tool, with the magnitude and duration 
of the APR reflecting the severity of infection (Petersen et al., 2004), 5) a practical means to 
identify the effectiveness of antibiotic therapy (Wittum et al., 1995), 6) a useful tool for 
separation of suspect from non-suspect animals during ante mortem inspection at 
slaughterhouses, to improve food safety for public health (Toussaint et al., 1995).  
A further likely use of the APPs as diagnostic markers in production animals is that they 
might have a role to play in monitoring health for optimal growth, by detection of small 
changes in APPs concentrations, using acute phase index (Toussaint et al., 1995).  
The interpretation of APP results from haemolytic, icteric and lipaemic samples should be 
interpreted with caution, due to the possible influence of these interfering substances on 
analytical results (Ceron et al., 2005). 

5.1 Acute phase proteins in human medicine 
Shortly after it was discovered that a protein in human serum binds to the pneumococcal 
“C” polysaccharide, Arvey and others found that the serum concentrations of this “C-
reactive” protein (CRP) can rise dramatically during illness. Although ESR, an indirect 
measure of APR, had been introduced as by Westergren in 1921, but its wide reference 
interval, moderate specificity and sensitivity, low to moderate reproducibility, being time-
consuming to be complete and the fact that its results may be affected by gender, age, 
temperature, drugs,  level of plasma proteins and RBC factors (hematocrit, morphology, 
size,…) (Collares and Vidigal, 2004) made it unsuitable to be a marker of choice for 
monitoring inflammation or infection; however it is a simple and inexpensive laboratory 
test. 
While plasma levels of CRP in most healthy subjects is usually 1mg/L with normal being 
defined as <10 mg/L (0.06-8 mg/L) its concentration is exponentially increases  
(100-500 mg/L), doubling every 8-9 hours and remains elevated during APR. So serial CRP 
measurements can be used as a diagnostic tool for infection, monitoring of treatment or 
early detection of relapse in humans.  
Today, CRP remains an APP of primary interest in humans, where it is a major marker of 
infection, autoimmune disease, trauma, malignancy, and necrosis including myocardial 
infarction. Furthermore, CRP has been proposed as a marker for wellness assessments, which 
is a common role proposed in many studies of human and animal APP (Cray et al., 2009). 
CRP levels serve as an early marker of the magnitude of inflammation in events as 
dissimilar as appendicitis and myocardial infarction. The level of circulating CRP correlates 
with endovascular disease and may serve to identify otherwise asymptomatic patients at 
sufficient cardiovascular risk to warrant aggressive therapy. Determining whether CRP has 
a direct pathologic role in the vascular wall itself may have the most clinical relevance 
(Zimmerman et al., 2003). Measurements of plasma or serum C-reactive protein can help 
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differentiate inflammatory from noninflammatory conditions and are useful in managing 
the patient’s disease, since the concentration often reflects the response to and need for 
therapeutic intervention. In some diseases, such as rheumatoid arthritis, serial 
measurements of C-reactive protein are of prognostic value (Gabay and Kushner, 1999). Lau 
et al., (2006) reported that levels of CRP were associated with HIV disease progression 
independent of CD4 lymphocyte counts and HIV RNA levels. Increased serum CRP level 
has been described to be associated with unstable angina or myocardial infarction, stroke, 
infection with C. pneumoniae, cytomegalovirus, hepatitis A, Herpes simplex, rubella virus, 
Helicobacter pylori, and E.coli lipopolysaccharide (Munford 2000), post-operative infection 
(Mustard et al., 1987), and heterotopic ossification (Sell and Schleh, 1999). 
 

 
 

Modified from Dixon (1983) and Pepys & Hirschfield (2003). 

Table 5. CRP response in human diseases 

Larsson et al., (1992) performed a prospective study focused on CRP levels in 193 patients 
undergoing 4 types of uncomplicated elective orthopedic procedures and concluded that a 



 
Inflammatory Diseases – Immunopathology, Clinical and Pharmacological Bases 

 

364 

5. Clinical applications of major APPs 
APP concentrations are elevated in many diseases with different pathogeneses. The fact cause 
APPs to have poor specificity in detecting the cause for a particular disease but some studies 
have been performed to increase the specificity of  APPs, using group analysis of APPs (acute 
phase index) (Gruys et al., 2005). On the other hand APPs have very high sensitivity in 
detecting different conditions that cause subclinical infection or inflammation. So APPs can 
provide 1) an alternative means for monitoring animal health, as well as for human patients 2) 
an objective information about the presence and extent of ongoing lesions in individual 
animals, 3) an information about the prevalence of a disease/diseases indicated by the high 
serum concentration of selected APP(s),  4) a prognostic tool, with the magnitude and duration 
of the APR reflecting the severity of infection (Petersen et al., 2004), 5) a practical means to 
identify the effectiveness of antibiotic therapy (Wittum et al., 1995), 6) a useful tool for 
separation of suspect from non-suspect animals during ante mortem inspection at 
slaughterhouses, to improve food safety for public health (Toussaint et al., 1995).  
A further likely use of the APPs as diagnostic markers in production animals is that they 
might have a role to play in monitoring health for optimal growth, by detection of small 
changes in APPs concentrations, using acute phase index (Toussaint et al., 1995).  
The interpretation of APP results from haemolytic, icteric and lipaemic samples should be 
interpreted with caution, due to the possible influence of these interfering substances on 
analytical results (Ceron et al., 2005). 

5.1 Acute phase proteins in human medicine 
Shortly after it was discovered that a protein in human serum binds to the pneumococcal 
“C” polysaccharide, Arvey and others found that the serum concentrations of this “C-
reactive” protein (CRP) can rise dramatically during illness. Although ESR, an indirect 
measure of APR, had been introduced as by Westergren in 1921, but its wide reference 
interval, moderate specificity and sensitivity, low to moderate reproducibility, being time-
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differentiate inflammatory from noninflammatory conditions and are useful in managing 
the patient’s disease, since the concentration often reflects the response to and need for 
therapeutic intervention. In some diseases, such as rheumatoid arthritis, serial 
measurements of C-reactive protein are of prognostic value (Gabay and Kushner, 1999). Lau 
et al., (2006) reported that levels of CRP were associated with HIV disease progression 
independent of CD4 lymphocyte counts and HIV RNA levels. Increased serum CRP level 
has been described to be associated with unstable angina or myocardial infarction, stroke, 
infection with C. pneumoniae, cytomegalovirus, hepatitis A, Herpes simplex, rubella virus, 
Helicobacter pylori, and E.coli lipopolysaccharide (Munford 2000), post-operative infection 
(Mustard et al., 1987), and heterotopic ossification (Sell and Schleh, 1999). 
 

 
 

Modified from Dixon (1983) and Pepys & Hirschfield (2003). 

Table 5. CRP response in human diseases 

Larsson et al., (1992) performed a prospective study focused on CRP levels in 193 patients 
undergoing 4 types of uncomplicated elective orthopedic procedures and concluded that a 
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normalized CRP response that follows a typical biphasic response indicate an uneventful 
recovery. Meyer et al. (1995), proposed using CRP as a simple, reliable, and inexpensive 
screening test in detection of early infections after lumbar microdiscectomy. CRP levels are 
increased in patients with rheumatoid arthritis, juvenile idiopathic arthritis, ankylosing 
spondylitis and psoriatic arthritis, giant cell arthritis and rheumatic polymyalgia (Rosa Neto 
and Carvalho, 2009). CRP can be used as a tool to monitor the effect of antibiotic therapy 
(Peltola et al., 1984). 
There is a wealth of literature supporting the use of CRP in the diagnosis and monitoring of 
treatment of infection in post-operative patients but it should be noted that single CRP 
reading has very limited value, and that a trend should be followed to have the full 
usefulness of CRP measurement. The exquisite responsiveness of CRP to acute phase 
stimuli, along  with its ease of measurement, have led to CRP levels being used to monitor 
accurately the severity of inflammation and the efficacy of disease management during an 
infection. Covering all related studies is out of the scope of this chapter and readers are 
referred to review articles for more detailed information (Steel and Whitehead, 1994). Table 
5 summarizes CRP response in different human diseases.  
In humans, SAA is catabolized in the liver and has a half-life of 1 day but the capacity of the 
liver to degrade SAA decreases in acute or chronic inflammation (Ceron et al., 2005). SAA is 
a major APP in humans and has been reported to be as part of the host innate immune 
defense mechanisms against HCV infection. SAA was also shown to be an opsonin for 
gram-negative bacteria (Cai et al., 2007). The highest concentrations of SAA are generally 
found in connection with bacterial infections, but SAA has also proven useful as a marker in 
many other clinically important conditions in human medicine, including viral infections, 
rheumatic disorders, and neoplastic disease (Hulten et al., 1999).  SAA has been found 
valuable in monitoring viral infections such as influenza and rhinovirus in human medicine 
(Petersen et al., 2004). However, due to difficulties in standardization and a need of more 
complicated and time-consuming assays compared with CRP, SAA has not yet gained full 
acceptance as an inflammatory marker in clinical practice (Hulten et al., 1999). 
SAA and SAP have been implicated in a number of clinical conditions like secondary or 
reactive amyloidosis that is the occasional consequence of a variety of chronic and recurrent 
inflammatory diseases, for example leprosy, tuberculosis, systemic lupus erythematosis and 
rheumatoid arthritis (Steel et al., ).  Pepys et al., (2004) have developed a drug that is 
competitive inhibitor of SAP binding to amyloid fibrils. The mechanism may provide a new 
therapeutic approach to both systemic amyloidosis and associated diseases, including 
Alzheimer’s diseases and type 2 diabetes. The association of SAA with HDL3 suggests 
another area in which chronically high SAA concentrations may promote clinical disease. 
The sustained decrease in total HDL during the acute phase, could be a major risk factor for 
the development of atherosclerosis in patients with chronic recurrent inflammation (Steel 
and Whitehead, 1994). 
There is an extensive body of reports concerning SAA responses in naturally occurring 
infectious and noninfectious inflammatory conditions, especially in humans, that has been 
reviewed by Malle and De Beer (1996).  
Some investigators have advocated caution when using SAA in clinical cases in human 
medicine, stating that the highly sensitive and unspecific nature of the SAA response could 
lead to misjudgment of the severity of clinical conditions (Whicher et al., 1985). Zhao et al., 
(2009) in a meta-analysis and systematic review found that SAA levels are positively 
associated with BMI levels and that weight loss led to decreased SAA levels. Many studies 
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had been conducted on the relationship between SAA and deposition of reactive (AA) 
amyloid in patients with chronic arthritis, tuberculosis or Familial Mediterranean Fever 
(Gruys et al., 2005). 
One of the most interesting features of AGP is that, not only is its gene expression up-
regulated during an acute phase reaction, but the activity of the protein can be further fine-
tuned by qualitatively controlling its post-translational processing by modifying its glycan 
microheterogeneity and, perhaps, also its phosphorylation status (Ceciliani and Pocacqua, 
2007). 
An elevated plasma haptoglobin level is seen following inflammation, trauma, and burns 
and with tumors. The plasma level increases 4 to 6 days after the beginning of inflammation 
and returns to normal 2 weeks after elimination of the causative agent. The plasma 
haptoglobin level in the initial phase of acute myocardial infarction is high, but later, owing 
to hemolysis, the plasma level decreases temporarily. The plasma haptoglobin level is 
decreased in hemolysis, malnutrition, ineffective erythropoiesis, hepatocellular disorders, 
late pregnancy, and newborn infants. In addition, the plasma haptoglobin level is lower in 
people with positive skin tests for pollens, high levels of IgE and specific IgE for pollens and 
house dust mites, rhinitis, and allergic asthma (Sadrzedeh and Bozorgmehr, 2004). The 
possible association of allelic polymorphism of haptoglobin with various pathologic 
conditions such as coronary artery disease, hematologic disorders, infectious diseases and 
other disorders has been studied in detail by Sadrzadeh and Bozorgmehr (2004). 

5.2 Acute phase proteins in canine medicine 
CRP is a major APP in dogs and its serum concentration can increase rapidly from <1mg/L 
to >100 mg/L in a number of conditions including surgical trauma, rheumatoid arthritis, 
polyarthritis, intestinal obstruction, inflammatory bowel disease, lymphoma, acute 
pancreatitis, pyometra, pneumonia, bacterial enteritis, turpentine oil injection, E.coli 
endotoxemia, babesiosis, leishmaniosis, leptospirosis, parvovirus infection, trypanosomiasis, 
Bordetella bronchiseptica and B.canis and Ehrlichia canis infection, bacterial and hemorrhagic 
enteritis and tumors (Ceron et al., 2005; Jergens et al., 2003 and Tecles et al., 2005, 
Yamamoto, et al., 1993). CRP levels increase from mid-gestation in pregnant bitches, 
coinciding with embryonic implantation (Eckersall et al., 1993; Vannucchi et al., 2002).  
Burton et al., (1991) showed a significant, but weak, correlation between CRP concentration 
and band neutrophils count and concluded that CRP could be more indicative of the extent 
of the inflammatory lesion. There is no circadian rhythm in CRP concentration in dogs 
(Otabe et al., 1998).  
In a review of more than 900 cases of inflammation in dogs with various diseases, CRP 
concentrations were significantly correlated with disease, whereas only slight or no 
correlation was found with total WBC and band neutrophil counts (Ohno et al., 2008). 
Hp is a moderate APP in dogs and is particularly sensitive to the effects of corticosteroids. 
This fact should be considered when Hp is used for monitoring inflammation as steroid 
treatment or hyperadrenocorticism interfere with test result. In canine hyperadrenocorticism 
a moderate increase occurs in serum Hp levels, probably due to endogenous glucocorticoid-
mediated stimulation of Hp production (Ceron et al., 2005). Serum Hp levels have been 
shown to increase in dogs with leishmaniosis, trypanosomiasis, diabetes mellitus and 
diabetic ketoacidosis, and Cushing’s syndrome (Ceron et al., 2005).   
The reference intervals proposed for serum canine Hp are 0-3 and 0.3-1.8 g/L (Ceron et al., 
2005).  
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normalized CRP response that follows a typical biphasic response indicate an uneventful 
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reading has very limited value, and that a trend should be followed to have the full 
usefulness of CRP measurement. The exquisite responsiveness of CRP to acute phase 
stimuli, along  with its ease of measurement, have led to CRP levels being used to monitor 
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referred to review articles for more detailed information (Steel and Whitehead, 1994). Table 
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valuable in monitoring viral infections such as influenza and rhinovirus in human medicine 
(Petersen et al., 2004). However, due to difficulties in standardization and a need of more 
complicated and time-consuming assays compared with CRP, SAA has not yet gained full 
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reactive amyloidosis that is the occasional consequence of a variety of chronic and recurrent 
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rheumatoid arthritis (Steel et al., ).  Pepys et al., (2004) have developed a drug that is 
competitive inhibitor of SAP binding to amyloid fibrils. The mechanism may provide a new 
therapeutic approach to both systemic amyloidosis and associated diseases, including 
Alzheimer’s diseases and type 2 diabetes. The association of SAA with HDL3 suggests 
another area in which chronically high SAA concentrations may promote clinical disease. 
The sustained decrease in total HDL during the acute phase, could be a major risk factor for 
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There is an extensive body of reports concerning SAA responses in naturally occurring 
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Some investigators have advocated caution when using SAA in clinical cases in human 
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lead to misjudgment of the severity of clinical conditions (Whicher et al., 1985). Zhao et al., 
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had been conducted on the relationship between SAA and deposition of reactive (AA) 
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regulated during an acute phase reaction, but the activity of the protein can be further fine-
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haptoglobin level in the initial phase of acute myocardial infarction is high, but later, owing 
to hemolysis, the plasma level decreases temporarily. The plasma haptoglobin level is 
decreased in hemolysis, malnutrition, ineffective erythropoiesis, hepatocellular disorders, 
late pregnancy, and newborn infants. In addition, the plasma haptoglobin level is lower in 
people with positive skin tests for pollens, high levels of IgE and specific IgE for pollens and 
house dust mites, rhinitis, and allergic asthma (Sadrzedeh and Bozorgmehr, 2004). The 
possible association of allelic polymorphism of haptoglobin with various pathologic 
conditions such as coronary artery disease, hematologic disorders, infectious diseases and 
other disorders has been studied in detail by Sadrzadeh and Bozorgmehr (2004). 
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CRP is a major APP in dogs and its serum concentration can increase rapidly from <1mg/L 
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Burton et al., (1991) showed a significant, but weak, correlation between CRP concentration 
and band neutrophils count and concluded that CRP could be more indicative of the extent 
of the inflammatory lesion. There is no circadian rhythm in CRP concentration in dogs 
(Otabe et al., 1998).  
In a review of more than 900 cases of inflammation in dogs with various diseases, CRP 
concentrations were significantly correlated with disease, whereas only slight or no 
correlation was found with total WBC and band neutrophil counts (Ohno et al., 2008). 
Hp is a moderate APP in dogs and is particularly sensitive to the effects of corticosteroids. 
This fact should be considered when Hp is used for monitoring inflammation as steroid 
treatment or hyperadrenocorticism interfere with test result. In canine hyperadrenocorticism 
a moderate increase occurs in serum Hp levels, probably due to endogenous glucocorticoid-
mediated stimulation of Hp production (Ceron et al., 2005). Serum Hp levels have been 
shown to increase in dogs with leishmaniosis, trypanosomiasis, diabetes mellitus and 
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The reference intervals proposed for serum canine Hp are 0-3 and 0.3-1.8 g/L (Ceron et al., 
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SAA, a major APP in dogs, increases in the serum samples of dogs with leishmaniosis, 
parvovirus and Bordetella bronchiseptica infection. Serum and CSF concentrations of SAA are 
increased in dogs with steroid-responsive meningitis-arteritis (SRMA). In response to 
prednisolone therapy serum CRP and SAA concentrations fall within reference intervals; 
while in patients that relapse with SRMA, the concentrations increase. The use of APPs as 
biomarkers of remission and relapse of SRMA has proved less expensive and invasive than 
previous monitoring methods (Eckersall and Bell, 2010). Reference intervals for SAA 
concentrations in canine serum have been reported as nondetectable to 2.19 mg/L in one 
study and 1.15 ± 2.53 mg/L in another one (Ceron et al., 2005). 
AGP, a moderate APP in dogs, in a health screen was shown to be useful for identifying 
dogs with subclinical disease that, after 2 weeks, had clinical signs or even died of diseases 
such as parvovirus infection (Ceron et al., 2005). AGP has been reported to increase in 
diseases such as babesiosis, lymphoma, carcinoma, sarcoma, parvovirus and Ehrlichia canis 
infection (Ceron et al., 2005). Clinically healthy Yorkshire Terriers and Dachshunds have 
lower levels of AGP compared with Poodle, Cocker Spaniel, Labrador Retriever, or German 
Shepherd. This finding could explain the wide range of AGP values (40-1070 mg/L) in 
healthy dogs (Ceron et al., 2005). Different authors have been proposed different reference 
intervals for serum AGP concentrations in dogs 322 ± 202 µg/ml, 509 ± 117 µg/ml,  
302 ± 74 µg/ml, <380 µg/ml, 480 ± 149 µg/ml (Ceron et al., 2005). Phenobarbital, in a 
therapeutic dosage regime, induces a significant increase in canine AGP concentration, 
which should be considered during the interpretation of AGP results. Dogs with hepatitis or 
with turpentine treatment have raised serum AGP concentrations (Murata et al., 2004).  

5.3 Acute phase proteins in feline medicine 
Contrary to reports in other species, data regarding APP levels in cats are scarce and mostly 
focused on general aspects of feline APP biology, such as the demonstration of the lack of 
age-related changes in APPs concentrations in feline serum, basic and comparative 
information about APP gene and protein structures or methodological aspects of 
measurement of feline APPs (Paltrinieri, 2008). Most feline APP studies have been focused 
on AGP, SAA and Hp, the three major APPs in cats. AGP and Hp are considered as 
moderate APPs in cat by some authors. The peak time and magnitude of an APP response 
vary depending on the type of stimulus. Kajikawa et al., (1999) studied the changes in 
concentrations of SAA, AGP, Hp and CRP in feline sera following injection of 
lipopolysachharide or turpentine oil and showed a 4.2-, 5.7- and 2.9-fold increase in SAA, 
AGP and HP concentration, while CRP concentration didn’t show any significant change. 
The time of detecting a significant increase in concentrations of SAA, AGP, and Hp was 8, 24 
and 24 hours, respectively. Sasaki et al., (2003) found increases of >10-fold in AGP 
concentrations in cats with FIP and concluded that SAA and AGP could be considered as 
major APPs in the cat. Quantification of AGP has been demonstrated to be a reliable aid in 
the diagnosis of FIP, although not pathognomonic for the disease because high levels are 
also found in cats with feline immunodeficiency virus (Duthie, et al., 1997). Increases in 
other APPs (Hp and SAA) have been detected in FIP-infected cats. Increases in Hp 
concentration have been described in cats with abscesses and upper respiratory tract 
infections; while Hp concentration decreased after hemolysis caused by hemobartonellosis 
(Ceron et al., 2005). Concentrations of SAA, AGP, and Hp increased significantly 1 day after 
surgery in cats (Ceron et al., 2005).  
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Some feline pathological or pathophysiological conditions in which increases in APPs have 
been reported are as follows: 
Anemia of inflammatory diseases (localised purulent infections), diabetes, experimental 
inflammation, feline coronavirus (FCoV) infection (non-symptomatic), feline calicivirus 
infection, chlamydiosis, feline leukaemia virus, feline infectious peritonitis, feline 
immunodeficiency virus (FIV), hospitalization, infectious diseases (miscellaneous), injury, 
lymphoma , amyloidosis in Somali, Oriental and Abyssinian cats, renal failure, splenectomy, 
surgery, and tumors (Paltrinieri, 2008). 
The results of the studies on feline APPs indicate that Hp, SAA and, especially, AGP should 
be included in laboratory panels to diagnose inflammation in cats. 

5.4 Acute phase proteins in ruminant medicine 
Hp is a major APP in ruminants. Its serum level is negligible in healthy animals, but 
increases over 100-fold on immune stimulation (Conner et al., 1989).  
Bovine Hp was first documented by Bremner (1964) who reported that plasma samples from  
healthy calves contained very little Hp, and that local inflammation induced by injection of 
turpentine elevated Hp concentrations greatly. In healthy cattle the serum concentration is 
below 20 mg/L but it can increase in concentration to over 2 g/L within a couple of days of 
infection (Eckersall and Bell, 2010). Many studies have indicated the significance of Hp as an 
clinically effective marker for evaluating the presence, severity and recovery of cattle with 
trauma, inflammation, experimental and natural inflammatory diseases, foot and mouth 
disease, fatty liver (hepatic lipidosis), mastitis, pneumonia, enteritis, peritonitis, 
endocarditis, abscesses, endometritis, clinical respiratory tract disease, bacterial 
contamination of uterus and delayed uterine involution, infections with Mannheimia 
haemolytica, Pastuerella multocida, bovine viral diarrhea (BVD) virus, bovine herpes virus 1 
and bovine respiratory syncytial virus  (Murata et al., 2004, Petersen et al., 2004). Hp is also a 
useful marker for monitoring processes such as tail docking and surgical castration. 
Elevations have also been reported in cows at parturition, during starvation and following 
the stress of road transport (Eckersall, 2006). Alsemgeest  et al. (1994)  found a  significant 
difference (P<0.001) in Hp levels between healthy animals and animals with inflammatory 
diseases. Godson et al., (1996) and Young et al. (1996) found Hp to be a valuable diagnostic 
aid in bovine respiratory disease (BRD), and Wittum et al. (1996) suggested Hp to indicate 
response of respiratory tract disease to antimicrobial therapy (In: Hirvonen, 2000). Hp is 
used to monitor the treatment efficacy of antibiotics in cows with toxic puerperal mastitis. 
Hp is also used to determine the effect of anti-inflammatory drugs following the castration 
of bull calves, the effects of treatment in transport-stressed feedlot cattle, and the changes in 
the blood profile of neonatal calves (Murata et al., 2004). Hp can be used to investigate the 
relationship between uterine involution and the presence of intrauterine bacteria in ewes; 
however, Hp levels remained unchanged following castration or tail-docking in lambs 
(Murata et al., 2004). 
Scott et al. (1992) reported serum Hp to have prognostic value in ovine dystocia cases, where 
serum Hp concentration of above 1.0 g/L indicated a reduced survival rate (Hirvonen, 2000).  
In cattle SAA has been identified as a marker of inflammation being elevated more in acute 
rather than chronic conditions. It was raised also by experimental infection with Mannheima 
haemolytica, with bovine respiratory syncytial virus and in experimental and natural cases of 
mastitis ((Eckersall, 2006). SAA is a valuable APP in diagnosing cattle with inflammation 
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on AGP, SAA and Hp, the three major APPs in cats. AGP and Hp are considered as 
moderate APPs in cat by some authors. The peak time and magnitude of an APP response 
vary depending on the type of stimulus. Kajikawa et al., (1999) studied the changes in 
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AGP and HP concentration, while CRP concentration didn’t show any significant change. 
The time of detecting a significant increase in concentrations of SAA, AGP, and Hp was 8, 24 
and 24 hours, respectively. Sasaki et al., (2003) found increases of >10-fold in AGP 
concentrations in cats with FIP and concluded that SAA and AGP could be considered as 
major APPs in the cat. Quantification of AGP has been demonstrated to be a reliable aid in 
the diagnosis of FIP, although not pathognomonic for the disease because high levels are 
also found in cats with feline immunodeficiency virus (Duthie, et al., 1997). Increases in 
other APPs (Hp and SAA) have been detected in FIP-infected cats. Increases in Hp 
concentration have been described in cats with abscesses and upper respiratory tract 
infections; while Hp concentration decreased after hemolysis caused by hemobartonellosis 
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the stress of road transport (Eckersall, 2006). Alsemgeest  et al. (1994)  found a  significant 
difference (P<0.001) in Hp levels between healthy animals and animals with inflammatory 
diseases. Godson et al., (1996) and Young et al. (1996) found Hp to be a valuable diagnostic 
aid in bovine respiratory disease (BRD), and Wittum et al. (1996) suggested Hp to indicate 
response of respiratory tract disease to antimicrobial therapy (In: Hirvonen, 2000). Hp is 
used to monitor the treatment efficacy of antibiotics in cows with toxic puerperal mastitis. 
Hp is also used to determine the effect of anti-inflammatory drugs following the castration 
of bull calves, the effects of treatment in transport-stressed feedlot cattle, and the changes in 
the blood profile of neonatal calves (Murata et al., 2004). Hp can be used to investigate the 
relationship between uterine involution and the presence of intrauterine bacteria in ewes; 
however, Hp levels remained unchanged following castration or tail-docking in lambs 
(Murata et al., 2004). 
Scott et al. (1992) reported serum Hp to have prognostic value in ovine dystocia cases, where 
serum Hp concentration of above 1.0 g/L indicated a reduced survival rate (Hirvonen, 2000).  
In cattle SAA has been identified as a marker of inflammation being elevated more in acute 
rather than chronic conditions. It was raised also by experimental infection with Mannheima 
haemolytica, with bovine respiratory syncytial virus and in experimental and natural cases of 
mastitis ((Eckersall, 2006). SAA is a valuable APP in diagnosing cattle with inflammation 
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(Murata et al., 2004). Elevated SAA levels are also found in conditions unrelated to 
inflammation, in cows at parturition or in cattle subjected to physical stress (Murata et al., 
2004). 
When screening dairy cow herds, SAA was found to reflect systemic inflammatory disease. 
A good agreement (i.e. high specificity) between ruling out inflammation by a clinical 
examination performed by field veterinarians and SAA negative serum samples was 
observed (Höfner, 1994). 

5.4.1 Bovine APPs: detection of mastitis and subclinical mastitis 
The most important and common disease among dairy cows is mastitis and is still a big 
challenge for the dairy industry all over the world. There are two forms of mastitis: a) 
clinical, which is often easy to detect and b) subclinical mastitis, which shows no visible 
changes in the udder or in the milk and should be detected through different diagnostic 
tests including somatic cell count (SCC), California mastitis test, electroconductivity, 
measurement of lactose, LDH, alkaline phosphatase, plasminogen, NAGase, pH, lactate, 
alpha-1-antitrypsin, etc in milk.The most common way to detect subclinical mastitis is by 
measuring the SCC. Since SCC is influenced by other factors than mastitis, including 
lactation number, stress, stage of lactation, etc., there is a need for new biomarkers for 
detection of subclinical mastitis (Akerstedt, 2008). A lot of research has been done to find the 
biomarker with high sensitivity and specificity for diagnosis of subclinical mastitis. Recently 
there has been an increased interest in the potential of APP in milk (Eckersall et al., 2001; 
Grönlund at al., 2003; Petersen et al., 2004; Pyörala, 2003; Jacobsen et al., 2005; Eckersall et 
al., 2006; O’Mahony et al., 2006; Hiss et al., 2007; Kováč et al., 2007, Safi et al., 2009). Hp 
serum concentrations increased in experimentally induced mastitis and in field infections of 
different etiology (Petersen et al., 2004). Serum amyloid A has also been found to be a 
marker of experimentally induced and naturally occurring mastitis (Petersen et al., 2004, 
Eckersall and Bell, 2010). It has been shown that SAA is also produced by the mammary 
gland epithelial cells and a mammary-associated isoform of SAA (SAA3) has been identified 
in milk (Akerstedt, 2008).  
The clinical accuracies of different tests such as CMT, SCC, SAA, serum Hp and Hp and 
SAA in milk for detection of subclinical mastitis have been studied and SAA in milk was 
shown to be the most accurate test for the diagnosis of subclinical mastitis with area under 
curve (AUC) of 0.998 (Safi et al., 2009). Most of the studies have suggested SAA and Hp as 
potential biomarkers for milk quality; so there is considerable potential for the use of a 
biological marker, such as SAA and Hp, which is present in milk and can be measured 
routinely, rapidly and reliably, for the objective and early diagnosis of mastitis. Such a 
marker could be particularly important for the continued development of robotic milking 
systems in which the manual examination of milk and cows is not practicable; it might also 
provide a more accurate and earlier diagnosis of intramammary infection, reducing the time 
to treatment, and thus possibly reducing the adverse effects of mastitis in both economic 
and welfare terms (Eckersall et al., 2001). 

5.5 Acute phase proteins in equine medicine 
Equine SAA is an acute phase apolipoprotein that increases over 100 fold after tissue injury, 
infection, or inflammation. Hepatocytes are the main source of SAA synthesis, but 
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extrahepatic production of several isoforms of SAA (specifically SAA3, has been 
demonstrated in the mammary gland and synovial fluid of horses (Jacobsen et al., 2006, 
Mcdonald et al., 2001).  
SAA has been shown to be a sensitive marker of inflammation and its increased 
concentrations have been reported in foals with various bacterial infections, septicemia, 
localized infections and arthritis (Crisman et al., 2008). It is generally agreed that SAA 
determinations proved superior when compared with classical markers of inflammation (Fb 
and leukocyte counts) in distinguishing infectious from noninfectious causes of systemic 
inflammatory response syndrome (SIRS) (Crisman et al., 2008). Increased levels of SAA has 
been shown in surgical trauma, experimental aseptic arthritis, equine herpes virus serotype 
1 and Streptococcus equi, equine influenza virus serotype A2, infectious arthritis, 
tenovaginitis, experimental infection with equine herpes virus, various infections in foals 
and experimentally induced arthritis (Petersen et al., 2004), Rhodococcus equi pneumonia and 
colic. Jacobsen and Andersen in their excellent paper (2007) reviewed different conditions 
that result in increased equine SAA. 
The reference range of SAA in clinically healthy adult horses reported as <7 mg/L in one 
study (Hulten et al., 1999) and <0.5 to 20 mg/L in other ones (Crisman et al., 2008). Due to 
the short half-life of SAA, sequential SAA measurements could be potentially useful in 
patient management and prognostication. 
Hp, a moderate APP in horses, increases during infection, stress, trauma, allergy, surgery, 
noninfectious arthritis, rhabdomyolysis, traumatic incidents, colic, enteritis, grass sickness, 
castration,  inhalation of equine influenza virus, experimental local aseptic inflammation  
and carbohydrate-induced laminitis (Petersen et al., 2004) while a substantial decline in 
serum concentration of free Hp is seen during intra- or extravascular hemolysis. The 
reference interval of serum Hp is 2-10 g/L (Crisman et al., 2008). 
Little work has been done on AGP in horses. Increased AGP levels has been reported in 
colts 2 to 3 days after castration, in adult horses after jejunostomy and in ponies fed with 
high carbohydrate diets result in laminitis (Crisman et al., 2008).  
CRP has been reported to increase in horses with pneumonia, enteritis, and arthritis, 
carbohydrate induced laminitis and also following intramuscular injection of turpentine 
(Petersen et al., 2004).  
Fibrinogen has a wide reference interval in healthy horses (2-4 g/L) and is a slow reacting 
APP, therefore Fb is considered a fairly insensitive APP. 
A limited and late response to stimuli with peak values 2-4 times normal concentration 4-6 
days after stimuli and a slowly declining concentration during recovery are the drawbacks 
of Fb in horses (Campbell et al., 1981). 
Measurement of major APPs in horses can provide an objective determinant of the heath, 
estimate the severity of underlying conditions and allow monitoring of the chosen therapy. 

5.6 APP in the meat industry 
One potential indication for the use of APP is to improve the quality of the meat inspection 
process. According to Saini & Webert (1991), incorporation of APP tests to ante mortem and  
post  mortem inspection process allows screening of all animals to identify those with disease 
activity, confirm presence of disease in suspect animals at ante mortem inspection, and 
confirm the presence of a systemic illness at post mortem inspection. For these purposes, the 
non-specific nature of the APR is a major advantage (Hirvonen 2000). With their low 
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(Murata et al., 2004). Elevated SAA levels are also found in conditions unrelated to 
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examination performed by field veterinarians and SAA negative serum samples was 
observed (Höfner, 1994). 
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challenge for the dairy industry all over the world. There are two forms of mastitis: a) 
clinical, which is often easy to detect and b) subclinical mastitis, which shows no visible 
changes in the udder or in the milk and should be detected through different diagnostic 
tests including somatic cell count (SCC), California mastitis test, electroconductivity, 
measurement of lactose, LDH, alkaline phosphatase, plasminogen, NAGase, pH, lactate, 
alpha-1-antitrypsin, etc in milk.The most common way to detect subclinical mastitis is by 
measuring the SCC. Since SCC is influenced by other factors than mastitis, including 
lactation number, stress, stage of lactation, etc., there is a need for new biomarkers for 
detection of subclinical mastitis (Akerstedt, 2008). A lot of research has been done to find the 
biomarker with high sensitivity and specificity for diagnosis of subclinical mastitis. Recently 
there has been an increased interest in the potential of APP in milk (Eckersall et al., 2001; 
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al., 2006; O’Mahony et al., 2006; Hiss et al., 2007; Kováč et al., 2007, Safi et al., 2009). Hp 
serum concentrations increased in experimentally induced mastitis and in field infections of 
different etiology (Petersen et al., 2004). Serum amyloid A has also been found to be a 
marker of experimentally induced and naturally occurring mastitis (Petersen et al., 2004, 
Eckersall and Bell, 2010). It has been shown that SAA is also produced by the mammary 
gland epithelial cells and a mammary-associated isoform of SAA (SAA3) has been identified 
in milk (Akerstedt, 2008).  
The clinical accuracies of different tests such as CMT, SCC, SAA, serum Hp and Hp and 
SAA in milk for detection of subclinical mastitis have been studied and SAA in milk was 
shown to be the most accurate test for the diagnosis of subclinical mastitis with area under 
curve (AUC) of 0.998 (Safi et al., 2009). Most of the studies have suggested SAA and Hp as 
potential biomarkers for milk quality; so there is considerable potential for the use of a 
biological marker, such as SAA and Hp, which is present in milk and can be measured 
routinely, rapidly and reliably, for the objective and early diagnosis of mastitis. Such a 
marker could be particularly important for the continued development of robotic milking 
systems in which the manual examination of milk and cows is not practicable; it might also 
provide a more accurate and earlier diagnosis of intramammary infection, reducing the time 
to treatment, and thus possibly reducing the adverse effects of mastitis in both economic 
and welfare terms (Eckersall et al., 2001). 

5.5 Acute phase proteins in equine medicine 
Equine SAA is an acute phase apolipoprotein that increases over 100 fold after tissue injury, 
infection, or inflammation. Hepatocytes are the main source of SAA synthesis, but 
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extrahepatic production of several isoforms of SAA (specifically SAA3, has been 
demonstrated in the mammary gland and synovial fluid of horses (Jacobsen et al., 2006, 
Mcdonald et al., 2001).  
SAA has been shown to be a sensitive marker of inflammation and its increased 
concentrations have been reported in foals with various bacterial infections, septicemia, 
localized infections and arthritis (Crisman et al., 2008). It is generally agreed that SAA 
determinations proved superior when compared with classical markers of inflammation (Fb 
and leukocyte counts) in distinguishing infectious from noninfectious causes of systemic 
inflammatory response syndrome (SIRS) (Crisman et al., 2008). Increased levels of SAA has 
been shown in surgical trauma, experimental aseptic arthritis, equine herpes virus serotype 
1 and Streptococcus equi, equine influenza virus serotype A2, infectious arthritis, 
tenovaginitis, experimental infection with equine herpes virus, various infections in foals 
and experimentally induced arthritis (Petersen et al., 2004), Rhodococcus equi pneumonia and 
colic. Jacobsen and Andersen in their excellent paper (2007) reviewed different conditions 
that result in increased equine SAA. 
The reference range of SAA in clinically healthy adult horses reported as <7 mg/L in one 
study (Hulten et al., 1999) and <0.5 to 20 mg/L in other ones (Crisman et al., 2008). Due to 
the short half-life of SAA, sequential SAA measurements could be potentially useful in 
patient management and prognostication. 
Hp, a moderate APP in horses, increases during infection, stress, trauma, allergy, surgery, 
noninfectious arthritis, rhabdomyolysis, traumatic incidents, colic, enteritis, grass sickness, 
castration,  inhalation of equine influenza virus, experimental local aseptic inflammation  
and carbohydrate-induced laminitis (Petersen et al., 2004) while a substantial decline in 
serum concentration of free Hp is seen during intra- or extravascular hemolysis. The 
reference interval of serum Hp is 2-10 g/L (Crisman et al., 2008). 
Little work has been done on AGP in horses. Increased AGP levels has been reported in 
colts 2 to 3 days after castration, in adult horses after jejunostomy and in ponies fed with 
high carbohydrate diets result in laminitis (Crisman et al., 2008).  
CRP has been reported to increase in horses with pneumonia, enteritis, and arthritis, 
carbohydrate induced laminitis and also following intramuscular injection of turpentine 
(Petersen et al., 2004).  
Fibrinogen has a wide reference interval in healthy horses (2-4 g/L) and is a slow reacting 
APP, therefore Fb is considered a fairly insensitive APP. 
A limited and late response to stimuli with peak values 2-4 times normal concentration 4-6 
days after stimuli and a slowly declining concentration during recovery are the drawbacks 
of Fb in horses (Campbell et al., 1981). 
Measurement of major APPs in horses can provide an objective determinant of the heath, 
estimate the severity of underlying conditions and allow monitoring of the chosen therapy. 

5.6 APP in the meat industry 
One potential indication for the use of APP is to improve the quality of the meat inspection 
process. According to Saini & Webert (1991), incorporation of APP tests to ante mortem and  
post  mortem inspection process allows screening of all animals to identify those with disease 
activity, confirm presence of disease in suspect animals at ante mortem inspection, and 
confirm the presence of a systemic illness at post mortem inspection. For these purposes, the 
non-specific nature of the APR is a major advantage (Hirvonen 2000). With their low 
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specificity for a particular disease, the APP would not be used as a front line test for specific 
infection. However, as a screening tool for monitoring the general health and welfare of 
animals at slaughter the APP could be valuable and have potential advantages in being able 
to be adapted to assays of the required accuracy, precision and robustness (Eckersall, 2006). 
Public health is another concern affecting the introduction of APP tests to the meat industry.  
Control  of pathogens  that  are  able  to create  food-borne epidemics, like Salmonella, 
Listeria, E. coli, Toxoplasma, and Campylobacter are of specific interest. Furthermore, 
traditional meat inspection methods are not effective in detecting some other diseases, like 
tuberculosis or cysticercosis. On-line APP tests would improve the sensitivity of traditional 
meat inspection protocols and prevent the contamination of meat processing plants (Saini et 
al., 1991). 
Six-fold increases were found in Hp concentration comparing dairy cows with infectious, 
metabolic or traumatic disease at slaughter to those with only minor lesions. Another study 
showed a 40-fold increase in Hp and a 7-fold increase in SAA concentration between healthy 
beef cattle and dairy cattle culled with acute pathological lesions (Tourlomousis, et al., 2004). 
In calves to be slaughtered, haptoglobin concentration in serum indicates gross lesions at 
post mortem inspection (Young et al., 1996). In another study on emergency slaughtered 
dairy cows, a higher Hp concentration was observed (Hirvonen  et al., 1997). 
To detect cows with severe pathologic conditions, Tourlomousis et al. (2004) proposed 107 
mg/L and 0.18 g/L, as the cut off points for SAA and Hp, respectively. Safi et al., 
(unpublished data) studied serum SAA and Hp in healthy cows (n=30) and cows with 
different pathological conditions (n=50) and proposed 60 mg/L and 0.96 g/L, as the cut off 
points for SAA and Hp, respectively. Such results demonstrate a significant potential of 
APPs to help ante-mortem differentiation of “suspect” and “non-suspect” animals, which 
could enable use of a simplified postmortem inspection for the latter group. 

5.7 Acute phase index 
Because APPs vary in their response to inflammation and tissue damage, group analysis of 
APPs (serum APP profile) may be more meaningful than measuring a single protein 
(Eckersall, 1995). Use of APP profiles involving at least 1 major (CRP or SAA), 1 moderate 
(Hp, AGP, or Cp), and 1 negative APP are likely to become more widely used instead of the 
determination of individual APPs. Such an approach may improve the sensitivity of 
individual assays, as has been shown for canine leishmaniosis (Ceron et al., 2005). 
Calculation of an index from values of rapid- and slow-reacting positive and negative APPs 
has been repeatedly mentioned (Gruys and Toussaint, 2001; Gruys, 2002; Tousaint et al., 
1995, 2002, 2004; Niewold et al., 2003), because it appeared to increase statistical sensitivity 
and specificity for detecting non-healthy subjects (Gruys et al., 2005). Use of an acute phase 
index, by combining the results of both positive and negative APP has been suggested for 
differentiation of different pathogens that cause subclinical mastitis (Safi et al., unpublished 
data). 

6. Conclusion 
Early detection of systemic inflammation is essential to devise and implement an effective 
treatment plan. Early diagnosis of subclinical diseases that subsequently impair health and 
performance is of great importance in both humans and animals. So the search for early 
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markers of inflammation has been expanded in human and veterinary medicine over the 
past several decades.  
For production animals, monitoring APPs on a herd basis by including it in schemes for 
metabolic and nutritional profiling would be logical, not only for the identification of 
individual animals with disease, but also as a means to categorize the level of any sub-
clinical disease present. Conditions identified by APP investigation have been related to the 
hygiene level on farms and so have a direct bearing on animal welfare as well as health 
(Eckersall, 2004). 
APP may also serve in the follow-up of medical treatment, where sequential APP 
determinations  would  provide  accurate  information  of  the  course  of  the  disease. Early 
detection of subclinical diseases and, patient management and the monitoring of treatment 
would be more successful using APP analysis.  
The harmonization of assay calibration between laboratories around the world in order to 
produce comparable results has been started (Skinner et al., 2000) and has caused a major 
practical advance for the future prospects in the application of APP assays. 
Understanding better the basic pathophysiologic mechanisms by which APR is induced 
would help us to develop novel drugs that specifically block the proinflammatory effects of 
APPs. 
New discoveries on technological possibilities for rapid chemical multianalyses have a key 
role to widespread use of APPs in human and veterinary medicine as well as in animal 
production. The current advances which have taken place in proteomics could also identify 
low abundance APPs, not recognized up to now as the APPs currently measured have 
plasma concentrations in the mg/L to g/L range. If proteomic methods are used to examine 
serum protein in the ng/L or pg/L range then a host of new APPs may well be revealed 
(Eckersall, 2004). This could be a new era in APP research.  
At the present time there is a wealth of literature supporting the potential of APPs in the 
regular health monitoring of humans and animals. 
David Eckersall is right. “The time is right for acute phase protein assays” (Eckersall, 2004). 
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specificity for a particular disease, the APP would not be used as a front line test for specific 
infection. However, as a screening tool for monitoring the general health and welfare of 
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(Eckersall, 2004). This could be a new era in APP research.  
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1. Introduction 
Adipose tissue plays an important role in energy homeostasis and in innate immune system 
(Bastard et al, 2006, Desruisseaux et al, 2007). Obesity is characterized by excessive 
accumulation of abdominal fat, which is known to play an important role in development of 
chronic inflammation, atherosclerosis, increased risk in cardiovascular disorders and 
diabetes (Rajala and Sherer, 2003). Pro-inflammatory adipokines, TNF-α, IL-1β and IL-6 are 
secreted by a variety of cell type, including adipocytes (Desruisseaux et al, 2007, Trayhurn 
and Wood, 2005). In obesity, these adipokines which are up-regulated in adipose tissue 
producing a chronic activation of the innate immune system (Bastard et al, 2006), exercise a 
local (TNF-α, IL-1β and IL-6 ) and systemic (IL-1β and IL-6) effect. 
During inflammation, the mature adipocytes of adipose tissue are responsible for  increasing 
production of pro-inflammatory adipokines (Simons et al., 2005), including tumor necrosis 
factor (TNF-α), IL-1β, IL-6 and leptin and decreasing the anti-inflammatory adipokines, IL-
10 and adiponectin (Guilherme et al., 2008). That disregulation contributes to obesity and 
chronic inflammation (Ouchi et al., 2003).  
In addition to inflammatory adipokines secretion, adipocytes are also responsible of leptin 
synthesis. Leptin is a hormone that plays an important role in the regulation of body mass 
index (BMI) through the effects on appetite and on energetic expenditure as it encourages 
catabolic pathways versus anabolic pathways through their effects on 5’-AMP-activated 
protein kinase (AMPK) in muscle and liver (Rajala and Sherer, 2003). Furthermore, leptin can 
modulate the proliferation and differentiation of lymphoid cells from  immune system and can 
induce the inflammatory response (Desruisseaux et al, 2007). Also, leptin can lead pro-
trombotic states by the stimulation of plaquetary aggregation at the same time that inhibits the 
coagulation and fibrinolisis showing a pro-atherosclerotic effect (Wu et al., 2006). 
Adiponectin is a hormone exclusively synthesized in mature adipocytes. Adiponectin is 
down-regulated in obesity, diabetes type 2 and coronary diseases. It present anti-
inflammatory activity, inhibiting the synthesis of TNF-α in adipocytes and in macrophages 
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(Wu et al., 2006) through the modulation of NF-kβ (Desruisseaux et al., 2007). Furthermore, 
anti-atherosclerotic effects of adiponectin has been described through his up-regulation in a 
mouse model of atherosclerosis where the formation of atherosclerotic plaques is reduced 
(Rajala and Sherer, 2003). 
Macrophage infiltration has recently been postulated to be a primary stimulus for the 
inflammatory properties of adipose tissue. Monocyte chemoattractants, which are 
synthesized and secreted by adipocytes, are thought to mediated in macrophage infiltration 
and to intensify macrophage expression of TNF-α (Guilherme et al., 2008)). 
Oregano is an aromatic plant of the mediterranean flora commonly used for medical 
purposes (Bukovska et al., 2007, Juhás et al., 2008). It shows antioxidant and antimicrobial 
activities, such as inhibiting Helicobacter pillory growth. (Chun et al., 2005). It has also been 
described as anti-inflammatory when used as treatment of colitis in mice (Bukovska et al., 
2007). The biological activity of this plant depends on their composition. Oregano contains 
thymol and carvacrol, two components with antioxidant and antimicrobial activity (Mastelic 
et al., 2008). Carvacrol also has demonstrated  an antiproliferative activity in tumor cells of 
HeLa (Mastelic et al., 2008). Thymol has also showed beneficial effects on the antioxidant 
status of the rat brain (Youdim and Deans, 2000). Our group has previously demonstrated 
the antioxidant activity of subcritical water extraction of nutraceuticals from oregano using 
in vitro assays (Rodríguez Meizoso et al., 2006).  
It has been described that the treatment of colitic mice with essential oils of thyme and 
oregano decreases levels of proinflammatory cytoquines IL-1β, IL-6, GM-CSF and TNFα. 
But the mechanisms mediating suppressive effects of thyme and oregano oils on colitis are 
unclear. It has also been described an inhibitory effect of various plant extracts such as 
Calendula extracts on NF-kB activation (Bukovska et al., 2007).  
Supercritical fluid extraction (SFE) with CO2 is a high-pressure technology, considered an 
attractive method compared to conventional techniques such as steam distillation or Soxhlet 
extraction because it avoids solute contamination with solvent residues and the degradation 
of termolabile compounds (Almeida and ferreira 2007). That is why supercritical fluid 
extraction with CO2 is in increasing demand to produce high-quality essential oils from 
plant material with medicinal properties (Mukhopadhyay, 2000).  
The aim of this study is to describe the anti-inflammatory effects of Origanum vulgare 
extracts placed in an in vitro model of inflammation and other chronic diseases related to 
the inflammatory process, using human mature adipocytes activate with TNF-α (Gonzales 
and Orlando, 2008). 

2. Material and methods 
2.1 Reagents 
TNF-α was purchased from R&D Systems. Preadipocyte Basal Medium, Fetal Bovine Serum 
(FBS), L-Glutamine, Penicilin, Streptomycin, Preadipocyte Differentiation Medium, insulin, 
Dexamethasone, Indomethacin, 3-isobutyl-1-methylxanthine and DMEM/Ham’s F-12 1:1 
were purchase from Lonza, USA. 

2.2 Supercritical fluid extraction (SFE) of plant material 
Dried and cryogenic grinded leaves from oregano (Origanum vulgare) were subjected to 
supercritical fluid extraction (SFE) with CO2. The supercritical extractions were carried out 
in a pilot-plant-scale supercritical fluid extractor (Thar Technology, Pittsburgh, PA, USA, 
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model SF2000) of 2 L capacity using pure supercritical CO2 at a pressure of 30 MPa and a 
temperature of 40 ºC. Extracts from oregano were fractionated using a two-cascade 
depressurized system consisted of two separators (separator 1 and 2). Fractionation 
conditions were as follows: separator 1 was kept at a constant pressure and temperature of 
15 MPa and 40 ºC, respectively, whereas separator 2 was maintained at a pressure of 2 MPa, 
and a temperature of 40 ºC. Under these conditions two fractions were obtained, oregano S1 
and oregano S2, corresponding to separator 1 and 2, respectively.  

2.3 Analysis of the supercritical extract by GC/MS 
Characterization of the supercritical oregano fractions oregano S1 and oregano S2 was 
carried out by a GC-2010 (Shimadzu, Japan), equipped with a split/splitless injector, 
electronic pressure control, AOC-20i auto injector, GCMS-QP2010 Plus mass spectrometer 
detector, and a GCMS Solution software. The column used was a ZB-5 (Zebron) capillary 
column, 30 m x 0.32 mm I.D. and 0.25 µm phase thickness. Helium, 99.996% was used as a 
carrier gas at a flow of 1 mL/min. Oven temperature programming was 60 ºC isothermal for 
4 min, increased to 64 ºC at 1 ºC/min, then increased to 106 ºC at 2.5 ºC/min. Oven 
temperature was then increased from 106 ºC to 130 ºC at 1 ºC/min, and then to 200 ºC at 5 
ºC/min, and then to a final temperature of 250 ºC/min at 8 ºC/min which was kept constant 
for 10 min. Sample injections (1 μL) were performed in split mode (1:20). The inlet pressure 
of the carrier gas was 57.5 KPa. Injector temperature was of 250 ºC and MS ion source and 
interface temperatures were 230 and 280 ºC, respectively. The mass spectrometer was used 
in TIC mode, and samples were scanned from 40 to 500 amu. Compounds thymol, carvacrol 
and linalool were identified by comparison with standard mass spectra obtained in the same 
conditions and compared with the mass spectra from library Wiley 229. Remaining 
compounds were identified by comparison with the mass spectra from Wiley 229 library 
and by their linear retention index.   

2.4 Cell culture 
Human preadipocytes (Lonza, USA) were incubated in Preadipocyte Basal Medium 
containing 10% FBS, 2 mM L-Glutamine, 100 units/ml penicilin and 100 µg/ml 
streptomycin at 37ºC, 5% CO2 in a humidified incubator up to 85-90% of confluence. Cells 
were induced to differentiate into adipocytes by incubation with Preadipocyte 
Differentiation Medium containing insulin, dexamethasone, indomethacin and 3-isobutyl-1-
methylxanthine for 3 days. After this time, the cells adhering to the culture dish and the 
medium was replaced every 3 days for 15 days. 15 days later, cells are differentiated into 
adipocytes. Lipid droplets could be visible into the cells. Afterwards, the Adipocyte 
Differentiation Medium was removed and the cells were starved in DMEM/Ham’s F-12 1:1 
for 24 h prior to assay with the plant extracts. Cells were activated with TNF-α (10 ng/ml) 
for 6 h and then treated with the different extract for 24 h.  The supernatant of the different 
cultures were collected and analyzed for secreted adipokines (IL-1β, IL-6, IL-10, leptin and 
adiponectin). 

2.5 Citotoxicity assay 
Extract toxicity was assessed using the mitochondrial-respiration-dependent 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT) reduction method. Preadipocytes cells 
were plated in 96 wells plates, differentiated and incubated with different concentrations of 
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(Wu et al., 2006) through the modulation of NF-kβ (Desruisseaux et al., 2007). Furthermore, 
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and to intensify macrophage expression of TNF-α (Guilherme et al., 2008)). 
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model SF2000) of 2 L capacity using pure supercritical CO2 at a pressure of 30 MPa and a 
temperature of 40 ºC. Extracts from oregano were fractionated using a two-cascade 
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carried out by a GC-2010 (Shimadzu, Japan), equipped with a split/splitless injector, 
electronic pressure control, AOC-20i auto injector, GCMS-QP2010 Plus mass spectrometer 
detector, and a GCMS Solution software. The column used was a ZB-5 (Zebron) capillary 
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for 10 min. Sample injections (1 μL) were performed in split mode (1:20). The inlet pressure 
of the carrier gas was 57.5 KPa. Injector temperature was of 250 ºC and MS ion source and 
interface temperatures were 230 and 280 ºC, respectively. The mass spectrometer was used 
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conditions and compared with the mass spectra from library Wiley 229. Remaining 
compounds were identified by comparison with the mass spectra from Wiley 229 library 
and by their linear retention index.   
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streptomycin at 37ºC, 5% CO2 in a humidified incubator up to 85-90% of confluence. Cells 
were induced to differentiate into adipocytes by incubation with Preadipocyte 
Differentiation Medium containing insulin, dexamethasone, indomethacin and 3-isobutyl-1-
methylxanthine for 3 days. After this time, the cells adhering to the culture dish and the 
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adipocytes. Lipid droplets could be visible into the cells. Afterwards, the Adipocyte 
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for 24 h prior to assay with the plant extracts. Cells were activated with TNF-α (10 ng/ml) 
for 6 h and then treated with the different extract for 24 h.  The supernatant of the different 
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dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT) reduction method. Preadipocytes cells 
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the oregano extract for 24 h. at 37 ºC in 5% CO2. After treatment, the cells were washed with 
PBS and incubated with MTT 1 mg/ml in PBS for 2 hours at 37 ºC in 5% CO2. Afterwards, 
formazan crystals produced from MTT by the mitochondrial hydrolase, only activate in 
viable cells, were solubilized in lysis buffer (10 % SDS in 50% dimetilformamida pH=7) and 
the absorbance of each well was then read at 540 nm using a microplate reader (Sunrise 
Remote, Tecan). The optical density of formazan formed in control cells (without treatment 
with extract) was taken as 100% viability. 

2.6 Bioactivity assay 
Oregano extract was dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich) to stock 
concentration of 10 mg/ml determined as the maximum non-toxic dose to cells in the 
viability assays. Differenctiated adipocytes cells were placed and differentiated in 24 well 
plates. After differentiation, the cells were washed with PBS and incubated with the extract 
diluted in FBS free medium, for 24 at 37 ºC in 5% CO2. Afterwards, the supernatant was 
frozen and RNA from cells was isolated. Aliquots were analyzed to determine secreted 
adipokines, leptin and adiponectin. 

2.7 Total protein quantification 
The Bradford method was used to determine the total protein content in the supernatant. 5 
µl of supernatant was incubated with 250 µl of Bradford reagent (Sigma) for 30 min in the 
dark at room temperature. The absorbance at 595 was measured and the protein 
concentration was determined using a standard curve. 

2.8 Enzyme-linked Immuno Sorbent Assay for quantification of cytokines 
The supernatant of the different treatments culture was collected from each samples. The 
concentrations of IL-6, IL-10, IL-1β were assayed using a ELISA kit from BD Biosciences, and 
leptin, adiponectin were assayed using a ELISA kits from R&D Systems. The absorbance 
read at 450 nm with λ correction at 570 nm using a microplate reader (Sunrise Remote, 
Tecan Austria GmbH, Grödig, Austria). Each concentration was determined from the 
standard curve and expressed as % of  TNF- α activated controls. 

2.9 Total RNA isolation 
Total RNA from adipocytes was isolated using the Trizol® reagent from Invitrogen. 9.000 
cells were homogenized in 200 µL of Trizol® reagent and, if necessary, stored at -80 ºC. 
Following homogenization, samples were left at room temperature for 5 minutes. 
Afterwards, 40 µL of chloroform was added and the tubes were vigorously shaken for 15 
seconds and left to rest at room temperature for 5 minutes. Tubes were then centrifuged at 
12000g, 4º C for 15 minutes. The aqueous (upper and colorless) phase was transferred to a 
new tube. 100 µL of isopropyl alcohol was added to the aqueous phase; the tube was then 
gently mixed and incubated at room temperature for 10 minutes. After incubation, samples 
were centrifuged at 12000g, 4 ºC for 10 minutes. A gel-like pellet was formed and the 
isopropyl alcohol removed. The pellet was washed with 200 mL of 75 % Ethanol in DEPC 
treated H2O, and centrifuged at 7600, 4 ºC for 5 min. The ethanol was then removed and the 
pellet left to dry until colorless. Total RNA was then dissolved in 15 µL of DEPC H2O, 
incubated at 55 ºC for 10 minutes and stored at -80 ºC for future use. 
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2.10 Gene expression quantification 
IL-1β, IL-6, IL-10, and 18sRNA gene expression were quantified using real-time PCR. 10 
ng/µL of total RNA isolated from mature adipocytes cells was used as template for cDNA 
synthesis using the High Capacity Archive Kit from Applied Biosystems, according to the 
manufacturer’s instructions. Real-time PCR was performed using Taqman Probes (Applied 
Biosystems) following the manufacturer’s recommendations. The Taqman probes used were: 
Hs99999029_m1 for IL-1β, Hs00174131_m1 for IL-6, Hs999999035_m1 for IL-10, 
Hs00174877_m1 for leptin, Hs00605917_m1 for adiponectin, and Hs99999901_s1 for 18S rRNA. 
Gene expression levels were then normalized to 18S rRNA expression and compared to it. 

2.11 Statistical analysis 
All data were expressed as the mean ± SEM. For single variable comparisons, Student’s t-
test was used. For multiple variable comparisons, data were analyzed by one-way analysis 
of variance (ANOVA) followed by Dunnett’s test using SigmaStat statistical software 
(Windows Version 5.0 Systat Software Inc., Point Richmond, CA, USA). P values lower than 
0.05 were considered significant. 

3. Results 
3.1 Composition of the supercritical oregano fractions 
Two fractions of the Origanum vulgare leaves extract, oregano S1 and oregano S2, were 
isolated using supercritical fluid extraction with CO2 and their composition was determined 
 

 

Compound Retention 
time (min) R.I. % Area 

(Separator 1)
% Area 

(Separator 2) 
Sabinene 10.20 971,00 n.d. 1.04 
Alpha-terpinene 12.52 1015,00 n.d. 0.74 
P-cymene 12.94 1023,00 7.70 1.22 
Limonene 13.19 1027,00 n.d. 0.47 
Gamma-terpinene 14.93 1057,00 2.08 4.04 
Sabinene hydrate <cis> 15.39 1065,00 2.46 3.75 
Sabinene hydrate <trans> 17.17 1096,00 45.81 46.05 
Linalool 17.35 1100,00 2.39 2.73 
4-terpineol 21.74 1175,00 2.30 5.44 
Alpha-terpineol 22.52 1189,00 1.87 2.34 
N-I 25.09 1231,00 n.d. 0.70 
Thymyl methyl ether 25.61 1240,00 1.03 2.11 
Sabinene hydrate acetate <trans> 26.17 1250,00 1.45 0.91 
Linalyl acetate 26.40 1254,00 1.55 1.55 
Thymol 28.65 1291,00 24.00 19.99 
Carvacrol 29.23 1300,00 8.07 7.07 
E-caryophyllene 37.80 1412,00 n.d. 1.68 

Table 1. Composition of the supercritical extracts of oregano (Origanum vulgare L.) obtained 
in separators 1 and 2. Contribution of each compound to the total chromatographic area. N-
I: non-identified compound. R.I.: linear retention index. n.d. non-detected. 
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µl of supernatant was incubated with 250 µl of Bradford reagent (Sigma) for 30 min in the 
dark at room temperature. The absorbance at 595 was measured and the protein 
concentration was determined using a standard curve. 

2.8 Enzyme-linked Immuno Sorbent Assay for quantification of cytokines 
The supernatant of the different treatments culture was collected from each samples. The 
concentrations of IL-6, IL-10, IL-1β were assayed using a ELISA kit from BD Biosciences, and 
leptin, adiponectin were assayed using a ELISA kits from R&D Systems. The absorbance 
read at 450 nm with λ correction at 570 nm using a microplate reader (Sunrise Remote, 
Tecan Austria GmbH, Grödig, Austria). Each concentration was determined from the 
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Following homogenization, samples were left at room temperature for 5 minutes. 
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seconds and left to rest at room temperature for 5 minutes. Tubes were then centrifuged at 
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new tube. 100 µL of isopropyl alcohol was added to the aqueous phase; the tube was then 
gently mixed and incubated at room temperature for 10 minutes. After incubation, samples 
were centrifuged at 12000g, 4 ºC for 10 minutes. A gel-like pellet was formed and the 
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treated H2O, and centrifuged at 7600, 4 ºC for 5 min. The ethanol was then removed and the 
pellet left to dry until colorless. Total RNA was then dissolved in 15 µL of DEPC H2O, 
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by gas chromatography-mass spectrometry (GCMS) (see Table 1). For both fractions, the 
main compounds present were sabinene hydrate <trans>, thymol and carvacrol. Chemical 
structures of these compounds are shown in figure 1.  
 

 
Fig. 1. Chemical structures of the main compounds present in the supercritical extracts of 
oregano (Origanum vulgare.). a) Sabinene hydrate <trans>, b) thymol and c) carvacrol. 

3.2 TNF-α treatment activates protein expression in differentiated adipocytes  
To examine the effects of TNF-α on secretion of adipokines, fully differentiated human 
adipocytes were treated for different times (4, 6 y 8 hours) with several concentration of 
recombinant human TNF-α (Anh et al., 2007). Proteins secreted into the medium were 
measured by the Bradford assay. These TNF-α treated cells showed an increase in total 
protein secreted (see Figure 2). Increase in protein secretion was used as indicator for 
adipocyte activation. The secretion of proteins increased from 4 hours to 8 hours, and the 
levels were stable for 6 hours at concentration of 10 ng/ml.  
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Fig. 2. Levels of total protein in TNF- α induced secretion of human adipocytes. Results are 
shown as the means ± SEM of triplicate determinations. Statistic Dunnett's multiple 
comparison test VS Ctrl - TNF- α signification is represented by * P values less than 0.05 
significant ** P values less than 0.01 very significant and *** P values less than 0.001 
extremely significant. 
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3.3 Oregano hardly shows cytotoxicity in adipocytes 
Prior to examine the effects of oregano on adipokine secretion, we wished to confirm that 
the extracts were not toxic for this cell. So we incubated adipocytes for several extract 
concentrations during 24 hours. Figure 3 shows the effects of the oregano extracts in human 
subcutaneous adipocytes. In both extracts (oregano S1 and oregano S2) there were no 
significant decreases in cell viability using concentrations lower or equal to 30 μg/ml.    
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Fig. 3. Effects of oregano on mature adipocytes viability. Cells were treated with increasing 
concentrations of oregano S1 and S2 (from 0 to 30 µg/ml), for 24h. Cell viability was 
determined by the MTT assay. Values represent the mean ± SEM of three independent 
experiments and statistic signification is represented by ** P values less than 0.01 very 
significant and *** P values less than 0.001 extremely significant. 

3.4 Effect of oregano extracts on the TNF-α-induced secretion of adipokines and their 
gene expressions 
To investigate whether oregano could have a play in the TNF- α-induced secretion of 
adipokines by adipocytes, human adipocytes were pre-treated with TNF- α in a concentration 
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by gas chromatography-mass spectrometry (GCMS) (see Table 1). For both fractions, the 
main compounds present were sabinene hydrate <trans>, thymol and carvacrol. Chemical 
structures of these compounds are shown in figure 1.  
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Fig. 2. Levels of total protein in TNF- α induced secretion of human adipocytes. Results are 
shown as the means ± SEM of triplicate determinations. Statistic Dunnett's multiple 
comparison test VS Ctrl - TNF- α signification is represented by * P values less than 0.05 
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extremely significant. 
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Fig. 4. Effects of oregano treatment on TNF-α induced adipokine secretion by human 
adipocytes. The secreted interleukin-1β (4A), interleukin-6 (4B) and interleukin-10 (4C) into the 
medium were measured. Results are shown as the means ± SEM of triplicate determinations. 
Statistic Dunnett's multiple comparison test VS Ctrl +TNF-α signification is represented by * P 
values less than 0.05 significant ** P values less than 0.01 very significant and *** P values less 
than 0.001 extremely significant. Statistic "Bonferroni multiple comparison test VS Ctrl -TNF-α 
signification is represented by ▪P values less than 0.05 significant, ▪▪P values less than 0.01 very 
significant and ▪▪▪P values less than 0.001 extremely significant.  
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of 10 ng/ml for 6 hours. After that time, the induced adipocytes were treated with 30 µg/ml 
(the highest concentration of oregano which causes no cytotoxicity at 24 hours).  
Incubation period of 24 hours TNF-α activated cells showed an increased released of IL-1β 
and IL-6 but a decreased in IL-10 respect to non-activated controls (see Figures 4A-C).  
The results show a moderate decrease in pro-inflammatory adipokine synthesis (IL-1β, IL-6) 
and an increase in the production of anti-inflammatory adipokine (IL-10). Oregano extract 
S1 and S2 decrease secretion levels of IL-1 β in activated cells restoring or even below to the 
non-activated control level. Similar behavior presented oregano S1 and S2 on the IL-6 
secretion levels although decreases were less singnificant. On the other hand, IL-10 levels 
were not affected when non activated cells were incubated with any of the fraction extracts 
but in the treatments in activated cells, a very significant increase of the secretion was 
observed (p< 0.01 for oregano S1 and p< 0.001 for oregano S2). 
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Fig. 4. Effects of oregano treatment on TNF-α induced adipokine secretion by human 
adipocytes. The secreted interleukin-1β (4A), interleukin-6 (4B) and interleukin-10 (4C) into the 
medium were measured. Results are shown as the means ± SEM of triplicate determinations. 
Statistic Dunnett's multiple comparison test VS Ctrl +TNF-α signification is represented by * P 
values less than 0.05 significant ** P values less than 0.01 very significant and *** P values less 
than 0.001 extremely significant. Statistic "Bonferroni multiple comparison test VS Ctrl -TNF-α 
signification is represented by ▪P values less than 0.05 significant, ▪▪P values less than 0.01 very 
significant and ▪▪▪P values less than 0.001 extremely significant.  
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but in the treatments in activated cells, a very significant increase of the secretion was 
observed (p< 0.01 for oregano S1 and p< 0.001 for oregano S2). 
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Fig. 5. Effect of oregano on the relative 24 h transcription gene quantification (RQ) of IL-1β 
(6A) and IL-6 (6B) on human adipocytes. Cells were differentiated and treated as described 
in Material and Methods section. Data represent means ± SEM calculated from six 
independent experiments with 3 replicates for each treatment. Statistic Dunnett's multiple 
comparison test VS Ctrl +oxLDL signification is represented by: * P values less than 0.05 
(significant), ** P values less than 0.01 (very significant), and *** P values less than 0.001 
(extremely significant). Statistic Bonferroni multiple comparison test VS Ctrl - TNF-α 
signification is represented by: ♦♦ P values less than 0.01 (very significant), and ♦♦♦ P values 
less than 0.001 (extremely significant). 

Unfortunately, IL-1β gene expression in activated cells treated with any of oregano fractions 
was not reverted to activated control cells. In the case of non-activated cells, treatments with 
either oregano fraction do not modify the transcription of IL-1β. Regarding IL-6 gene 
transcription was also increased in activated cells treated for 24h and a slightly modify were 
observed in non activated cells when treated with oregano S1 or S2. IL-10 transcription gene 
was enhanced at any treatment, especially when cells were activated. (Figures 5A-C) 

3.5 Effect of oregano on the TNF-α-induced secretion of hormones and their gene 
expressions  
The results show a moderate decrease in pro-inflammatory leptin and an increase in the 
production of adiponectin anti-inflammatory secreted hormone level. Treatment with 
oregano extracts inhibited TNF-α-induced increasing on the secretion of leptin and 
decreasing of adiponectin (Figures 6A-B).  
Leptin levels, secreted by control TNF- α-induced adipocytes increased, compared to the 
non- activated control. Treatment with any of the SFE extracts essential oils, restored the 
levels to the presented in non-activated control. In not activated cells, oregano extract do not 
produced any significant decrease on leptin levels compared with the non-activated control 
(Figure 6A). 
Both oregano extracts, S1 and S2, increased very significantly the adiponectin secreted levels 
(p<0,001) in activated adipocytes. In non-activated, changes on the adiponectin secretion 
levels had not been observed when treated with oregano S1 or S2 (see Figure 6B). 
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Fig. 6. Effects of oregano treatment on TNF-α induced adipokine secretion by human 
adipocytes. The secreted adipokines leptin (5A) and adiponectin (5B) into the medium were 
measured. Results are shown as the means ± SEM of triplicate determinations. Statistic 
Dunnett's multiple comparison test VS Ctrl +TNF-α signification is represented by * P 
values less than 0.05 significant ** P values less than 0.01 very significant and *** P values 
less than 0.001 extremely significant. Statistic "Bonferroni multiple comparison test VS Ctrl -
TNF-α signification is represented by ▪P values less than 0.05 significant, ▪▪P values less than 
0.01 very significant and ▪▪▪P values less than 0.001 extremely significant. 
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Fig. 5. Effect of oregano on the relative 24 h transcription gene quantification (RQ) of IL-1β 
(6A) and IL-6 (6B) on human adipocytes. Cells were differentiated and treated as described 
in Material and Methods section. Data represent means ± SEM calculated from six 
independent experiments with 3 replicates for each treatment. Statistic Dunnett's multiple 
comparison test VS Ctrl +oxLDL signification is represented by: * P values less than 0.05 
(significant), ** P values less than 0.01 (very significant), and *** P values less than 0.001 
(extremely significant). Statistic Bonferroni multiple comparison test VS Ctrl - TNF-α 
signification is represented by: ♦♦ P values less than 0.01 (very significant), and ♦♦♦ P values 
less than 0.001 (extremely significant). 

Unfortunately, IL-1β gene expression in activated cells treated with any of oregano fractions 
was not reverted to activated control cells. In the case of non-activated cells, treatments with 
either oregano fraction do not modify the transcription of IL-1β. Regarding IL-6 gene 
transcription was also increased in activated cells treated for 24h and a slightly modify were 
observed in non activated cells when treated with oregano S1 or S2. IL-10 transcription gene 
was enhanced at any treatment, especially when cells were activated. (Figures 5A-C) 

3.5 Effect of oregano on the TNF-α-induced secretion of hormones and their gene 
expressions  
The results show a moderate decrease in pro-inflammatory leptin and an increase in the 
production of adiponectin anti-inflammatory secreted hormone level. Treatment with 
oregano extracts inhibited TNF-α-induced increasing on the secretion of leptin and 
decreasing of adiponectin (Figures 6A-B).  
Leptin levels, secreted by control TNF- α-induced adipocytes increased, compared to the 
non- activated control. Treatment with any of the SFE extracts essential oils, restored the 
levels to the presented in non-activated control. In not activated cells, oregano extract do not 
produced any significant decrease on leptin levels compared with the non-activated control 
(Figure 6A). 
Both oregano extracts, S1 and S2, increased very significantly the adiponectin secreted levels 
(p<0,001) in activated adipocytes. In non-activated, changes on the adiponectin secretion 
levels had not been observed when treated with oregano S1 or S2 (see Figure 6B). 
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Fig. 6. Effects of oregano treatment on TNF-α induced adipokine secretion by human 
adipocytes. The secreted adipokines leptin (5A) and adiponectin (5B) into the medium were 
measured. Results are shown as the means ± SEM of triplicate determinations. Statistic 
Dunnett's multiple comparison test VS Ctrl +TNF-α signification is represented by * P 
values less than 0.05 significant ** P values less than 0.01 very significant and *** P values 
less than 0.001 extremely significant. Statistic "Bonferroni multiple comparison test VS Ctrl -
TNF-α signification is represented by ▪P values less than 0.05 significant, ▪▪P values less than 
0.01 very significant and ▪▪▪P values less than 0.001 extremely significant. 
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Transcriptions of the leptin hormone shown a general decrease in all groups when 
adipocytes were treated with any of the SFE essential oils. Tegarding to adiponectin, both 
oregano extracts, S1 and S2, increased very significantly the adiponectin gene expression in 
activated adipocytes but in non-activated, changes were not observed when treated with 
oregano S1 or S2 (Figures 7A-B).   
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Fig. 7. Effect of oregano on the relative 24 h transcription gene quantification (RQ) of leptin 
(7A) and adiponectin (7B) on human adipocytes. Cells were differentiated and treated as 
described in Material and Methods section. Data represent means ± SEM calculated from six 
independent experiments with 3 replicates for each treatment. Statistic Dunnett's multiple 
comparison test VS Ctrl +oxLDL signification is represented by: * P values less than 0.05 
(significant), ** P values less than 0.01 (very significant), and *** P values less than 0.001 
(extremely significant). Statistic Bonferroni multiple comparison test VS Ctrl - TNF-α 
signification is represented by: ♦♦ P values less than 0.01 (very significant), and ♦♦♦ P values 
less than 0.001 (extremely significant). 
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4. Discussion 
It is described that during inflammation, the mature adipocytes are responsible for 
increasing production of pro-inflammatory adipokines (Ouchi et al., 2001). Infiltration of 
macrophages in the adipose tissue, and the consequent secretion of TNF-alpha by those, is a 
primary stimulus for the inflammatory properties of adipose tissue and intensify 
macrophage expression of TNF- α. This produces inflammation that if it persists provoke a 
chronic inflammation state (Guilherme et al., 2008).  
Several natural compounds are known for their beneficial properties to some diseases or 
their derived complications and particularly concerning to their anti-inflammatory effects. 
Some of these effects include inhibition of the TNF-α signaling in adipocytes (Gonzales and 
orlando, 2008). Our oregano extracts as other natural compounds described, could have 
beneficial properties to some diseases or their derived complications and particularly 
concerning to their anti-inflammatory effects (Khanna et al., 2007). 
In the present study, we have found that SFE oregano essentials oils inhibit TNF-α-induced 
increases in the secretion of pro-inflammatory adipokines (IL-1β, IL-6 and leptin) and the 
TNF-α-induced decreases of IL-10 and adiponectin secretion. 
Our data suggest that oregano extract recovers the TNF-α-induced increases in 
inflammatory adipokines. A study demonstrated that resveratrol produced similar changes 
in adipokine secretion (Anh et al., 2007). In a study about the treatment of colitis in mouse 
with thyme and oregano essential oils reduced the levels of pro-inflammatory citokines 
were observed when the essential oils were administrated. In addition, the mice treated with 
these oils recover their corporal weight after the treatment, which could suggest that the 
oregano could exert effects on the adipocytes (Bukovska et al., 2007). 
Main compounds present in supercritical oregano extract were sabinene hydrate, thymol and 
carvacrol. Anti-inflammatory effect of thymol has been demonstrated in human neutrophiles 
incubated with 10 or 20 µg/ml of this compound (Braga et al., 2006). Mice edema is reported to 
be reduced with a topical application of 100 µg/cm2 of carvacrol (Sosa et al., 2005). Moreover, 
antioxidant properties of thymol and carvacrol have been demonstrated in several studies, 
suggesting their use as nutraceuticals ingredients in the development of novel functional 
foods. Derivatives of thymol and carvacrol have been described as antioxidant according to 
the DPPH radical scavenging method (Mastelic et al., 2008). Essential oils of oregano and their 
components carvacrol and thymol inhibited 3-nitrotyrosine formation, biomarker of the 
oxidative stress, supporting the nutraceutical value of oregano and the potential of thymol and 
carvacrol in preventing the formation of toxic products by the action of reactive nitrogen 
species (Prieto et el., 2007). Recently, carvacrol has been identify as responsible of COX-2 
expression and as an activator of PPAR alpha and gamma provoking a PPARgamma-
dependent suppression of COX-2 promoter activity as well, in human macrophage-like U937 
cells (Hotta et al., 2010).  In addition, carvacrol suppressed lipopolysaccharide-induced COX-2 
mRNA and protein expression, suggesting that carvacrol regulates COX-2 expression through 
its agonistic effect on PPARgamma. Thymol and carvacrol prevented autoxidation of lipids 
(Yanishlieva et al., 1999).  
Although beneficial effect of sabinene in inflammation was previously known, molecular 
keys in anti-inflammatory or antioxidant effects of sabinene hydrate have been recently 
described:  Effects of sabinene (1%) from Chinese herbs on ocular inflammation have been 
described (Yao and Chiou, 1993). In that study was found that lens protein-induced 
inflammation was inhibited significantly by the topical instillation of sabinene (1%). And 
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Transcriptions of the leptin hormone shown a general decrease in all groups when 
adipocytes were treated with any of the SFE essential oils. Tegarding to adiponectin, both 
oregano extracts, S1 and S2, increased very significantly the adiponectin gene expression in 
activated adipocytes but in non-activated, changes were not observed when treated with 
oregano S1 or S2 (Figures 7A-B).   
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Fig. 7. Effect of oregano on the relative 24 h transcription gene quantification (RQ) of leptin 
(7A) and adiponectin (7B) on human adipocytes. Cells were differentiated and treated as 
described in Material and Methods section. Data represent means ± SEM calculated from six 
independent experiments with 3 replicates for each treatment. Statistic Dunnett's multiple 
comparison test VS Ctrl +oxLDL signification is represented by: * P values less than 0.05 
(significant), ** P values less than 0.01 (very significant), and *** P values less than 0.001 
(extremely significant). Statistic Bonferroni multiple comparison test VS Ctrl - TNF-α 
signification is represented by: ♦♦ P values less than 0.01 (very significant), and ♦♦♦ P values 
less than 0.001 (extremely significant). 
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macrophages in the adipose tissue, and the consequent secretion of TNF-alpha by those, is a 
primary stimulus for the inflammatory properties of adipose tissue and intensify 
macrophage expression of TNF- α. This produces inflammation that if it persists provoke a 
chronic inflammation state (Guilherme et al., 2008).  
Several natural compounds are known for their beneficial properties to some diseases or 
their derived complications and particularly concerning to their anti-inflammatory effects. 
Some of these effects include inhibition of the TNF-α signaling in adipocytes (Gonzales and 
orlando, 2008). Our oregano extracts as other natural compounds described, could have 
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concerning to their anti-inflammatory effects (Khanna et al., 2007). 
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increases in the secretion of pro-inflammatory adipokines (IL-1β, IL-6 and leptin) and the 
TNF-α-induced decreases of IL-10 and adiponectin secretion. 
Our data suggest that oregano extract recovers the TNF-α-induced increases in 
inflammatory adipokines. A study demonstrated that resveratrol produced similar changes 
in adipokine secretion (Anh et al., 2007). In a study about the treatment of colitis in mouse 
with thyme and oregano essential oils reduced the levels of pro-inflammatory citokines 
were observed when the essential oils were administrated. In addition, the mice treated with 
these oils recover their corporal weight after the treatment, which could suggest that the 
oregano could exert effects on the adipocytes (Bukovska et al., 2007). 
Main compounds present in supercritical oregano extract were sabinene hydrate, thymol and 
carvacrol. Anti-inflammatory effect of thymol has been demonstrated in human neutrophiles 
incubated with 10 or 20 µg/ml of this compound (Braga et al., 2006). Mice edema is reported to 
be reduced with a topical application of 100 µg/cm2 of carvacrol (Sosa et al., 2005). Moreover, 
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dependent suppression of COX-2 promoter activity as well, in human macrophage-like U937 
cells (Hotta et al., 2010).  In addition, carvacrol suppressed lipopolysaccharide-induced COX-2 
mRNA and protein expression, suggesting that carvacrol regulates COX-2 expression through 
its agonistic effect on PPARgamma. Thymol and carvacrol prevented autoxidation of lipids 
(Yanishlieva et al., 1999).  
Although beneficial effect of sabinene in inflammation was previously known, molecular 
keys in anti-inflammatory or antioxidant effects of sabinene hydrate have been recently 
described:  Effects of sabinene (1%) from Chinese herbs on ocular inflammation have been 
described (Yao and Chiou, 1993). In that study was found that lens protein-induced 
inflammation was inhibited significantly by the topical instillation of sabinene (1%). And 
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Cryptomeria japonica essential oil containing kaurene (17.20%), elemol (10.88%), gamma-
eudesmol (9.41%), and sabinene (8.86%) as the major components inhibits the growth of 
drug-resistant skin pathogens and LPS-induced nitric oxide and pro-inflammatory cytokine 
production (nitric oxide (NO), prostaglandin E2 (PGE2), tumor necrosis factor (TNF)-alpha, 
interleukin (IL)-1beta, and IL-6 production in lipopolysaccharide (LPS)-activated RAW 264.7 
macrophages (Yoon et al., 2009). 
Our group recently has described similar anti-inflammatory effects from supercritical 
extract of origanum on activated human THP-1 macrophages cells. The results showed a 
decrease in the pro-inflammatory TNF-α, IL-1β and IL-6 cytokines synthesis as well as an 
increase in the production and mRNA expressions of the anti-inflammatory cytokine IL-10 
(Ocaña-Fuentes et al., 2010). 
For future works, it is necessary to determinate the mRNA expression levels of others 
adipokines and their mRNA levels of the implicated transcriptions factors that regulate the 
adipokine synthesis such as PPARγ and NF-kβ, transcription factor that all of the 
inflammatory mediators linked to chronic inflammation have been shown to be regulated 
(Anh et al., 2007). Also the activity of enzymes related to the inflammatory process such as 
COX-2 and iNOS will be the subject of our future investigations. 
In summary, CO2 supercritical oregano extracts showed anti-inflammatory properties in a 
cellular model of inflammation and could have a play on the energy homeostasis through 
regulation of related hormone level by: Decreasing pro-inflammatory adipokines and 
increasing the anti-inflammatory IL-10, decreasing leptin, increasing adiponectin release and 
modifying their mRNA expressions. These results could help in suggest that essential oils 
from oregano could be used in future as novel options for treatment of chronic diseases 
based on inflammatory processes, as for example, including in novel foods. Although more 
studies as said above are needed.  
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Cryptomeria japonica essential oil containing kaurene (17.20%), elemol (10.88%), gamma-
eudesmol (9.41%), and sabinene (8.86%) as the major components inhibits the growth of 
drug-resistant skin pathogens and LPS-induced nitric oxide and pro-inflammatory cytokine 
production (nitric oxide (NO), prostaglandin E2 (PGE2), tumor necrosis factor (TNF)-alpha, 
interleukin (IL)-1beta, and IL-6 production in lipopolysaccharide (LPS)-activated RAW 264.7 
macrophages (Yoon et al., 2009). 
Our group recently has described similar anti-inflammatory effects from supercritical 
extract of origanum on activated human THP-1 macrophages cells. The results showed a 
decrease in the pro-inflammatory TNF-α, IL-1β and IL-6 cytokines synthesis as well as an 
increase in the production and mRNA expressions of the anti-inflammatory cytokine IL-10 
(Ocaña-Fuentes et al., 2010). 
For future works, it is necessary to determinate the mRNA expression levels of others 
adipokines and their mRNA levels of the implicated transcriptions factors that regulate the 
adipokine synthesis such as PPARγ and NF-kβ, transcription factor that all of the 
inflammatory mediators linked to chronic inflammation have been shown to be regulated 
(Anh et al., 2007). Also the activity of enzymes related to the inflammatory process such as 
COX-2 and iNOS will be the subject of our future investigations. 
In summary, CO2 supercritical oregano extracts showed anti-inflammatory properties in a 
cellular model of inflammation and could have a play on the energy homeostasis through 
regulation of related hormone level by: Decreasing pro-inflammatory adipokines and 
increasing the anti-inflammatory IL-10, decreasing leptin, increasing adiponectin release and 
modifying their mRNA expressions. These results could help in suggest that essential oils 
from oregano could be used in future as novel options for treatment of chronic diseases 
based on inflammatory processes, as for example, including in novel foods. Although more 
studies as said above are needed.  
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