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Preface 
 

Over the last few decades the prevalence of diabetes has dramatically grown in most 
regions of the world. In 2010, 285 million people were diagnosed with diabetes and it 
is estimated that the number will increase to 438 million in 2030.  

Hypoglycemia is a disorder where the glucose serum concentration is usually low. The 
organism usually keeps the glucose serum concentration in a range of 70 to 110 mL/dL 
of blood. In hypoglycemia the glucose concentration remains normally lower than 50 
mL/dL of blood. This book comprehensively reviews and compiles information on 
hypoglycemia in 18 chapters which cover occurrence, damages, treatments and 
preventions, and relevant discussions about the occurrence of hypoglycemia in 
neonates, drug-induced and caused by infections in animals. 

This book is written by authors from America, Europe, Asia and Africa, yet, the editor 
has tried arrange the book chapters in a issue order to make it easier for the readers to 
find what they need. However, the reader can still find differ approaches on the same 
issue in same Section. 

Section A, which includes chapters 1-2, mainly describes the management approach and 
Hypoglycemia in children. It includes some treatment methods and their applications. 

Section B, which includes chapters 3-4, includes a contemporary review about Brittle 
Diabetes and Hypoglycemia in Critically III patients. It shows the great suffering of 
people that are affected by this specific disorder. 

Section C, which includes chapters 5-8, covers the issues related with hypoglycemia’s 
physiology. 

Section D, which includes chapters 9 -12, deals with preventions of hypoglycemia and 
glucose homeostasis. 

Section E, which includes chapters 13-14, covers hypoglycemia associated with tumors 
and with type B insulin resistant and also several neurologic manifestations. 

Section F, which includes chapters 15-18, describes the role of incretin, zinc 
translocation, hyperinsulinaemic-hypoglycaemia and diabetes control.  
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Hopefully this book will be of help to many scientists, doctors, pharmacists, chemicals 
and other experts in variety of disciplines, both academic and industrial. In addition to 
supporting research and development, this book should also be suitable for teaching. 

Finally, I would like to thank my daughter Maria Eduarda and my wife Fernanda for 
their patience. I extend my apologies for many hours spent on the preparation of my 
chapter and the editing of this book, which kept me away from them. 
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Management Approach to Hypoglycemia 
Miriam Ciljakova, Milos Jesenak,  

Miroslava Brndiarova and Peter Banovcin 
Pediatric Department of University Hospital and Jessenius  

Medical Faculty of Comenius University, Martin 
Slovakia 

1. Introduction 
Management of hypoglycemia in children and adults depends on many factors. The most 
important point of view is the level of hypoglycemia and the relevance of clinical symptoms. 
In the case of severe hypoglycemia, all effort must be used to maintain euglycemia as soon 
as possible. However, the appropriate therapeutic approach relies on correct diagnostic 
evaluation. In relation to the age of onset, different causes of hypoglycemia should be 
considered in neonates, infants, children and adults. 
The risk of hypoglycemia is declining during the life, low blood glucose level is the frequent 
problem, mainly in neonatal period. The majority of neonatal hypoglycemia are due to 
problems with the normal processes of metabolic adaptation after birth, and strategies 
enhance the physiologic transition should help prevent such episodes. Further investigation 
and specific intervention should be considered when hypoglycemia is unusual in severity, 
duration, or occurs in an otherwise low-risk infant (Desphande & Platt, 2005).  
Important factor for diagnosis is timing of hypoglycemia in relation to fasting. If hypoglycemia 
occured in a short period after meal (2-3 hours) and after overnight fasting, hyperinsulinism 
would be assumed. Low blood glucose level within  4-6 hours after ingestion is typical for 
defect in glycogenolysis. If hypoglycemia occurs more than 6 hours after feeding, disorders of 
fatty acid oxidation or defect in gluconeogenenesis are supposed (de Leon et al, 2008). In older 
patients, the fasting period inducing hypoglycemia is usually longer.   
Physical examination can also be helpful in diagnostic evaluation. The presence of central 
cleft lip (or palate), micropenis and undescended testes in male neonate strongly suggests 
the occurrence of hypoglycemia due to pituitary hormone deficiency. If TSH deficiency was 
associated, untreated infants would suffer from psychomotoric retardation, growth 
retardation is typical later at the age 2-3. Large for age newborns with recurrent 
hypoglycemia could be suspected of autosomal recessive form of hyperinsulinism, if mother 
did not suffer from diabetes in pregnancy. Short stature and hepatomegaly is a part of 
clinical picture of glycogen storage disease type 1 (Langdon et al, 2008).  
Hypoglycemia is expected in a risk group of neonates (e.g. premature, small for age) and in 
diabetic patients. If etiopathogenesis of low blood glucose level is unknown and 
unexpected, the sampling of  blood and urine at the time of hypoglycemia is crucial (critical 
sample). In diagnostic algorithm, it is necessary to measure plasma substrates: ketones 
(aminoacetate and hydroxybutyrate acids), lactate, free fatty acids, ammonia level, and  
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hormones: insulin, C-peptide, cortisol, growth hormone at the time of low blood glucose 
level. Hypothyroidism ought to be excluded in all patients with low blood glucose level. If 
hypoglycemia was less than 2,8 mmol/l (50 mg/dl), repeated sampling and measurement of 
counter-regulatory hormones, such as cortisol and growth hormone, would be suggested 30 
minutes after low blood glucose concentration. At the blood glucose level of 2,2 mmol/l and 
less, the peak values of cortisol and growth hormone are reached in half an hour, and are 
comparable to those in insulin stimulation test (Weintrob et al, 1998).   
At the time of hypoglycemia, the lack of ketones makes pediatric frequent diagnosis of 
ketotic hypoglycemia nonprobable. Ketoacidosis is also common in cortisol deficiency, 
whereas lactic acidosis is part of disorders of gluconeogenenesis like as glucose 6-
phosphatase deficiency. Ketones and lactate are the alternative fuel for brain, disorders with 
high plasma level of these substrates are linked with laboratory serious hypoglycemia 
without clinical symptoms of neuroglycopenia. Some patients may have only few symptoms 
at plasma glucose level as low as 1,1-1,7 mmol/l (20-30 mg/dl). On the other hand, in 
defects of ketogenesis, signs may begin to appear at plasma glucose level of 3,3 mmol/l (60 
mg/dl) during fasting. The average cut point of plasma glucose level to provoke clinical 
adrenergic and neuroglycopenic symptoms is 2,8 mmol/l (De Leon et al, 2008).  
High level of free fatty acids with hypoglycemia is a part of defects of fatty acid oxidation 
associated with coma, hepatocellular failure and hyperammonemia (Reye-like syndrome). 
Valproic acid can block β-oxidation, treatment of epilepsy may provoke Reye-like syndrome 
in some patients. Early supplementation with carnitine and riboflavin, avoidance of fasting 
and low-fat diet can be useful and  lifesaving. Acyl-carnitine profile of blood spots in 
newborn screening is able to detect most fatty acid oxidation disorders. Free fatty acids do 
not pass blood-brain barrier and can not be used as a energy substrate in brain. 
Hypoglycemic symptoms follow usually the same pattern for each patient. Especially in 
type 1 diabetes, it is important to teach patient and all family members how to recognize 
and treat hypoglycemia in a safe and effective manner as soon as possible. Coffee and cola 
caffeine may cause symptoms of hypoglycemia at a slightly higher blood glucose level than 
usually. The fact that caffeine enhances the intensity of symptoms warning hypoglycemia 
may be useful for patients with „hypoglycemia unawareness“. On the other hand, treatment 
of high blood pressure with β-blockers may have opposite effect and makes symptoms of 
hypoglycemia less obvious. Patients with diabetes on β-blockers treatment should check 
blood glucose level in case of sweating without any reason. It may be the only sign of a very 
low blood glucose. Similarly, few symptoms are noticed in diabetics treating for depression 
with SSRIs, patients may suffer from hypoglycemia unawareness, too (Hanas, 2004). 
The warning adrenergic symptoms precede typically neuroglycopenic ones and work 
as a brain protection. Diabetes mellitus may be associated with autonomic dysfunction, 
warning symptoms are being lost and hypoglycemia becomes unawareness. Frequent 
hypoglycemia may cause lowering of threshold for triggering adrenergic signs that start 
commonly at the blood glucose level 3,3-3,6 mmol/l (60-65 mg/dl) in diabetic patients. On 
the opposite side, if the average glycemia was 15 mmol/l  within a week, the warning 
symptoms could start at the blood glucose level 4,5-5,5 mmol/l (80-100 mg/dl).  
Neuroglycopenic signs are mostly independent on the recent blood glucose values, 
observed in glycemia below 2,8 mmol/l (Hanas, 2004) . 
For correct management of patients with hypoglycemia, two glucose thresholds must be 
distiguished. The first one is diagnostic glucose level, hypoglycemia is usually considered in 
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the case of plasma glucose value below 2,8 mmol/l. Such glucose concentration is helpful 
for immediate sampling of alternative fuels and hormones, and consequently for differential 
diagnosis of hypoglycemic patients. The second one is therapeutic glucose value, the goal of 
appropriate treatment of hypoglycemia is to maintain plasma glucose within normal range 
3,9-5,5 mmol/l (70-100 ng/ml) (Langdon et al, 2008).        
The glucose level can be measured as whole blood glucose or plasma glucose. Plasma glucose 
is approximately 11% higher than whole blood glucose. Methods of measuring glucose level 
with bedside glucose meters were originally designed for diabetes management. These 
monitors are adequate for management of hypoglycemia, but are not accurate enough for 
measurement of hypoglycemic level. Latest development in bedside monitoring has improved 
the technology, but is not sufficiently accurate and precise to establish a diagnosis of 
hypoglycaemia. As a screening test it may be useful, any meter blood glucose level less than 
3,3 mmol/l  should be confirmed by more precise laboratory measurement of whole blood or 
plasma glucose concentration (Gamma et al, 2000).  
Blood samples that are not processed promptly can have errorneously low glucose levels, as 
a result of glycolysis by red and white blood cells. At room temperature, the decline of 
whole-blood glucose can be 0,3-0,4 mmol/l/hr (5 to 7 mg/dl/hr). The use of inhibitors, such 
as fluoride, in collection tubes prevents this problem. Falsely low (or high) glucose values 
may occur with samples drawn from indwelling lines without adequate flushing of the 
saline (or glucose) infusate (de Leon et al, 2008).  

2. Management of hypoglycemia in neonates and infants 
Traditionally, lower standards for hypoglycemia were accepted in neonates. The major 
reason was statistical, low blood glucose is so common in neonatal period that it must be 
taken as a normal. Recently, the same definition and the same targets for treatment of 
hypoglycemia have been recommended in neonates and in older patients (de Leon et al, 
2008). Moreover, the consequences of delayed diagnosis or inadequate management may be 
more harmful to a developing brain in neonates and infants (Menni et al, 2001).  
Previously, the blood glucose concentration at which clinical signs occured were used to 
define hypoglycemia. These signs, such as changes in level of alertness and tone, apnoe, 
tremors or seizures are not specific in neonates and infants. In the first few hours, after birth 
fuels apart from glucose are also relevant in providing brain energy. Therefore the presence 
or absence of clinical signs can not be used to differ between normal and abnormal glucose 
levels, although decreased level of consciousness or seizures should always suggest the 
possiblity of hypoglycemia (Desphande & Platt, 2005). 
The cerebral fuel economy depends on blood glucose level, the avaliability of alternative 
fuels such as ketones and lactate, the local adaptation of microcirculation, the interaction 
with other brain cells and the concurent neonatal condition such as hypoxia and sepsis 
(Salhab et al, 2004). The immediate consequence of transition from fetal to neonatal life is the 
interruption of continuous glucose supplies. After birth, there is a rapid fall in blood glucose 
level, reaching a nadir between 1-2 hr in healthy term infants as well. Such low blood 
glucose level is usually accompanied by ketogenic response, particulary in breast-fed 
infants. Ketones provides alternative fuel for brain and prevents the neonate to become 
symptomatic. Even in the absence of any nutritional intake, the blood glucose rises 
significantly within 3 hrs due to counter-regulatory hormone response. Therefore, healthy 
asymptomatic neonates are proposed to avoid the blood glucose measurement during the 



 
Diabetes – Damages and Treatments 

 

4 

hormones: insulin, C-peptide, cortisol, growth hormone at the time of low blood glucose 
level. Hypothyroidism ought to be excluded in all patients with low blood glucose level. If 
hypoglycemia was less than 2,8 mmol/l (50 mg/dl), repeated sampling and measurement of 
counter-regulatory hormones, such as cortisol and growth hormone, would be suggested 30 
minutes after low blood glucose concentration. At the blood glucose level of 2,2 mmol/l and 
less, the peak values of cortisol and growth hormone are reached in half an hour, and are 
comparable to those in insulin stimulation test (Weintrob et al, 1998).   
At the time of hypoglycemia, the lack of ketones makes pediatric frequent diagnosis of 
ketotic hypoglycemia nonprobable. Ketoacidosis is also common in cortisol deficiency, 
whereas lactic acidosis is part of disorders of gluconeogenenesis like as glucose 6-
phosphatase deficiency. Ketones and lactate are the alternative fuel for brain, disorders with 
high plasma level of these substrates are linked with laboratory serious hypoglycemia 
without clinical symptoms of neuroglycopenia. Some patients may have only few symptoms 
at plasma glucose level as low as 1,1-1,7 mmol/l (20-30 mg/dl). On the other hand, in 
defects of ketogenesis, signs may begin to appear at plasma glucose level of 3,3 mmol/l (60 
mg/dl) during fasting. The average cut point of plasma glucose level to provoke clinical 
adrenergic and neuroglycopenic symptoms is 2,8 mmol/l (De Leon et al, 2008).  
High level of free fatty acids with hypoglycemia is a part of defects of fatty acid oxidation 
associated with coma, hepatocellular failure and hyperammonemia (Reye-like syndrome). 
Valproic acid can block β-oxidation, treatment of epilepsy may provoke Reye-like syndrome 
in some patients. Early supplementation with carnitine and riboflavin, avoidance of fasting 
and low-fat diet can be useful and  lifesaving. Acyl-carnitine profile of blood spots in 
newborn screening is able to detect most fatty acid oxidation disorders. Free fatty acids do 
not pass blood-brain barrier and can not be used as a energy substrate in brain. 
Hypoglycemic symptoms follow usually the same pattern for each patient. Especially in 
type 1 diabetes, it is important to teach patient and all family members how to recognize 
and treat hypoglycemia in a safe and effective manner as soon as possible. Coffee and cola 
caffeine may cause symptoms of hypoglycemia at a slightly higher blood glucose level than 
usually. The fact that caffeine enhances the intensity of symptoms warning hypoglycemia 
may be useful for patients with „hypoglycemia unawareness“. On the other hand, treatment 
of high blood pressure with β-blockers may have opposite effect and makes symptoms of 
hypoglycemia less obvious. Patients with diabetes on β-blockers treatment should check 
blood glucose level in case of sweating without any reason. It may be the only sign of a very 
low blood glucose. Similarly, few symptoms are noticed in diabetics treating for depression 
with SSRIs, patients may suffer from hypoglycemia unawareness, too (Hanas, 2004). 
The warning adrenergic symptoms precede typically neuroglycopenic ones and work 
as a brain protection. Diabetes mellitus may be associated with autonomic dysfunction, 
warning symptoms are being lost and hypoglycemia becomes unawareness. Frequent 
hypoglycemia may cause lowering of threshold for triggering adrenergic signs that start 
commonly at the blood glucose level 3,3-3,6 mmol/l (60-65 mg/dl) in diabetic patients. On 
the opposite side, if the average glycemia was 15 mmol/l  within a week, the warning 
symptoms could start at the blood glucose level 4,5-5,5 mmol/l (80-100 mg/dl).  
Neuroglycopenic signs are mostly independent on the recent blood glucose values, 
observed in glycemia below 2,8 mmol/l (Hanas, 2004) . 
For correct management of patients with hypoglycemia, two glucose thresholds must be 
distiguished. The first one is diagnostic glucose level, hypoglycemia is usually considered in 

 
Management Approach to Hypoglycemia 

 

5 

the case of plasma glucose value below 2,8 mmol/l. Such glucose concentration is helpful 
for immediate sampling of alternative fuels and hormones, and consequently for differential 
diagnosis of hypoglycemic patients. The second one is therapeutic glucose value, the goal of 
appropriate treatment of hypoglycemia is to maintain plasma glucose within normal range 
3,9-5,5 mmol/l (70-100 ng/ml) (Langdon et al, 2008).        
The glucose level can be measured as whole blood glucose or plasma glucose. Plasma glucose 
is approximately 11% higher than whole blood glucose. Methods of measuring glucose level 
with bedside glucose meters were originally designed for diabetes management. These 
monitors are adequate for management of hypoglycemia, but are not accurate enough for 
measurement of hypoglycemic level. Latest development in bedside monitoring has improved 
the technology, but is not sufficiently accurate and precise to establish a diagnosis of 
hypoglycaemia. As a screening test it may be useful, any meter blood glucose level less than 
3,3 mmol/l  should be confirmed by more precise laboratory measurement of whole blood or 
plasma glucose concentration (Gamma et al, 2000).  
Blood samples that are not processed promptly can have errorneously low glucose levels, as 
a result of glycolysis by red and white blood cells. At room temperature, the decline of 
whole-blood glucose can be 0,3-0,4 mmol/l/hr (5 to 7 mg/dl/hr). The use of inhibitors, such 
as fluoride, in collection tubes prevents this problem. Falsely low (or high) glucose values 
may occur with samples drawn from indwelling lines without adequate flushing of the 
saline (or glucose) infusate (de Leon et al, 2008).  

2. Management of hypoglycemia in neonates and infants 
Traditionally, lower standards for hypoglycemia were accepted in neonates. The major 
reason was statistical, low blood glucose is so common in neonatal period that it must be 
taken as a normal. Recently, the same definition and the same targets for treatment of 
hypoglycemia have been recommended in neonates and in older patients (de Leon et al, 
2008). Moreover, the consequences of delayed diagnosis or inadequate management may be 
more harmful to a developing brain in neonates and infants (Menni et al, 2001).  
Previously, the blood glucose concentration at which clinical signs occured were used to 
define hypoglycemia. These signs, such as changes in level of alertness and tone, apnoe, 
tremors or seizures are not specific in neonates and infants. In the first few hours, after birth 
fuels apart from glucose are also relevant in providing brain energy. Therefore the presence 
or absence of clinical signs can not be used to differ between normal and abnormal glucose 
levels, although decreased level of consciousness or seizures should always suggest the 
possiblity of hypoglycemia (Desphande & Platt, 2005). 
The cerebral fuel economy depends on blood glucose level, the avaliability of alternative 
fuels such as ketones and lactate, the local adaptation of microcirculation, the interaction 
with other brain cells and the concurent neonatal condition such as hypoxia and sepsis 
(Salhab et al, 2004). The immediate consequence of transition from fetal to neonatal life is the 
interruption of continuous glucose supplies. After birth, there is a rapid fall in blood glucose 
level, reaching a nadir between 1-2 hr in healthy term infants as well. Such low blood 
glucose level is usually accompanied by ketogenic response, particulary in breast-fed 
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first 2-3 hrs after birth and only glycemia less than 2,0 mmol/l requires other intervention 
(Desphande & Platt, 2005). However, up to 10% of normal term neonates are not able to 
maintain plasma glucose concentrations above 1,7 mmol/l (30 mg/dl), if their first feeding 
is delayed for 6 hrs after birth (Lindley & Dunne, 2005). In case of this late first feeding, 
glycemia above 2,8 mmol/l (50 mg/dl) has been observed only in two thirds of  healthy 
neonates. Promotion of first feeding soon after delivery is the basic approach to prevention 
of such blood glucose declining. 
Some common maternal or neonatal problems expose a baby at risk of significant 
hypoglycemia (Table 1). Often measurements of blood glucose are helpful, even though in 
asymptomatic risk neonates. Severely intrauterine growth retarded (IUGR) neonates may 
have low cord blood glucose concentrations due to intrauterine hypoglycemia. On the other 
hand, hypoglycemia should be excluded in all clinically unwell infants. Clinical signs of 
common neonatal illnesses are shared by those with hypoglycemia. Moreower, many 
neonatal disorders can lead to hypoglycemia (Desphande & Platt, 2005). 
Blood glucose concentrations show a cyclic response to an enteral feeding, reaching a peak 
approximately one hour after meal and a nadir just before the next feeding. In risk neonates, 
initial blood glucose measurement, immediately before the second feeding, may detect the 
most babies who can not manage adequately glucose homeostasis. Once or twice a day pre–
feeding blood glucose determination may be sufficient in stable neonates, since the clinical 
condition has not been changed or the previous volume of milk has not been restricted. 
Laboratory standard blood glucose measurement is reliable and preferable to inaccurate 
reagent strip-based estimations (de Rooy & Hawdon, 2002). 
  

Maternal 
conditions 

• Diabetes (pregestational and gestational) 
• Drug treatment (β – blockers, oral hypoglycemic agents) 
• Intrapartum glucose administration 

Neonatal 
problems 

• Preterm 
• Intrauterine growth restriction 
• Perinatal hypoxia – ischemia 
• Hypothermia 
• Infection 
• Polycythemia 
• Infants on parenteral nutrition 
• Obvious syndromes (e.g. midline defects, Beckwith – 

Wiedemann syndrome) 

Table 1. „At – risk“ infants who require monitoring of blood glucose concentrations 
(Deshpande  &  Platt, 2005).  

The most common neonatal hypoglycemia is due to delay of normal metabolic adaptation 
after birth. Occasionally, especially in IUGR neonates, a period of a week or more with high 
intravenous glucose infusion rate may be required. Blood glucose concentration often falls 
down in perinatal asphyxia, polycythemia, sepsis and with maternal use of β-blockers. 
Rarely, hypoglycemia is the presenting symptom of hormonal disorders or inborn errors of 
metabolism, such as hyperinsulinism (Yap et al, 2004), hypopituitarism and fatty acid 
oxidation disorder. Some clues can make hormonal or metabolic disorder very suspected: 
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• Family history of sudden infant death, Reye-like syndrome, or developmental 
delay 

• Healthy, appropriate for gestational age, term infant with symptomatic 
hypoglycemia 

• Hypoglycemia with midline defects, micropenis, exomphalos 
• Hypoglycemia with seizures or abnormalities of conciousness 
• Persistent or recurrent hypoglycemia 
• Glucose infusion rate more than 10 mg/kg/min 

 
Sample Investigations 

Blood 

• Intermediary metabolites (glucose, lactate, 
pyruvate, alanine, free fatty acid, glycerol and 
ketone bodies) 

• Serum electrolytes, liver functions and acid – base 
status, C reactive protein 

• Ammonia 
• Amino acids 
• Total and free carnitine 
• Acylcarnitine profile 
• Insulin,  C - peptide, growth hormone, IGF1, 

IGFBP3, cortisol and thyroid hormones 
• Galactosemia screen  

Urine  
• Ketones by dipstick 
• Organic acids and aminoacids 
• Reducing substances (galactose and fructose) 

Others • Ophthalmic examination 
• Cranial ultrasound scan and/ or MRI 

Table 2. Suggested investigations in hypoglycemic patient with suspected metabolic/ 
endocrine disorder (Deshpande  & Platt, 2005). 

If neonate meets criteria for metabolic-hormonal disturbances, crucial point will be to obtain 
appropriate samples for examination of intermediary metabolites and hormones at the time 
of hypoglycemia. The second sample in a half an hour after episode may be useful to 
evaluate counter-regulatory response, mainly in newborns suspected of pituitary deficiency. 
If such samples are not obtained, the correct diagnosis may be delayed, furthermore, 
invasive testing and controlled fasting may be required. It can be helpful to prepare a 
hypoglycemia kit with suitable containers and instructions for instance of sudden 
hypoglycemic episode (Table 2). Further management should involve consultation with a 
specialist in pediatric endocrinology and metabolic medicine (Desphande & Platt, 2005). 

2.1 Hormone deficiency 
Some newborns with hypoglycemia are supposed to have pituitary deficiency, those 
suffering from midline defects (cleft lip or palate) and micropenis with undescended testes. 
At first, the basal sample of free thyroxine, TSH, cortisol, IGF-1, IGF BP-3, sex hormones 
should be recommended. Typically, lower concentrations of thyroxine, cortisol and IGF BP-3 
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are measured in infants with pituitary deficiency. Decreased IGF BP-3 level has greater 
value to diagnosis of growth hormone deficiency in infancy. Despite importance of 
evaluation IGF-1 levels in children, these are rarely helpful in neonates. In fact, serum IGF 
BP-3 should be performed as the test of choice in suspected neonatal growth hormone 
(GH) deficiency. The use of standard GH stimulation tests is not recommended in 
newborns, except for safe glucagon test 0,03–0,1 mg/kg. Cortisol and GH levels are 
measured in a basal sample, and furthermore in 5 consequent samples (0, 60, 90, 120, 150, 
180 min). Cortisol and GH sampling half hour after clinically significant and laboratory 
proved low blood glucose level (≤ 2,2 mmol/l) can confirm GH deficiency, and protect 
child from prolonged redundant testing (Weintrob et al, 1998). Several mutation in genes 
involved in pituitary development (POUF1, PROP1, TPIT) has been reported in infants 
with hypoglycemia due to pituitary deficiency. Congenital hypopituitarism may not be 
diagnosed until a baby is several months old. Abnormal growth is usually noticed only 
after 1-2 years of life and recurrent hypoglycemia in infants with confirmed GH deficiency 
is an indication to start GH treatment, especially in those on thyroxine and hydrocortisone 
therapy (Randell et al, 2007).  
Neonates with ambigous genitalia are always suspected of congenital adrenal 
hyperplasia, although presenting clinical signs of mineral disturbances rather than 
hypoglycamia may be apparent from 2 to 4 weeks of life. Treatment with hydrocortisone 
and fludrocortisone should be started immediatelly in such infants, after appropriate 
hormonal sampling. Chromosome analysis, hormone measurements (especially 17-
hydroxyprogesteron, androstendion, cortisol and testosterone) are necessary in diagnostic 
approach, the most common cause is 21-hydroxylase deficiency. If enzyme defect is 
comfirmed by hormonal measurements, identification of mutation in genes (CYP 21, CYP 
11β, and other) should folow in management. Wolman disease and congenital adrenal 
hypoplasia, two other rare causes of adrenal failure have been described in neonates and 
infants (Randell et al, 2007).  

2.2 Metabolic inborn error  
Hypoglycemia induced by first feeding, especially in combination with vomiting, diarrhoea 
and jaundice, should be suspected from galactosemia (galactose-1-phosphate uridyl 
transferase deficiency or UDP galactose-4-epimerase deficiency). Exposure to milk results in 
acute deterioration of multiple organ systems, including liver dysfunction, poor feeding, 
weight loss, renal tubular dysfunction, neutropenia, coagulopathy and Escherichia coli 
sepsis. Galactosemia should also be excluded in all neonates with these findings and 
concomitant E.coli sepsis. Some screening programs in newborns have included 
galactosemia routinely. A galactose restricted diet will reverse effectively multiorgan 
dysfunction, and will eliminate the risk of hypoglycemia during childhood. However, long-
term effect on mental functions, speech and ovarian function may persist despite 
appropriate dietary therapy in individuals with galactosemia (Leslie, 2003). 
Nonspecific symptoms occuring 3-6 months after birth, such as failure to thrive and 
vomiting, may be a part of clinical picture of hereditary fructose intolerance due to fructose 
1-phosphate aldolase deficiency. Exclusively breast-fed and formula-fed infants are healthy 
unless fruits and juices are added into diet. The worsening of symptoms and hypoglycemia 
with feeding should rise clinical suspicion. Low chronic exposure to fructose causes failure 
to thrive and chronic liver disease. Biochemical findings of elevated fructose level may be 
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confirmed by enzyme assay of liver or small intestinal biopsy. Treatment consists of strict 
dietary avoidance of fructose, sucrose and sorbitol (Wong, 2005). 
Disorders of gluconeogenesis should be considered in infants with fasting hypoglycemia 
during intercurrent illness, especially in the case of positive family history to unexplained 
sibling death. Pattern of characteristically abnormal organic acids in urine is usually present 
in infants with disruption of gluconeogenesis. Fructose 1,6-diphosphatase is a key 
regulatory enzyme of gluconeogenesis from all substrates (fructose, glycerol, lactate and 
amino acids). Deficiency of such enzyme leads to hepatomegaly, hypoglycemic seizures and 
hyperventilation due to lactic acidosis and ketoacidosis. Developmental delay and mental 
retardation may be the consequence of untreated infants. Unlike hereditary fructose 
intolerance, liver and renal tubular dysfunction are atypical. Infants with fasting 
hypoglycemia and lactic acidosis should be suspected of defects of gluconeogenesis, 
diagnosis is confirmed by enzyme assay in liver biopsy. Chronic treatment consists of 
avoidance of fasting and reduction of fructose in diet, correction of metabolic acidosis is 
necessary (Langdon et al, 2008). Continuous nasogastric infusion may be helpful overnigt 
and during intercurrent illness. Rarely, pyruvate carboxylase deficiency has been found. In 
addition to hypoglycemia, hyperalaninemia and lactic acidosis, elevated pyruvate is 
comfirmed. Some infants develop hyperammonemia, hypercitrulinemia, hyperlysinemia 
and hyperprolinemia. Diagnosis may be proven by measurement of enzyme activity in 
fibroblasts. In addition to metabolic acidosis correction, substitution of Krebs cycle 
substrates has been suggested, as well as supplementation with coenzymes of pyruvate 
dehydrogenase complex - thiamine and lipoic acid (Ahmad et al, 1999). Except such genetic 
enzymatic defects, alcohol ingestion and salicylate treatment may cause iatrogenic block of 
gluconeogenesis.       
Medium-chain acyl-coenzyme A dehydrogenase deficiency (MCAD) is the most frequent 
disorder of fatty acid oxidation. Neonatal screening in Pensylvania has shown an incidence 
1:9 000 live birth (Ziadeh et al, 1995). Although there is a significant heterogeneity in 
presentation of MCAD, the most common sign is intermittent hypoketotic hypoglycemia 
during intercurrent infection with decreased oral intake. Family history of sibling death rises 
suspicion. Severe form presents as a Reye-like syndrome with hyperammonemia, 
hepatocellular failure and coma. Affected patients could also be misdiagnosed with sudden 
infant death syndrome (Roe & Ding, 2001). Evaluation of suspected errors in fatty acid 
oxidation should first include the determination of plasma acylcarnitine profile by mass 
spectrometry and measurement of plasma total, esterified and free carnitine. Determination of 
urinary organic acids with assessment of dicarboxylic aciduria is also very useful. Patients, 
whose disorder cannot be confirmed by these tests, may require further evaluations, including 
assays of fatty acids oxidation and specific enzyme assays in cultured skin fibroblasts or 
lymphoblasts. Direct DNA mutational analysis can be performed, particularly in MCAD. 
Therapeutic approach consists of avoidance of fasting and high fat intake, although normal 
amounts of fats do not seem to be harmful. The use of cornstarch (1-2g/kg every 4 hours) and 
carnitine supplementation has been advocated (Rinaldo et al, 2002).   

2.3 Neonates at risk of hypoglycemia     
Prevention of low blood glucose concentrations is the goal of management in newborns at 
risk of hypoglycemia. In healthy appropriately grown term infants, facilitating normal 
feeding is all that is needed. Breast-fed neonates demonstrate lower blood glucose and 
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hypoglycemia and lactic acidosis should be suspected of defects of gluconeogenesis, 
diagnosis is confirmed by enzyme assay in liver biopsy. Chronic treatment consists of 
avoidance of fasting and reduction of fructose in diet, correction of metabolic acidosis is 
necessary (Langdon et al, 2008). Continuous nasogastric infusion may be helpful overnigt 
and during intercurrent illness. Rarely, pyruvate carboxylase deficiency has been found. In 
addition to hypoglycemia, hyperalaninemia and lactic acidosis, elevated pyruvate is 
comfirmed. Some infants develop hyperammonemia, hypercitrulinemia, hyperlysinemia 
and hyperprolinemia. Diagnosis may be proven by measurement of enzyme activity in 
fibroblasts. In addition to metabolic acidosis correction, substitution of Krebs cycle 
substrates has been suggested, as well as supplementation with coenzymes of pyruvate 
dehydrogenase complex - thiamine and lipoic acid (Ahmad et al, 1999). Except such genetic 
enzymatic defects, alcohol ingestion and salicylate treatment may cause iatrogenic block of 
gluconeogenesis.       
Medium-chain acyl-coenzyme A dehydrogenase deficiency (MCAD) is the most frequent 
disorder of fatty acid oxidation. Neonatal screening in Pensylvania has shown an incidence 
1:9 000 live birth (Ziadeh et al, 1995). Although there is a significant heterogeneity in 
presentation of MCAD, the most common sign is intermittent hypoketotic hypoglycemia 
during intercurrent infection with decreased oral intake. Family history of sibling death rises 
suspicion. Severe form presents as a Reye-like syndrome with hyperammonemia, 
hepatocellular failure and coma. Affected patients could also be misdiagnosed with sudden 
infant death syndrome (Roe & Ding, 2001). Evaluation of suspected errors in fatty acid 
oxidation should first include the determination of plasma acylcarnitine profile by mass 
spectrometry and measurement of plasma total, esterified and free carnitine. Determination of 
urinary organic acids with assessment of dicarboxylic aciduria is also very useful. Patients, 
whose disorder cannot be confirmed by these tests, may require further evaluations, including 
assays of fatty acids oxidation and specific enzyme assays in cultured skin fibroblasts or 
lymphoblasts. Direct DNA mutational analysis can be performed, particularly in MCAD. 
Therapeutic approach consists of avoidance of fasting and high fat intake, although normal 
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higher ketone concentrations than formula-fed ones. This starvating, ketogenic response is 
typical for physiologic transition from fetal to neonatal metabolism, as in other mammals 
(de Rooy & Hawdon, 2002). For infants, who are able to tolerate enteral feeding, increasing 
amount of milk should be the first strategy. Although oral dextrose solution may be 
recommended, the milk contains approximately twice more energy as equivalent volume of 
10% dextrose.  
Severely IUGR neonates may be hypoglycemic in utero, delayed metabolic adaptation will 
be expected in those infants soon after birth. Cord blood glucose level determination may be 
helpful, the concentration less than 2,0 mmol/l can reveal IUGR infants at high risk of 
symptomatic hypoglycemia. In order to precede clinical consequences, appropriate 
intervention seems to be prophylactic intravenous glucose infusion as soon as possible 
(Desphande & Platt, 2005). In  IUGR infants, early enteral feeding is recommended and 
breast-feeding is the approach of choice. If child remains hypoglycemic despite an adequate 
milk intake, intravenous glucose infusion at a rate equal to the hepatic glucose production 6-
8 mg/kg/min (85-120 ml of 10% glucose/kg/24 hrs) is necessary. Due to functional 
hyperinsulinism in some IUGR infants, glucose intake may be increased (10 mg/kg/min or 
more) occasionally.  
Preterm infants with respiratory distress (usually less than 32 weeks of gestation) require 
always intravenous glucose infusion, at least 6 mg glucose/kg/min. Near term infants are 
often able to suckle the breast or bottle but skillful support of nurse may be needed. 
Supplementation of milk with glucose polymers and energy supplements may increase the 
risk of necrotizing enterocolitis due to bowel osmolality (Desphande & Platt, 2005). 
In infant of diabetic mother, the highest incidence of hypoglycemia occurs between 4-6 hr after 
birth, interval of onset may extend up to 48 hrs. Tighter metabolic control during pregnancy 
and delivery is associated with decreased frequency of neonatal hypoglycemia. In particular, 
maternal blood glucose more than 8 mmol/l during parturition is linked with higher risk of  
hypoglycemia in neonate. Insufficient metabolic compensation of pregnant diabetic woman is 
the reason of neonatal macrosomia due to prolonged fetal hyperinsulinism (Taylor et al, 2002). 
Management approach to neonate of diabetic mother consists of early enteral feeding and 
regular pre-fed glucose monitoring, unless the later blood glucose level is normal one. 
Excessive glucose infusion rate in baby is responsible only for another pancreatic stimulation 
and should be avoided. Similarly, administration of glucagon immediately after birth is not 
routinely recommended, otherwise rapid hepatic glucose release can further stimulate insulin 
secretion and augment the tendency to hypoglycemia. 
The use of intravenous glucose bolus is inevitable in symptomatic infants with glycemia 
below the normal range. Recommended bolus therapy is 2 ml/kg of 10% glucose solution 
(200 mg glucose/kg). The dose has been efficacious in rapid release of clinical symptoms 
like as depressed alertness, hypotonia, apnoe or seizures, otherwise it usually restores 
normal blood glucose level without later hyperglycemia. Intravenous administration of 
bolus should be followed by an increase in the rate of glucose infusion. Treatment of 
neonatal hypoglycemia with intermittent boluses alone is not logical, the need for such 
boluses is an indication for rising continuous glucose infusion rate. Boluses of hypertonic 
(20% or 40%) glucose solutions should be avoided. In a similar way, gradual rather than 
large reduction in the rate of intravenous glucose infusion is helpful to maintain stable 
blood glucose concentration.     
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Glucagon promotes early neonatal glycogenolysis from liver and also stimulates 
gluconeogenesis and ketogenesis. Intravenous bolus dose of 200 µg/kg was used in 
previous studies, such administration may provoke further hypoglycemia due to 
hyperglycemia induced insulin secretion. Therefore, application of glucagon bolus should 
be followed by continuous glucose infusion. In a study of 55 neonates with hypoglycemia of 
various etiologies, continous infusion of glucagon (0,5-1,0 mg/day) increased blood glucose 
concentration significantly within 4 hrs after starting of infusion. The frequency of 
subsequent hypoglycemia has been decreased with continuous glucagon therapy (Mirales et 
al, 2002). The occurrence of severe hyponatremia has been reported in a preterm infant, but 
the relationship with glucagon infusion seems to be unlikely (Charsa et al, 2003, Coulthard 
& Hey, 2002). 

3. Management of neonatal hyperinsulinism 
Most infants with hyperinsulinism present within neonatal period, although infantile and 
childhood forms are also described. In general, excessive glucose requirement with infusion 
rate more than 10 mg/kg/min is suspected of hyperinsulinism. Traditionally, the diagnosis 
of hyperinsulinism is based on demonstrating inappropriately high insulin concentration at 
the time of hypoketotic hypoglycemia (Table 3). Diagnosis is confirmed by insulin level 
more than 2,0 mIU/l and glycemia below 2,8 mmol/l at the same time. Intravenous 
adminstration of glucagon is followed by glycemic response bigger than 1,7 mmol/l within 
15- 30 minutes in infants with hyperinsulinism (de Leon et al, 2008).   
 

Criteria for diagnosing hyperinsulinism based on critical sample 
Critical sample must be drawn at time of hypoglycemia (plasma glucose < 50mg/dl) 

• Detecable insulin (>2 mIU/l) 
• Low free fatty acids (< 1,5 mmol/l) 
• Low ketones (plasma β hydroxybutyrate < 2,0 mmol/l) 

Inappropriate glycemic response to 1mg intravenous glucogen at time of hypoglycemia 
(glucose rise > 30mg/dl in 20 minutes) 

Table 3. Criteria for diagnosing hyperinsulinism based on critical sample (Langdon et al, 
2008). 

The majority of neonatal hyperinsulinism is transient, these form has been observed in 
neonates with maternal diabetes, Beckwith – Wiedemann syndrome, Sotos syndrome, 
Perlman syndrome, birth asphyxia, polycythemia, rhesus incompatibility and severe 
intrauterine growth retardation (Baujat et al, 2004). Such perinatal stress-induced 
hyperinsulinism may persist for several days to several weeks, but not longer than 6 
months (Hoe et al, 2006). Infants with prolonged stress hyperinsulinism are usually good 
responders to diazoxide therapy. Glucocorticoids are not effective in controlling of 
hyperinsulinism.  
Hyperinsulinism is the most common cause of persistent or recurrent hypoglycemia in 
infancy. Generally, the persistent hyperinsulinism is relatively rare (1:30 000- 1:50 000) but 
may lead to neurological damage and lifelong handicap. Up to 20% of infants suffering from 
congenital hyperinsulinism exhibits neurological defect (Menni et al, 2001). Approximately 
60% of patients with persistent hyperinsulinism present within the first week of life, the 
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higher ketone concentrations than formula-fed ones. This starvating, ketogenic response is 
typical for physiologic transition from fetal to neonatal metabolism, as in other mammals 
(de Rooy & Hawdon, 2002). For infants, who are able to tolerate enteral feeding, increasing 
amount of milk should be the first strategy. Although oral dextrose solution may be 
recommended, the milk contains approximately twice more energy as equivalent volume of 
10% dextrose.  
Severely IUGR neonates may be hypoglycemic in utero, delayed metabolic adaptation will 
be expected in those infants soon after birth. Cord blood glucose level determination may be 
helpful, the concentration less than 2,0 mmol/l can reveal IUGR infants at high risk of 
symptomatic hypoglycemia. In order to precede clinical consequences, appropriate 
intervention seems to be prophylactic intravenous glucose infusion as soon as possible 
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milk intake, intravenous glucose infusion at a rate equal to the hepatic glucose production 6-
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often able to suckle the breast or bottle but skillful support of nurse may be needed. 
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normal blood glucose level without later hyperglycemia. Intravenous administration of 
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rate more than 10 mg/kg/min is suspected of hyperinsulinism. Traditionally, the diagnosis 
of hyperinsulinism is based on demonstrating inappropriately high insulin concentration at 
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may lead to neurological damage and lifelong handicap. Up to 20% of infants suffering from 
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most severe forms start earliest. However, all of the genetic causes of hyperinsuslinism may 
be initially diagnosed in older infants and children (Langdon et al, 2008). 
Infants with congenital hyperinsulinism are usually born in term and macrosomic, similar as 
neonates of diabetic mothers. On the other hand, low birth weight or preterm birth does not 
exclude persistent hyperinsulinism (Aynsley-Green, 2000, Yap et al, 2004). Most infants are 
apparently macrosomic and plethoric and may have characteristic facial features with high 
forehead, large and bulbous nose, smooth philtrum and thin upper lip. Later in infancy, the 
only clinical sign may be unexplained developmental delay (de Lonlay et al, 2002 a). 
Exomphalos in neonates with macrosomia and macroglossia enables to diagnose Beckwith-
Wiedemann syndrome (BWS 1:10 000). Hyperinsulinemic hypoglycemia occurs 
approximately in 50% infants, and is usually mild and transient. Higher predisposition to 
childhood tumors has been described in BWS patients, analysis of chromosome 11p15 
finding aberrant H19 and KCNQ1OT1 hypomethytalion may identify patients at increased 
risk of cancerogenesis (Bliek et al, 2001). Sotos syndrome (cerebral gigantism) involves also 
combination of somatic overgrowth and hyperinsulinism, the major cause is 
haploinsufficiency of NSD1 gene (Baujat et al, 2004).   
The appropriate management of hyperinsulinemic infants is based on maintaining of blood 
glucose above 3,5 mmol/l. Even though of sufficient enteral feeding, the supplemental 10-15% 
glucose intravenous infusion is often needed, otherwise glucose requirement is usually 15-20 
mg/kg/min. A secure central intravenous access should be obtained immediately after 
diagnostic evaluation. If intravenous cannula is resited, intramuscular glucagon 
administration 100 μg/kg is recommended. Hyperinsulinemic infants require intensive 
medical care monitoring at a centre specialized in management of hyperinsulinism. Once the 
infant is stabilized, a planned transport should take place. Delayed refferal to the centre may 
be the reason of  neurologic consequences associated with disorder (Desphande & Platt, 2005).   
The majority of transient forms of congenital hyperinsulinism will settle during the first 
month of life. This period can be spent evaluating of responsiveness to drugs therapies and 
attempting to introduce normal enteral feeding. After 4 weeks, as soon as diagnosis of 
congenital hyperinsulinism is confirmed, rapid genetic analysis of the affected child and 
parents using HPLC screening followed by sequencing of target genes should be 
recommended (Lindley & Dunne, 2005). 
The most common and severe cause of persistent hyperinsulinism is due to loss of function 
mutation of the pancreatic β-cell K+ATP channel consisting of 2 subunits. K+ATP  
hyperinsulinism may be diffuse or focal. More than 100 mutations of ABCC8 (encoding SUR1 
subunit) and 20 mutations of KCNJ11 (encoding Kir6.2 subunit) have been found so far. 
Neonates with recessive form present as a large for gestational age with very severe 
hypoglycemia immediately after birth, characteristic sign is usually poor responsiveness to 
diazoxide. Dominant form of K+ATP hyperinsulinism may occur in family members, the onset 
of milder hypoglycemic symptoms is often later in infancy and childhood. These patients 
reflect better responsiveness to diazoxide (Grimberg et al, 2001). In addition, defects in SUR1 
subunit may be inherited in three different mechanism, loss of heterozygosity has been 
identified, except for recessive and dominant patterns. The association of recessive mutations 
with diffuse hyperinsulinism, as well as loss of heterozygosity with focal form, has been found 
in infants with SUR1 defects (Langdon et al, 2008).  
The second most common form in infants is hyperinsulinism/hyperammonemia (HI/HA) 
syndrome caused by gain of function mutation of GLUD1 (encoding glutamate 
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dehydrogenase GDH). Most cases are sporadic due to de novo mutations. Approximately 
20% of these disorders are familial with autosomal dominant inheritance. Typically, 
neonates suffering from HI/HA syndrome are appropriate for gestational age. Episodes of 
symptomatic hypoglycemia may not been recognized until 1-2 years of age. Patients with 
HI/HA syndrome have relatively mild fasting hypoglycemia. However, after ingestion of 
protein meal, severe protein-sensitive hypoglycemia can happen within 30-90 minutes. 
Diazoxide therapy is usually effective to control fasting and protein-induced hypoglycemia. 
Differential laboratory finding is slightly elevated ammonia level (60-150 μmol/l) without 
therapy requirement. The lack of clinical hyperammonemic symptoms may be explained by 
increased GDH enzyme activity in brain of affected individuals (Li et al, 2006). Less frequent 
form of congenital hyperinsulinism presenting with fasting hypoglycemia is due to 
activating mutations of GCK (glucokinase), sometimes showing autosomal dominant 
pattern. The age of onset and severity of symptoms varies markedly (Cuesta-Munoz et al, 
2004). Rarely, mutation of  HADHSC gene (encoding short chain L-3-hydroxyacyl-CoA 
dehydrogenase SCHAD) with autosomal recessive inheritance may be identified as a cause 
of hyperinsulinism in infants (Hussain et al, 2006).           
Occasionally, congenital carbohydrate-deficient glycoprotein syndrome, also known as 
congenital disorders of glycosylation (CDG), has been identified as a cause of neonatal 
hyperinsulinism. Unlike other forms of hyperinsulinism, CDG often leads to involvment of 
other systems, especially the brain, liver, gut and skeleton. The diagnosis is usually confirmed 
by identification of hyposialylated serum transferrin by isoelectric focusing (Fang et al, 2004).  
Less than 20% of neonates with persistent congenital hyperinsulinism will respond to 
diazoxide therapy, a K+ATP channel opener (De Lonlay et al, 2002 b). Diazoxide binds to 
the SUR1 subunit of the K+ATP channel. Infants with no functional K+ATP channels at the 
β-cell membrane are not expected to respond to diazoxide therapy. On the other hand, 
patients suffering from hyperinsulinism-hyperammonemia syndrome with normal K+ATP 
channel are more likely better responders than those with ABCC8 loss of function mutation. 
So genetic analysis of congenital hyperinsulinism is useful in predicting of drug 
responsiveness. The daily requirement of diazoxide varies between 5-25 mg/kg divided in 
several doses. Otherwise, diazoxide as a channel opener retains sodium and water, 
chlorothiazide has been successfully added to counteract this side event. Appart from acting 
as a diuretic, chlorothiazide has also direct β-cell pottasium channel opening activity. In a 
purpose to supply sufficient glucose, large volumes of intravenous fluids are infused to 
hyperinsulinemic infants and enhance the danger of severe water retention (Silvani et al, 
2004). 
Somatostatin analogues are able to inhibit insulin secretion in various manners by inducing 
hyperpolarisation of β-cells, direct inhibition of the voltage-gated calcium channel and more 
distal insulin secretory pathways. Recommended dose of somatostatin analogues is 5-20 
mg/kg/24 hrs intravenously or subcutaneously, usually in combination with diazoxide. If 
diazoxide is contraindicated and intravenous glucose requirement is too high, somatostatin 
therapy may be used as a first line treatment. Safety and efficacy of long term treatment in 
infants and children has been discussed (Dunne et al, 2004).   
The intravenous administration of glucagon (1-10 μg/kg/hr) may be helpful in acute 
management of infants with hyperinsulinism, rising glycemia reflects the changes in 
gluconeogenesis and glycogenolysis. For long-term therapy, glucagon works like as insulin 
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congenital hyperinsulinism is confirmed, rapid genetic analysis of the affected child and 
parents using HPLC screening followed by sequencing of target genes should be 
recommended (Lindley & Dunne, 2005). 
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mutation of the pancreatic β-cell K+ATP channel consisting of 2 subunits. K+ATP  
hyperinsulinism may be diffuse or focal. More than 100 mutations of ABCC8 (encoding SUR1 
subunit) and 20 mutations of KCNJ11 (encoding Kir6.2 subunit) have been found so far. 
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of milder hypoglycemic symptoms is often later in infancy and childhood. These patients 
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subunit may be inherited in three different mechanism, loss of heterozygosity has been 
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dehydrogenase GDH). Most cases are sporadic due to de novo mutations. Approximately 
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symptomatic hypoglycemia may not been recognized until 1-2 years of age. Patients with 
HI/HA syndrome have relatively mild fasting hypoglycemia. However, after ingestion of 
protein meal, severe protein-sensitive hypoglycemia can happen within 30-90 minutes. 
Diazoxide therapy is usually effective to control fasting and protein-induced hypoglycemia. 
Differential laboratory finding is slightly elevated ammonia level (60-150 μmol/l) without 
therapy requirement. The lack of clinical hyperammonemic symptoms may be explained by 
increased GDH enzyme activity in brain of affected individuals (Li et al, 2006). Less frequent 
form of congenital hyperinsulinism presenting with fasting hypoglycemia is due to 
activating mutations of GCK (glucokinase), sometimes showing autosomal dominant 
pattern. The age of onset and severity of symptoms varies markedly (Cuesta-Munoz et al, 
2004). Rarely, mutation of  HADHSC gene (encoding short chain L-3-hydroxyacyl-CoA 
dehydrogenase SCHAD) with autosomal recessive inheritance may be identified as a cause 
of hyperinsulinism in infants (Hussain et al, 2006).           
Occasionally, congenital carbohydrate-deficient glycoprotein syndrome, also known as 
congenital disorders of glycosylation (CDG), has been identified as a cause of neonatal 
hyperinsulinism. Unlike other forms of hyperinsulinism, CDG often leads to involvment of 
other systems, especially the brain, liver, gut and skeleton. The diagnosis is usually confirmed 
by identification of hyposialylated serum transferrin by isoelectric focusing (Fang et al, 2004).  
Less than 20% of neonates with persistent congenital hyperinsulinism will respond to 
diazoxide therapy, a K+ATP channel opener (De Lonlay et al, 2002 b). Diazoxide binds to 
the SUR1 subunit of the K+ATP channel. Infants with no functional K+ATP channels at the 
β-cell membrane are not expected to respond to diazoxide therapy. On the other hand, 
patients suffering from hyperinsulinism-hyperammonemia syndrome with normal K+ATP 
channel are more likely better responders than those with ABCC8 loss of function mutation. 
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responsiveness. The daily requirement of diazoxide varies between 5-25 mg/kg divided in 
several doses. Otherwise, diazoxide as a channel opener retains sodium and water, 
chlorothiazide has been successfully added to counteract this side event. Appart from acting 
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purpose to supply sufficient glucose, large volumes of intravenous fluids are infused to 
hyperinsulinemic infants and enhance the danger of severe water retention (Silvani et al, 
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distal insulin secretory pathways. Recommended dose of somatostatin analogues is 5-20 
mg/kg/24 hrs intravenously or subcutaneously, usually in combination with diazoxide. If 
diazoxide is contraindicated and intravenous glucose requirement is too high, somatostatin 
therapy may be used as a first line treatment. Safety and efficacy of long term treatment in 
infants and children has been discussed (Dunne et al, 2004).   
The intravenous administration of glucagon (1-10 μg/kg/hr) may be helpful in acute 
management of infants with hyperinsulinism, rising glycemia reflects the changes in 
gluconeogenesis and glycogenolysis. For long-term therapy, glucagon works like as insulin 
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secretagogue and is recommended usually in combination with other treatment lowering 
insulin secretion (Aynsley-Green, 2000). Considerable distinction has been reported on 
glycemic effect of Ca 2+ channel blockers. According to reports of  few centres, some 
hyperinsulinemic infants may profit from nifedipine chronic therapy (Lindley et al, 1996). 
 

Seletctive drugs for hypoglycemic disorders 

1. Intravenous glucose rescue doses 
• Dextrose emergency bolus: IV push 0,2g/kg bolus (2ml/kg of dextrose 10%), 

followed by D 10% continuous infusion of 5ml/kg/hr 
• If plasma glucose not corrected after 15 minutes, bolus 2ml/kg of 10% dextrose 

and increase continuous infusion by 25% to 50% 

2. Glucagon (emergency treatment only in case of insulin-induced hypoglycemia) 
• 1 mg intramusculary or intravenously (0,03-0,1 mg/kg) 
• Side effects: vomiting and rebound hypoglycemia 

3. Diazoxide (use in hyperinsulinism or sulfonylurea overdose) 
• 5 – 15mg/kg/day divided into two or tree doses (if given by IV route, must be 

given over 15 minutes to avoid hypotension) 
• Start with maximum dose (15mg/kg to test), then lower as possible (responders 

usually require 10mg/kg or less) 
• Side effect: fluid and sodium retention, hypertrichosis 

4. Octreotide 
• Start at 2 to 5 mg/kg/day and increase to 20 mg/kg/day SC divided into 3 or 4 

doses 
• Side effect: transient diarrhoea, abdominal discomfort, gallstones, transient 

growth impairment 

5. Cornstarch (for glycogen storage disease) 
• 1 – 2g/kg/dose (freshly prepare each dose by suspending in cold sugar – 

containing liquid) 
• Effect last 4 to 6 hrs 
• Not well absorbed in infancy 
• Side effect: diarrhoea 

6. Carnitine (for free fatty oxidation disorder) 
• 100mg/kg/day divided into three or four doses 
• Side effects: diarrhoea and fishy body odour 

Table 4. Therapy of hypoglycemia (IV intravenous and SC subcutaneous) (Langdon et al, 2008) 

Neonates with severe forms of cogenital hyperinsulinism can usually be stabilised using the 
measures mentioned above (Table 4). After clinical improvement and stable glucose infusion 
rate, the oral feeding can start substantially. The response to enteral feedings, as well as 
protein load, may result in further stimulation of insulin secretion and recurrent 
hypoglycemia. In such infants, the appropriate management seems to be parenteral 
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nutrition, although this approach may also augment insulin release from β-cells (Magge et 
al, 2004). 
Clinically, infants with focal lesions are indistinguishable from those with diffuse 
hyperinsulinism. The focal lesions are potentially curable by surgery, whereas the outcome 
of diffuse K+ATP hyperinsulinism is worse. Furthermore, near total pancreatectomy (95-
98% of pancreas), invasive treatment of severe diffuse hyperinsulinism, is associated with 
a high risk of later development of diabetes mellitus. Focal lesions (usually less than 10 mm 
in diameter) are frequently not visible at laparotomy, the determination of appropriate 
diagnostic methods is necessary to differentiate focal hyperinsulinism from diffuse one. 
Significant different surgerical approach depends on reliable and accurate diagnostic 
evaluation. Conventional imaging methods including ultrasound, ocreotid scintigraphy, 
and magnetic resonance imaging are usually meaningless (Lindley & Dune, 2005).  
Interventional radiology methods, such as transhepatic portal venous insulin sampling and 
selective pancreatic arterial calcium stimulation have only modest success and are 
technically difficult and highly invasive, predominantly in small infants. During sampling 
procedure, the blood glucose concentrations should be kept below 3,0 mmol/l to 
demonstrate insulin hypersecretion in all or in isolated samples. Such glycemia without 
ketones may provoke clinical signs, especially in hyperinsulinism. Recently, positron 
emission tomography (PET) scans with fluorine-18, L-3, 4-dihydroxyphenylalanine (18F-
fluoro-L-DOPA) have been found to accurately discriminate focal form from diffuse 
hyperinsulinism. In infants  with focal hyperinsulinism, there is a local accumulation of 18F-
fluoro-L-DOPA. Combined PET and computed tomography (CT) images make lesion 
possible to be localized (Ericson et al, 1997). 

4. Management of hypoglycemia in children and adults 
Comparing to adults, children have very limited glucose homeostasis because of smaller 
reserves of liver glycogen and muscle protein. Moreover, glucose consumption is relatively 
high due to larger brain-to-body-mass ratio in children. For example, the fuel stores of a 10 
kg infant are only 15% of those of an adult. The real consequence of mentioned differences is 
varios approach to fasting in children and adults. Exposing infants to fasting is not without 
risk, particularly if fatty acid oxidation disorders or adrenal insufficiency are present (de 
Leone et al, 2008).  
Infants younger than 1 year should not be fasted more than 24 hrs, while in older children 
the maximum fasting is 36 hrs. Adults usually require to decrease plasma glucose level 
below diagnostic threshold more than 48 hrs (maximally 72 hrs). The fasting test is 
interrupted, when the plasma glucose falls below  2,8 mmol/l. This starving may be ended 
sooner, if plasma β-hydroxybutyrate rises above 2,0 mmol/l or in the case of any clinical 
signs suggesting hypoglycemia. At the time of hypoglycemia, critical sampling of 
alternative fuels (ketones, lactate and free fatty acids), insulin and counter-regulatory 
hormones (mainly cortisol and growth hormone) is crucial (Table 5). The result of fasting 
test may be affected by β-blockers treatment and unrecognized hypothyroidism, these two 
possibilities should be excluded before fasting. Especially in suspicion of hyperinsulinism, 
the fasting test may be ended with intravenous glucagon admininstration to evaluate the 
glycemic response (de Leon et al, 2008). 
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nutrition, although this approach may also augment insulin release from β-cells (Magge et 
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Clinically, infants with focal lesions are indistinguishable from those with diffuse 
hyperinsulinism. The focal lesions are potentially curable by surgery, whereas the outcome 
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in diameter) are frequently not visible at laparotomy, the determination of appropriate 
diagnostic methods is necessary to differentiate focal hyperinsulinism from diffuse one. 
Significant different surgerical approach depends on reliable and accurate diagnostic 
evaluation. Conventional imaging methods including ultrasound, ocreotid scintigraphy, 
and magnetic resonance imaging are usually meaningless (Lindley & Dune, 2005).  
Interventional radiology methods, such as transhepatic portal venous insulin sampling and 
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procedure, the blood glucose concentrations should be kept below 3,0 mmol/l to 
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4. Management of hypoglycemia in children and adults 
Comparing to adults, children have very limited glucose homeostasis because of smaller 
reserves of liver glycogen and muscle protein. Moreover, glucose consumption is relatively 
high due to larger brain-to-body-mass ratio in children. For example, the fuel stores of a 10 
kg infant are only 15% of those of an adult. The real consequence of mentioned differences is 
varios approach to fasting in children and adults. Exposing infants to fasting is not without 
risk, particularly if fatty acid oxidation disorders or adrenal insufficiency are present (de 
Leone et al, 2008).  
Infants younger than 1 year should not be fasted more than 24 hrs, while in older children 
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alternative fuels (ketones, lactate and free fatty acids), insulin and counter-regulatory 
hormones (mainly cortisol and growth hormone) is crucial (Table 5). The result of fasting 
test may be affected by β-blockers treatment and unrecognized hypothyroidism, these two 
possibilities should be excluded before fasting. Especially in suspicion of hyperinsulinism, 
the fasting test may be ended with intravenous glucagon admininstration to evaluate the 
glycemic response (de Leon et al, 2008). 
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 Fasting 
Hypoglycemia 

Acidosis No Acidosis 
Fuel 
Response Lactic acidosis Ketoacidosis Free fatty acids >

1,5 mmol/l 
Free fatty acids <  

1,5 mmol/l 
Possible 
Disorders 

G – 6 – 
Phosphatase 
deficiency 
Fructose 1,6 – 
diphosphatase 
deficiency 
Pyruvate 
carboxylase 
deficiency  
Normal neonates 

Normal Ketotic 
hypoglycemic 
Glycogen storage 
disorder 
Growth hormone 
deficiency 
Cortisol 
deficiency 

Fatty acid 
oxidation 
disorders  
Normal neonates 

Hyperinsulinism 
Panhypopituitarism 
Small for 
gastational age, 
birth asphyxia 
 

Further Test Gluconeogenic 
precursors 
Glucagon 
stimulation test 

Tests of pituitary 
& adrenal 
function  
Glucagon 
stimulation test  

Acyl – carnitine 
profile 

Glucagon 
stimulation test  
Tests of pituitary, 
adrenal, thyroid 
function 
Insulin assay 
Other tests for 
hyperinsulinism 

Table 5. An algorithmic approach to hypoglycemia (de Leon et al, 2008). 

4.1 Ketotic hypoglycemia 
Ketotic hypoglycemia is the most common cause of low blood glucose level in chilhood. 
Usually, ketotic hypoglycemia begins as recurrent morning episodes of fasting hypoglycemia 
at the age of 2 or 3. The most of cases disappear spontaneously at the age of 8 to 9. Typically, 
partial or complete vomiting of evening meal is reported by parents in history. Especially, 
hypoglycemic episodes are likely to occur during periods of intercurrent illness with limited 
food intake. At the time of documented hypoglycemia, high level of ketones are measured in 
blood and urine, the plasma insulin concentration is typically low (< 2 mIU/l). Plasma alanine 
values are markedly reduced in children with ketotic hypoglycemia after ovenight fasting. 
Infusions of alanine produce a rapid rise in plasma glucose concentration without significant 
changes in lactate or pyruvate levels. This suggests that a deficiency of substrate, rather than 
defect in gluconeogenesis, plays a role in etiopathogenesis. Alanine, as a major 
gluconeogenetic amino acid precursor, is released from muscle during periods of caloric 
reduction. Children suffering from ketotic hypoglycemia are usually smaller than those of 
same age, reduced muscle mass in such patients may partially explain decreased supplies of 
gluconeogenic substrates (Stanley, 2006). 
The diagnosis of ketotic hypoglycemia can be claimed only after exclusion of the others. 
Recurrent hypoglycemia with ketosis may occur in the case of hormone deficiencies, defects 
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in gluconeogenesis and glycogen metabolism. Sometimes, the diagnosis demands the 
confirmation gained by supervised fasting. Low blood glucose level in combination with 
elevated ketones and free fatty acids develops within 14 to 24 hrs in most children with 
ketotic hypoglycemia. Prevention of ketotic hypoglycemia involves frequent high-
carbohydrate feedings, as well as overnight fasting should be shortened. The child with 
ketotic hypoglycemia should not fast more than 12 hrs. During intercurrent illness, parents 
ought to test the urine of child, the presence of ketones precedes hypoglycemia by several 
hours, and such ketones in urine may be the indicator of subsequent low blood glucose. In 
the presence of ketonuria, high-carbohydrate liquids should be offered to child. Vomiting 
child with ketotic hypoglycemia should be reffered to the hospital for intravenous glucose 
administration (Langdon et al, 2008).   

4.2 Hyperinsulinism 
All genetic causes of hyperinsulinism may be diagnosed later in childhood, these are usually 
not so severe as persistent neonatal forms. In adolescence and adulthood, insulinoma 
appears more frequent cause of hyperinsulinism comparing to genetic ones. Insulin-
secreting adenomas (insulinoma) of pancreas are extremely rare in young children, at this 
age diffuse or focal hyperinsulinism is more common. Insulinomas may occur sporadically, 
but familial form as a part of MEN 1 should be considered. Exclusion of parathyroid, 
pituitary and pancreatic hormone overproduction should be done in insulinoma patient and 
in family. MEN 1 may be confirmed by analysis of  mutations of gene, encoding menin 
(Greenberg et al, 2000). Routine imaging of the pancreas (abdominal ultrasound, CT, MRI) 
often fails to reveal the tumor, unless it is bigger than 2 cm. Insulinomas are usually 
unvisible on octreotid scan. Elaborating noninvasive diagnostic methods, the endoscopic 
ultrasonography seems to be the most helpful before surgery, higher sensitivity (90%) is 
described only in intraoperative ultrasonographic investigation. In adolescents and adults, 
invasive pancreatic arterial stimulation with calcium and subsequent venous sampling of 
insulin levels may localize the insulinoma to a region of  pancreas, method is technically 
difficult in small children. Accurate diagnosis of hyperinsulinism must precede all invasive 
examinations and surgery (Hirshberg et al, 2000). Factitious hyperinsulinism ought to be 
strictly excluded, especially in puberty and adolescence. Inspite of true hyperinsulinism, C-
peptide level is low in the case of intoxication with human insulin. However, both true 
hyperinsulinism and sulfonylurea poisoning show high C-peptide concentration. If 
iatrogenic hyperinsulinism is suspected, the concentration of sulfonylurea drugs should be 
measured by specific toxicologic examination (Marks &  Teale, 1999). Small number of 
children and adults may suffer from hypoglycemic seizures or syncope due to 
hyperinsulinism occurring with anaerobic exercise. The condition is inherited in an 
autosomal dominant pattern (Meissner et al, 2001). 

4.3 Counter-regulatory hormone deficiency 
Four hormones are involved in maintaining blood glucose level, but only cortisol and 
growth hormone deficiency are usually examined as a cause of hypoglycemia. Although all 
forms of hypocorticism may present by hypoglycemia, ACTH deficiency or 
unresponsiveness is more likely reflected in clinical sign of hypoglycemia than primary 
adrenal failure. Iatrogenic suppression of adrenal function is one of the most common 
causes of ACTH deficiency, but may be underdiagnosed due to absence of typical electrolyte 
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blood and urine, the plasma insulin concentration is typically low (< 2 mIU/l). Plasma alanine 
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Infusions of alanine produce a rapid rise in plasma glucose concentration without significant 
changes in lactate or pyruvate levels. This suggests that a deficiency of substrate, rather than 
defect in gluconeogenesis, plays a role in etiopathogenesis. Alanine, as a major 
gluconeogenetic amino acid precursor, is released from muscle during periods of caloric 
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same age, reduced muscle mass in such patients may partially explain decreased supplies of 
gluconeogenic substrates (Stanley, 2006). 
The diagnosis of ketotic hypoglycemia can be claimed only after exclusion of the others. 
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in gluconeogenesis and glycogen metabolism. Sometimes, the diagnosis demands the 
confirmation gained by supervised fasting. Low blood glucose level in combination with 
elevated ketones and free fatty acids develops within 14 to 24 hrs in most children with 
ketotic hypoglycemia. Prevention of ketotic hypoglycemia involves frequent high-
carbohydrate feedings, as well as overnight fasting should be shortened. The child with 
ketotic hypoglycemia should not fast more than 12 hrs. During intercurrent illness, parents 
ought to test the urine of child, the presence of ketones precedes hypoglycemia by several 
hours, and such ketones in urine may be the indicator of subsequent low blood glucose. In 
the presence of ketonuria, high-carbohydrate liquids should be offered to child. Vomiting 
child with ketotic hypoglycemia should be reffered to the hospital for intravenous glucose 
administration (Langdon et al, 2008).   

4.2 Hyperinsulinism 
All genetic causes of hyperinsulinism may be diagnosed later in childhood, these are usually 
not so severe as persistent neonatal forms. In adolescence and adulthood, insulinoma 
appears more frequent cause of hyperinsulinism comparing to genetic ones. Insulin-
secreting adenomas (insulinoma) of pancreas are extremely rare in young children, at this 
age diffuse or focal hyperinsulinism is more common. Insulinomas may occur sporadically, 
but familial form as a part of MEN 1 should be considered. Exclusion of parathyroid, 
pituitary and pancreatic hormone overproduction should be done in insulinoma patient and 
in family. MEN 1 may be confirmed by analysis of  mutations of gene, encoding menin 
(Greenberg et al, 2000). Routine imaging of the pancreas (abdominal ultrasound, CT, MRI) 
often fails to reveal the tumor, unless it is bigger than 2 cm. Insulinomas are usually 
unvisible on octreotid scan. Elaborating noninvasive diagnostic methods, the endoscopic 
ultrasonography seems to be the most helpful before surgery, higher sensitivity (90%) is 
described only in intraoperative ultrasonographic investigation. In adolescents and adults, 
invasive pancreatic arterial stimulation with calcium and subsequent venous sampling of 
insulin levels may localize the insulinoma to a region of  pancreas, method is technically 
difficult in small children. Accurate diagnosis of hyperinsulinism must precede all invasive 
examinations and surgery (Hirshberg et al, 2000). Factitious hyperinsulinism ought to be 
strictly excluded, especially in puberty and adolescence. Inspite of true hyperinsulinism, C-
peptide level is low in the case of intoxication with human insulin. However, both true 
hyperinsulinism and sulfonylurea poisoning show high C-peptide concentration. If 
iatrogenic hyperinsulinism is suspected, the concentration of sulfonylurea drugs should be 
measured by specific toxicologic examination (Marks &  Teale, 1999). Small number of 
children and adults may suffer from hypoglycemic seizures or syncope due to 
hyperinsulinism occurring with anaerobic exercise. The condition is inherited in an 
autosomal dominant pattern (Meissner et al, 2001). 

4.3 Counter-regulatory hormone deficiency 
Four hormones are involved in maintaining blood glucose level, but only cortisol and 
growth hormone deficiency are usually examined as a cause of hypoglycemia. Although all 
forms of hypocorticism may present by hypoglycemia, ACTH deficiency or 
unresponsiveness is more likely reflected in clinical sign of hypoglycemia than primary 
adrenal failure. Iatrogenic suppression of adrenal function is one of the most common 
causes of ACTH deficiency, but may be underdiagnosed due to absence of typical electrolyte 
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abnormalities. Vomiting, hypotension and hypoglycemia can be provoked by a stressful 
event in a child who weaned high-dose glucocorticoid therapy. Milder clinical manifestation 
may be caused by topical, inhaled or intranasal glucocorticoid preparations. Such treatment 
is advocated for many persons, and combination of these forms may lead to episodic 
hypoglycemia and can have possible impact to growth in childhood (Pinney et al, 2007). 
ACTH deficiency should be excluded in obese patient with red hair, especially before 
planned surgery. POMC mutations has been indentified as a cause of hypocorticism in this 
atypical clinical presentation (Krude et al, 1998). Idiopathic ACTH deficiency can be 
acquired in childhood, adolescence and also later in life. An association with autoimmune 
thyroiditis or celiac disease suggests autoimmune hypophysitis. Detailed history and 
examination are recommended to exclude pituitary damage, e.g. head trauma, pituitary 
infarction, infection, cranial radiation and tumors.  
Patients with primary adrenal insufficiency are hyperpigmented due to oversecretion of  
proopiomelanocortin (POMC) and subsequently high ACTH and MSH levels, hypoglycemia 
is usually associated with typical mineral disturbances. In adolescence and adulthood, the 
common cause is autoimmune adrenalitis. Other autoimmune disorders should be 
considered (as a part of APS1 or APS2a), the positivity of organ-specific antibodies (ACA, 
anti-21-hydroxylase) is helpful in diagnostic approach. Typically, hypoparathyroidism and 
mucocutaneous candidosis precede adrenal failure in child with autoimmune polyglandular 
syndrome type 1 (APS1), defect in autoimmune regulator gene (AIRE) has been determined 
with recessive inheritance. In boys with proven adrenal failure, adrenoleukodystrophy 
should be excluded. This X-linked recessive disorder is detected by high levels of very long-
chain fatty acids in urine. Milder form - adrenomyelopathy develops in childhood and 
adolescence, and neurological disease follows 10-15 years later. Severe form is much rare 
and starts in infancy. Hyperpigmentation and high ACTH level are also found in ACTH 
resistance (Allgrove syndrome – tripple A), inherited autosomal dominantly. Main features 
are achalasia, alacrimia and adrenal failure, patients suffer from autonomic dysfunction and 
progressive neurological symptoms. Mutation in ALADIN gene has been found in patients 
with tripple A syndrome (Randell et al, 2007). 
GH deficiency may be either isolated, or as a part of panhypopituitarism. Two stimulation 
tests (GH<10 ng/ml) are required for diagnosis in children with growth retardation (SDS<-2), 
hypothyroidism and celiac disease should be excluded before testing. One test may be 
sufficient in the case of positive history to cranial radiation, or MRI imaging of empty sella, 
septooptic dysplasia or corporus callosum agenesis. After head surgery due to 
craniopharyngeoma, observing period without GH therapy is 2 years at least. In the case of 
complete pituitary insufficiency, the significant growth rate slowing, low IGF1 level and 
previously claimed three hormone deficiencies, any testing is not necessary. Moreover, 
provocation of hypoglycemia may be harmful and dangerous due to lack of two counter-
regulatory hormones in panhypopituitaric child. Imaging findings, such as agenesis of 
corpus callosum, septooptic dysplasia or empty sella must increase clinical suspicion 
(Rosenfeld & Cohen, 2008).  
Thirty minutes after hypoglycemia, sampling of hormones may reveal counter-regulatory 
deficiency more sensitively than measurement of critical sample. At the time of low blood 
glucose level, higher concentrations of cortisol (>500 nmol/l) and GH (>10 ng/ml) exclude 
substantial lack of these hormones. However, decreased counter-regulatory hormones in 
critical sample are not diagnostic for hormonal deficiencies. The peak of these hormones is 
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present approximately 30 minutes after hypoglycemic episode confirmed by laboratory 
blood glucose measurement below diagnostic threshold (<2,8 mmol/l). Such information 
about duration of hypoglycemia can not be usually obtained at the time of critical sampling. 
On the other hand, measurement of insulin and C-peptide levels at the time of low blood 
glucose level remains crucial for diagnosis of hyperinsulinism.   
Teoretically, epinephrine deficiency may contribute to hypoglycemia of adrenal failure. 
However, hypoglycemia is rare in patients with bilateral adrenalectomy on adequate 
glucocorticoid replacement. Similarly, diabetic patients exhibit diminished epinephrine 
secretion more probably due to repeated hypoglycemia. Reduction of insulin-induced 
hypoglycemia can usually restore normal catecholamine response. Impaired glucagon 
secretion also increases the risk of hypoglycemia in patients with type 1 diabetes (Langdon 
et al, 2008). 

4.4 Glycogen storage disease 
Glucose is stored as a glycogen in the liver, muscles, and kidneys. If there is defect in 
formation or breakdown of glycogen, hypoglycamia may take part. In such group of 
metabolic inborn errors, glycogen storage disease (GSD) type 1 (glucose-6-phosphatase 
deficiency) is the most common cause of hypoglycemia. Appart from defect in glycogen 
metabolism, glucose-6-phosphatase deficiency is also essential enzyme for gluconeogenesis. 
Disruption of two metabolic pathways in GSD type 1 leads to significant persistent or 
recurrent hypoglycemia. Fortunately, glucose values within the range 30-50 mg/dl (1,7-2,8 
mmol/l) are usually well tolerated, reflecting the adaptation of the brain to alternative fuel 
sources (lactate). Despite subtle clinical picture at the time of marked hypoglycemia, 
counter-regulatory hormones are elevated appropriately. Consequent promotion of 
glycogenolysis, gluconeogenesis and lipolysis increases lactate, triglycerides and ketones 
level. Clinically, glucose-6-phosphatase deficiency leads to massive glycogen stores and 
progressive hepatomegaly, renal tubular disease and malabsorbtion, later growth 
retardation is common. In addition to recurrent hypoglycemia, there is also lactic acidosis, 
elevated lipid levels and hyperuricemia in children with GSD type 1. Most cases are 
diagnosed in childhood, although sometimes GSD presents as a neonatal hypoglycemia  
Diagnosis is made by enzymatic studies of liver, kidney or intestine biopsy tissue or by 
elaborating specific gene mutations. Availability of mutation analysis has made the need for 
liver biopsy obsolete. Management approach involves continuous nasogastric or 
gastrostomy nocturnal feeding (6-8 mg/kg/min of glucose) and cornstarch supplementation 
(1-2g/kg every 4 hrs). Patients are fed every 2 hrs during the day, and glucose should 
be continuously provided overnight.  
GSD type 3 (amylo-1,6-glucosidase deficiency) exhibits similar laboratory and clinical 
findings, such as hepatomegaly and growth failure, occasionally progressive muscle 
weakness and cardiomyopathy has been recorded. GSD type 6 and 9 (liver phosphorylase 
deficiency) has a comparatively benign course, mild episodes of hypoglycemia are not 
usually associated with lactic acidemia and hyperuricemia. Furthermore, elevated 
transaminase and hyperlipidemia are measured, affected children are investigated for 
hepatomegaly, hypotonia and muscle weakness. Most of these clinical features resolve by 
puberty, although some individuals may have a problem with cardiomyopathy, myopathy 
and renal tubular acidosis. In patient with concomitant liver and muscle involvment, the use 
of low-carbohydrate high-protein diet has been suggested to protect muscle from lack of 
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abnormalities. Vomiting, hypotension and hypoglycemia can be provoked by a stressful 
event in a child who weaned high-dose glucocorticoid therapy. Milder clinical manifestation 
may be caused by topical, inhaled or intranasal glucocorticoid preparations. Such treatment 
is advocated for many persons, and combination of these forms may lead to episodic 
hypoglycemia and can have possible impact to growth in childhood (Pinney et al, 2007). 
ACTH deficiency should be excluded in obese patient with red hair, especially before 
planned surgery. POMC mutations has been indentified as a cause of hypocorticism in this 
atypical clinical presentation (Krude et al, 1998). Idiopathic ACTH deficiency can be 
acquired in childhood, adolescence and also later in life. An association with autoimmune 
thyroiditis or celiac disease suggests autoimmune hypophysitis. Detailed history and 
examination are recommended to exclude pituitary damage, e.g. head trauma, pituitary 
infarction, infection, cranial radiation and tumors.  
Patients with primary adrenal insufficiency are hyperpigmented due to oversecretion of  
proopiomelanocortin (POMC) and subsequently high ACTH and MSH levels, hypoglycemia 
is usually associated with typical mineral disturbances. In adolescence and adulthood, the 
common cause is autoimmune adrenalitis. Other autoimmune disorders should be 
considered (as a part of APS1 or APS2a), the positivity of organ-specific antibodies (ACA, 
anti-21-hydroxylase) is helpful in diagnostic approach. Typically, hypoparathyroidism and 
mucocutaneous candidosis precede adrenal failure in child with autoimmune polyglandular 
syndrome type 1 (APS1), defect in autoimmune regulator gene (AIRE) has been determined 
with recessive inheritance. In boys with proven adrenal failure, adrenoleukodystrophy 
should be excluded. This X-linked recessive disorder is detected by high levels of very long-
chain fatty acids in urine. Milder form - adrenomyelopathy develops in childhood and 
adolescence, and neurological disease follows 10-15 years later. Severe form is much rare 
and starts in infancy. Hyperpigmentation and high ACTH level are also found in ACTH 
resistance (Allgrove syndrome – tripple A), inherited autosomal dominantly. Main features 
are achalasia, alacrimia and adrenal failure, patients suffer from autonomic dysfunction and 
progressive neurological symptoms. Mutation in ALADIN gene has been found in patients 
with tripple A syndrome (Randell et al, 2007). 
GH deficiency may be either isolated, or as a part of panhypopituitarism. Two stimulation 
tests (GH<10 ng/ml) are required for diagnosis in children with growth retardation (SDS<-2), 
hypothyroidism and celiac disease should be excluded before testing. One test may be 
sufficient in the case of positive history to cranial radiation, or MRI imaging of empty sella, 
septooptic dysplasia or corporus callosum agenesis. After head surgery due to 
craniopharyngeoma, observing period without GH therapy is 2 years at least. In the case of 
complete pituitary insufficiency, the significant growth rate slowing, low IGF1 level and 
previously claimed three hormone deficiencies, any testing is not necessary. Moreover, 
provocation of hypoglycemia may be harmful and dangerous due to lack of two counter-
regulatory hormones in panhypopituitaric child. Imaging findings, such as agenesis of 
corpus callosum, septooptic dysplasia or empty sella must increase clinical suspicion 
(Rosenfeld & Cohen, 2008).  
Thirty minutes after hypoglycemia, sampling of hormones may reveal counter-regulatory 
deficiency more sensitively than measurement of critical sample. At the time of low blood 
glucose level, higher concentrations of cortisol (>500 nmol/l) and GH (>10 ng/ml) exclude 
substantial lack of these hormones. However, decreased counter-regulatory hormones in 
critical sample are not diagnostic for hormonal deficiencies. The peak of these hormones is 
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present approximately 30 minutes after hypoglycemic episode confirmed by laboratory 
blood glucose measurement below diagnostic threshold (<2,8 mmol/l). Such information 
about duration of hypoglycemia can not be usually obtained at the time of critical sampling. 
On the other hand, measurement of insulin and C-peptide levels at the time of low blood 
glucose level remains crucial for diagnosis of hyperinsulinism.   
Teoretically, epinephrine deficiency may contribute to hypoglycemia of adrenal failure. 
However, hypoglycemia is rare in patients with bilateral adrenalectomy on adequate 
glucocorticoid replacement. Similarly, diabetic patients exhibit diminished epinephrine 
secretion more probably due to repeated hypoglycemia. Reduction of insulin-induced 
hypoglycemia can usually restore normal catecholamine response. Impaired glucagon 
secretion also increases the risk of hypoglycemia in patients with type 1 diabetes (Langdon 
et al, 2008). 

4.4 Glycogen storage disease 
Glucose is stored as a glycogen in the liver, muscles, and kidneys. If there is defect in 
formation or breakdown of glycogen, hypoglycamia may take part. In such group of 
metabolic inborn errors, glycogen storage disease (GSD) type 1 (glucose-6-phosphatase 
deficiency) is the most common cause of hypoglycemia. Appart from defect in glycogen 
metabolism, glucose-6-phosphatase deficiency is also essential enzyme for gluconeogenesis. 
Disruption of two metabolic pathways in GSD type 1 leads to significant persistent or 
recurrent hypoglycemia. Fortunately, glucose values within the range 30-50 mg/dl (1,7-2,8 
mmol/l) are usually well tolerated, reflecting the adaptation of the brain to alternative fuel 
sources (lactate). Despite subtle clinical picture at the time of marked hypoglycemia, 
counter-regulatory hormones are elevated appropriately. Consequent promotion of 
glycogenolysis, gluconeogenesis and lipolysis increases lactate, triglycerides and ketones 
level. Clinically, glucose-6-phosphatase deficiency leads to massive glycogen stores and 
progressive hepatomegaly, renal tubular disease and malabsorbtion, later growth 
retardation is common. In addition to recurrent hypoglycemia, there is also lactic acidosis, 
elevated lipid levels and hyperuricemia in children with GSD type 1. Most cases are 
diagnosed in childhood, although sometimes GSD presents as a neonatal hypoglycemia  
Diagnosis is made by enzymatic studies of liver, kidney or intestine biopsy tissue or by 
elaborating specific gene mutations. Availability of mutation analysis has made the need for 
liver biopsy obsolete. Management approach involves continuous nasogastric or 
gastrostomy nocturnal feeding (6-8 mg/kg/min of glucose) and cornstarch supplementation 
(1-2g/kg every 4 hrs). Patients are fed every 2 hrs during the day, and glucose should 
be continuously provided overnight.  
GSD type 3 (amylo-1,6-glucosidase deficiency) exhibits similar laboratory and clinical 
findings, such as hepatomegaly and growth failure, occasionally progressive muscle 
weakness and cardiomyopathy has been recorded. GSD type 6 and 9 (liver phosphorylase 
deficiency) has a comparatively benign course, mild episodes of hypoglycemia are not 
usually associated with lactic acidemia and hyperuricemia. Furthermore, elevated 
transaminase and hyperlipidemia are measured, affected children are investigated for 
hepatomegaly, hypotonia and muscle weakness. Most of these clinical features resolve by 
puberty, although some individuals may have a problem with cardiomyopathy, myopathy 
and renal tubular acidosis. In patient with concomitant liver and muscle involvment, the use 
of low-carbohydrate high-protein diet has been suggested to protect muscle from lack of 
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alanin. Biochemical studies of leucocytes may confirm the diagnosis of GSD, except type 1 
and 0. Glycogen synthase deficiency (GSD 0) is a rare but probably under-diagnosed cause 
of hypoglycemia. Fasting hypoglycemia is ketotic and unlike of other GSD, hepatomegaly is 
not observed. Diagnosis of GSD 0 can be determined by liver biopsy, recently mutation 
analysis of glycogen synthase gene has been available (Weinstein et al, 2006). 
Glycogen accumulation in liver and kidney may be caused by GLUT2 deficiency (also 
known as Fanconi-Bickel syndrome). GLUT2  allows glucose transport across cell membrane 
of β-cells, renal tubule cells and hepatocytes. Except postprandial hyperglycemia due to 
reduced glucose transport on β-cell, clinical and laboratory findings are similar to Gierke 
disease (GSD type 1). Children suffer from fasting hypoglycemia, postprandial 
hyperglycemia, glucosuria, phosphaturia, aminoaciduria and metabolic acidosis. 
Furthermore, hepatomegaly, hypophosphatemic rickets and severe growth retardation can 
be present (Santer et al, 2002). Unlike GULT2 deficiency, GLUT1 is responsible for glucose 
transport across blood-brain barrier. The clinical consequence varies from classic picture of 
developmental encephalopathy with seizures to atypic presentations, e.g. mental 
retardation, intermittent ataxia, choreoatetosis, dystonia and dysartric speech. The diagnosis 
is confirmed by hypoglycorrhachia in cerebrospinal fluid despite normal plasma glucose 
concentration. Recent discovery of this condition may explain previously longtime reported 
positive effect of ketogenic diet in some patients with neurologic defect. The ketogenic diet 
successfully controls the seizures in patients with GLUT1 deficiency, but has smaller effect 
on the cognitive function (Wang et al, 2005).    

4.5 Autoimmune hypoglycemia 
Autoimmune hypoglycemia can result from antibodies directed either against insulin or 
insulin receptor, and may occur in all ages. The hypoglycemia is most often postprandial, but 
may be fasting. Laboratory findings are usually similar to exogeneous hyperinsulinism (high 
insulin and low C-peptide) in patients with anti-insulin antibodies positivity, whereas 
autoimmune hypoglycemia due to anti-insulin receptor antibodies shows typically 
undetectable insulin and C-peptide level. Rarely, antibodies directed against surface antigens 
on β-cells has been reported as a cause of autoimmune hypoglycemia (Redmon & Nutal, 1999). 

4.6 Reactive hypoglycemia 
The term of idiopathic postprandial syndrome, also known as reactive hypoglycemia, has 
been used for any clinical symptoms suggesting hypoglycemia that occur 2-4 hours after 
meal. Many healthy children and adults may have glycemia less than 60 mg/dl (3,3 
mmol/l) without clinical presentation postpradially, consequently the oral glucose tolerance 
test has as a little diagnostic value in this syndrome. Most patients are adolescent girls with 
positive family history of similar symptoms in mother. At first, diagnosis such as panic 
attack, hyperventilation, vasovagal syncope and orthostatic hypotension should be 
excluded. Diagnosis of reactive hypoglycemia requires confirmation of low blood glucose 
level at the time of clinical symptoms suggesting hypoglycemia, and exclusion of other 
pathologic conditions (e.g. hyperinsulinism).  

4.7 Alimentary hypoglycemia 
All patients with Nissen fundoplication and gastrostomy tube are at risk of alimentary 
hypoglycemia. After surgery, rapid absorbtion of high-glucose fluids causes 
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hyperinsulinism, responsible for hypoglycemia in 1-2 hours later. This condition, known as 
a late (glucose) dumping may occur in one third of patients with fundoplication and gastric 
tube. In long-term management, an avoidance high load of rapid carbohydrates, a 
supplementation of acarbose of 12-75 mg per dose, and a complex carbohydrate formula 
may be successful (Ng et al, 2002). 

4.8 Hypoglycemia induced by exogenous agents 
Many medicaments may cause hypoglycemia as a side effect, directly or indirectly. Unlike 
to direct effect of β-blockers, discontinuation of chronic high-dose inhaled corticosteroid 
treatment and subsequent adrenal suppression might cause hypoglycemia indirectly. The 
correct attitude to any person presenting with hypoglycemia is awareness of detailed drug 
history concerning all family members. Common causes of low blood glucose level due to 
poisoning are paracetamol or salicylate overdoses, sulfonylurea ingestion and insulin 
administration. Especially, insulin overdoses should be considered, if insulin concentration 
is too high despite of supressed C-peptide level. In such patients, family history is usually 
positive for type 1 diabetes treated by human insulins. Administration of insulin analogues 
may not be detected by immunoassay, the serum insulin concentration may be falsely low. 
Recommended treatment is glucose ingestion or infusion, in case of insufficiency of these 
procedures, the successful use of diazoxide and ocreotid has been reported (Lheurex et al, 
2005). Sometimes, antidotes are necessary, for example, paracetamol poisoning requires 
addition of N-acetylcysteine. Similarly, salicylate intoxication may initiate changes in 
glucose metabolism, hyper- and hypoglycemia have been reported. Alcohol consumption 
reduces gluconeogenesis, hypoglycemia may occur in a several hours after acute 
intoxication. Ingestion of plants such as cocklebur (Xanthium stumarium) can cause 
hypoglycemia, kidney or liver dysfunction, and large amount may lead to multi-organ 
failure (Randell, 2007).  

4.9 Hypoglycemia in non-insulin secreting tumors   
Hypoglycemia has been reported in patients with non-insulin secreting tumors, 
predominantly large retroperitoneal ones. The serum evaluation of such patients shows 
elevated insulin–like growth factor 2 (IGF2).  IGF-2 activates IGF-1 receptor and cross 
activates insulin receptor, causing hypoglycemia. In management approach, the method of 
choice is surgical removal of tumor. Some authors reffers to success with growth hormone 
treatment up to the time of definitive surgery (Agus et al, 1995). However, this approach 
may be contradictory and needs other evidence.  

4.10 Hypoglycemia in critical illness and organ failure 
Approximately 30% of patients with severe malaria suffer from hypoglycemia, and the 
presence of low blood glucose seems to be associated with increased mortality in malaric 
patients. In addition, the therapy for malaria can contribute to hypoglycemia, in particular, 
quinine stimulates insulin secretion. Hypoglycemia is also common in other critically ill 
patients and has been reported in organ failure or severe disease, such as sepsis, head injury, 
heart failure, chronic renal failure, acute hepatic necrosis, pancreatitis, severe enteritis and 
multiple organ failure. Etiopathogenesis of hypoglycemia in these patients is often 
multifactorial: lack of substrate, undernutrition, accelerated glucose consumption, impaired 
gluconeogenesis, misplaced infusion line, cytokine and drug effect (Langdon et al, 2008). On 
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alanin. Biochemical studies of leucocytes may confirm the diagnosis of GSD, except type 1 
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known as Fanconi-Bickel syndrome). GLUT2  allows glucose transport across cell membrane 
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is confirmed by hypoglycorrhachia in cerebrospinal fluid despite normal plasma glucose 
concentration. Recent discovery of this condition may explain previously longtime reported 
positive effect of ketogenic diet in some patients with neurologic defect. The ketogenic diet 
successfully controls the seizures in patients with GLUT1 deficiency, but has smaller effect 
on the cognitive function (Wang et al, 2005).    
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been used for any clinical symptoms suggesting hypoglycemia that occur 2-4 hours after 
meal. Many healthy children and adults may have glycemia less than 60 mg/dl (3,3 
mmol/l) without clinical presentation postpradially, consequently the oral glucose tolerance 
test has as a little diagnostic value in this syndrome. Most patients are adolescent girls with 
positive family history of similar symptoms in mother. At first, diagnosis such as panic 
attack, hyperventilation, vasovagal syncope and orthostatic hypotension should be 
excluded. Diagnosis of reactive hypoglycemia requires confirmation of low blood glucose 
level at the time of clinical symptoms suggesting hypoglycemia, and exclusion of other 
pathologic conditions (e.g. hyperinsulinism).  
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All patients with Nissen fundoplication and gastrostomy tube are at risk of alimentary 
hypoglycemia. After surgery, rapid absorbtion of high-glucose fluids causes 
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hyperinsulinism, responsible for hypoglycemia in 1-2 hours later. This condition, known as 
a late (glucose) dumping may occur in one third of patients with fundoplication and gastric 
tube. In long-term management, an avoidance high load of rapid carbohydrates, a 
supplementation of acarbose of 12-75 mg per dose, and a complex carbohydrate formula 
may be successful (Ng et al, 2002). 

4.8 Hypoglycemia induced by exogenous agents 
Many medicaments may cause hypoglycemia as a side effect, directly or indirectly. Unlike 
to direct effect of β-blockers, discontinuation of chronic high-dose inhaled corticosteroid 
treatment and subsequent adrenal suppression might cause hypoglycemia indirectly. The 
correct attitude to any person presenting with hypoglycemia is awareness of detailed drug 
history concerning all family members. Common causes of low blood glucose level due to 
poisoning are paracetamol or salicylate overdoses, sulfonylurea ingestion and insulin 
administration. Especially, insulin overdoses should be considered, if insulin concentration 
is too high despite of supressed C-peptide level. In such patients, family history is usually 
positive for type 1 diabetes treated by human insulins. Administration of insulin analogues 
may not be detected by immunoassay, the serum insulin concentration may be falsely low. 
Recommended treatment is glucose ingestion or infusion, in case of insufficiency of these 
procedures, the successful use of diazoxide and ocreotid has been reported (Lheurex et al, 
2005). Sometimes, antidotes are necessary, for example, paracetamol poisoning requires 
addition of N-acetylcysteine. Similarly, salicylate intoxication may initiate changes in 
glucose metabolism, hyper- and hypoglycemia have been reported. Alcohol consumption 
reduces gluconeogenesis, hypoglycemia may occur in a several hours after acute 
intoxication. Ingestion of plants such as cocklebur (Xanthium stumarium) can cause 
hypoglycemia, kidney or liver dysfunction, and large amount may lead to multi-organ 
failure (Randell, 2007).  

4.9 Hypoglycemia in non-insulin secreting tumors   
Hypoglycemia has been reported in patients with non-insulin secreting tumors, 
predominantly large retroperitoneal ones. The serum evaluation of such patients shows 
elevated insulin–like growth factor 2 (IGF2).  IGF-2 activates IGF-1 receptor and cross 
activates insulin receptor, causing hypoglycemia. In management approach, the method of 
choice is surgical removal of tumor. Some authors reffers to success with growth hormone 
treatment up to the time of definitive surgery (Agus et al, 1995). However, this approach 
may be contradictory and needs other evidence.  

4.10 Hypoglycemia in critical illness and organ failure 
Approximately 30% of patients with severe malaria suffer from hypoglycemia, and the 
presence of low blood glucose seems to be associated with increased mortality in malaric 
patients. In addition, the therapy for malaria can contribute to hypoglycemia, in particular, 
quinine stimulates insulin secretion. Hypoglycemia is also common in other critically ill 
patients and has been reported in organ failure or severe disease, such as sepsis, head injury, 
heart failure, chronic renal failure, acute hepatic necrosis, pancreatitis, severe enteritis and 
multiple organ failure. Etiopathogenesis of hypoglycemia in these patients is often 
multifactorial: lack of substrate, undernutrition, accelerated glucose consumption, impaired 
gluconeogenesis, misplaced infusion line, cytokine and drug effect (Langdon et al, 2008). On 
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the other hand, an acute illness may reveal latent disorder of glucose metabolism (Weinstein 
et al, 2001). 

4.11 Hypoglycemia in diabetes mellitus 
In diabetic patients, clinical symptoms suggesting hypoglycemia should be promptly 
treated by rapid carbohydrate intake, 15 g of carbohydrates are recommended to 50 kg 
patient as usual. If signs last in 15 minutes, the same dose of carbohydrates should be 
taken. Clinical presentation of severe hypoglycemia, such as seizures and 
unconsciousness, must be cured by intramuscular or subcutaneous administration of 
glucagon with assistance of another person. The incidence of hypoglycemia induced by 
insulin therapy is higher than those caused by sulfonylureas. However, pre-existing renal 
failure may increase the risk of hypoglycemia in patients on sulfonyurea therapy. 
Measurements of a particularly low HbA1c level should be suspected of unknown 
hypoglycemic episodes in past. 
The frequency of severe hypoglycemia is declining due to improvement of techniques, 
therapeutic strategies and insulin structure (Baunduceau et al, 2010).  Hypoglycemia may be 
harmful in patients with history of ischemic heart disease, association between severe 
hypoglycemia and sudden death has been described. Prolonged duration of type 1 diabetes 
is linked to higher risk of severe hypoglycemia due to profound lack of insulin, furthermore, 
protective hormone response may be diminished (Heller, 2010). In ADVANCE study, an 
increase in the frequency of severe hypoglycemia was found in elderly diabetics presenting 
with substantial cognitive disorders. However, dementia alone is a significant risk factor for 
occurrence of severe hypoglycemic episodes due to mistakes in diabetes management 
(Bauduceau, 2010). Similarly, infants and small children are not able to manage own 
diabetes, hypoglycemia must be resolved by help of another person, so all hypoglycemia in 
such patients should be considered as a serious.  
During exercise, diabetic patients are usually at risk of glucose declining, sometimes falling 
to hypoglycemic levels. Adequate carbohydrate replacement during and after exercise 
seems to be the most important measure to prevent hypoglycemia, an insulin reduction 
from 20 to 30% can be reasonable only for exercise lasting more than one hour (Grimm et al, 
2004).  Repeated unexpected low blood glucose levels in type 1 diabetes (DM 1) may be the 
indicator of associated disorders. All patients with DM 1 requiring significant reduction of 
insulin dose, should be testing for autoimmune hypothyroidism, hypocorticism and celiac 
disease. 

5. Conclusion 
Diagnostic approach to hypoglycemia should be based on critical sample of intermediate 
metabolites and hormones at the time of laboratory proven low blood glucose level as well 
as 30 minutes after hypoglycemic episode. Authors suggest that repeating second sampling 
may be more helpful for determination of  deficiency of counter-regulatory hormones. All 
management effort should be done to obtain such measurement as soon as possible, with 
consequent quick and appropriate treatment. Delayed or incorrect diagnosis of 
hypoglycemic symptoms may lead to many different irreversibile neurologic disturbances, 
especially in infants and small children.     
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1. Introduction 
Hypoglycemia is a biochemical symptom, which refers to the presence of an underlying 
cause. As glucose is the fundamental energy currency of the cell, disorders that affect its 
availability or its use can cause hypoglycemia (DePuy et al., 2009, Schaefer-Graf et al., 2002). 
Glucose is a source of energy storage in the form of glycogen, fat, and protein and 
hypoglycemia is the most common metabolic problem among pediatric patients in the 
critical care medicine (DePuy et al., 2009, Tita et al., 2009, Adamson et al., 1995, Alkalay et 
al., 2006). The lower limit of the accepted normal value of blood glucose level in newborn 
infants with associated illness especially in presence of hypoxemia and ischemia that 
already impairs the cerebral metabolism has not been determined (Sperling et al., 2008, 
Alkalay et al., 2006). Moreover, there are controversies regarding the definition of 
hypoglycemia (Cornblath et al., 2000). However, some reasonably accepted definitions of 
hypoglycemia for the purpose of the clinical management of the entity are in practice. In 
children, a blood glucose value of less than 40 mg/dL (2.2 mmol/L) represents 
hypoglycemia (Tita et al., 2009, Guideline, 2004, Jain et al., 2008). A plasma glucose level of 
less than 30 mg/dL (1.65 mmol/L) in the first 24 hours of life and less than 45 mg/dL (2.5 
mmol/L) thereafter constitutes hypoglycemia in the newborn (DePuy et al., 2009, Tita et al., 
2009, Daly et al., 2003, Guideline, 2004, Cornblath et al., 2000). However, in children with 
severe acute malnutrition (SAM) the cutoff value is a bit high, and, a blood glucose value of 
less than 54 mg/dL (3.0 mmol/L) represents hypoglycemia (WHO, 1999, Ahmed et al., 
1999). 

2. Incidence of hypoglycemia 
Incidence of hypoglycemia varies with the definition, population, method and timing of 
feeding, and the type of glucose assay (Guideline, 2004). The age is also helpful in assessing 
the probable diagnosis of hypoglycemia. The incidence is highest in the immediate post 
neonatal period (Halamek et al., 1997a, Cornblath and Ichord, 2000). The incidence 
decreases with increasing age (Halamek et al., 1997a, DePuy et al., 2009).  
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The overall incidence of symptomatic hypoglycemia in newborns varies from 1.3-3 per 1000 
live births (Cranmer, 2009, Guideline, 2004). Serum glucose levels are higher than whole 
blood values (Cowett and Loughead, 2002, Deshpande and Ward Platt, 2005). The incidence 
of hypoglycemia is greater in high-risk neonatal groups (DePuy et al., 2009, Guideline, 2004, 
Cornblath and Ichord, 2000). Hypoglycemia is more common in premature neonates 
especially born at less than 37 weeks of gestation and in those especially born at more than 
40 weeks gestation, with incidence rates of 2.4% in neonates born at 37 weeks' gestation, 0.7-
1.8% in neonates born at 38-42 weeks of gestation (Tita et al., 2009, Narchi and Skinner, 2009, 
Cornblath and Ichord, 2000). The incidence of hypoglycemia in children older than 6 months 
in a large urban critical care department was 0.034% (Daly et al., 2003). In a recent Japanese 
study, more than 80% of admissions from the nursery to the neonatal ICU after birth were 
due to apnea or hypoglycemia in neonates born at 35-36 weeks' gestation (Ishiguro et al., 
2009).  Incidence of hypoglycemia among 1-5 years old children with acute gastroenteritis 
and dehydration was found 9.2% (Reid and Losek, 2005). However, study conducted among 
the hospitalized malnourished children in the critical care medical units of the developing 
countries, 16-39% were found to be hypoglycemic on admission (Bennish et al., 1990, Huq et 
al., 2007, Chisti et al., 2010). 
Early feeding decreases the incidence of hypoglycemia (Wight, 2006, Meier et al., 2007, 
Chertok et al., 2009). The incidence of inborn errors of metabolism that lead to neonatal 
hypoglycemia are rare but can be screened in infancy (Schwartz, 1997b, Guideline, 2004, 
Cranmer, 2009):  
Common inborn errors of metabolism:  
 Carbohydrate metabolism disorders (>1:10,000)  
 Fatty acid oxidation disorders (1:10,000)  
 Hereditary fructose intolerance (1:20,000 to 1:50,000)  
 Glycogen storage diseases (1:25,000)  
 Galactosemia (1:40,000)  
 Organic acidemias (1:50,000)  
Uncommon inborn errors of metabolism: 
 Phosphoenolpyruvate carboxykinase deficiency  
 Primary lactic acidosis  

3. Objectives 
- To develop a guideline for the physicians and nurses working at the critical care 

medicine in the developing countries for the bed side diagnosis and prompt 
management of hypoglycemia and  

- To evaluate its role as a predictor of fatal outcome in children with SAM.  

4. Options 
- Clinical assessment 
- Bed side testing 
- Prompt bed side management 
- Empirical antimicrobial therapy according to cause 
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5. Benefits of this chapter  
- Increase awareness for the rapid diagnosis of hypoglycemia in children with SAM, and 

those with dehydrating diarrhea 
- Better utilization of the available diagnostic equipments 
- Understanding the value of rapid management of hypoglycemia in children with SAM 
- Understanding the need for antimicrobial therapy according to cause 
- Decreased morbidity and mortality due to hypoglycemia 
- Increase the awareness of the causes of pediatric hypoglycemia 
- Immediate diagnosis 
- Prompt treatment 
- Reduced cost associated with unnecessary investigations and complications due to 

inappropriate treatment 

6. Importance of the chapter  
Health professionals in developing countries often rely on clinical signs to predict the 
severity of disease in hospitals with limited facilities, which is often reliable in children with 
better nutritional status (WHO, 2005, Chisti et al., 2009c) but severely malnourished children 
often have severe infection (Chisti et al., 2010) and die without any prior overt clinical signs, 
which may prevent their appropriate and timely management (Suskind and Suskind, 1990, 
Morgan, 1997). Laboratory investigation, an essential alternative measure of suppressed 
clinical signs, often involves many efforts, time and cost, as in blood culture. Availability of 
pertinent laboratory investigations in resource poor settings is very limited. Furthermore, 
data on simple, less time-consuming and inexpensive laboratory diagnostic tool(s) that can 
predict the outcome of such infants are scarce. However, limited data for predicting factors 
of fatal outcome in severely malnourished children in pediatric critical care medicine 
revealed that hypoglycemia, measured by a simple portable bedside glucose test, is 
significantly associated with fatal outcome especially in children presenting with SAM 
(Chisti et al., 2010, Huq et al., 2007). It may be a useful rapid diagnostic test, allowing 
prompt comprehensive management of such children following WHO guidelines (WHO, 
2005), thus reducing deaths even in resource poor settings.  

7. Associated factors of hypoglycemia  
Hypoglycemia is common in critically ill children and is associated with increased mortality 
rates in critically ill nondiabetic children (Faustino and Bogue, Cornblath and Ichord, 2000, 
Reid and Losek, 2005). A recent study by Faustino et al. showed that hypoglycemia was 
associated with worsening organ function (Faustino and Bogue) and concluded that  it may 
be a marker of severity of illness. He also suggested that further investigations are needed to 
establish the mortality risk with hypoglycemia due to the effect of insulin compared to 
spontaneous hypoglycemia (Faustino and Bogue). One recent study revealed that infants 
with serious illness such as sclerema requiring admission to critical care medicine in an 
urban diarrhea hospital were significantly associated with hypoglycemia (Chisti et al., 
2009a). Another study from the same center revealed that patients with enteric 
encephalopathy having fatal outcome more often presented with hypoglycemia compared 
to those who survived (Chisti et al., 2009b). 
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A most recent study from the critical care ward of Dhaka hospital of ICDDR,B revealed that 
among all relatively rapid laboratory investigations in neonates, hypoglycemia  was the 
independent predictor of fatal outcome (Table 1). The study revealed that to predict death, 
the sensitivity, specificity, and positive predictive value of hypoglycemia with their 95% 
confidence intervals were 40% (14–73%), 88% (75– 95%), and 40% (14–73%), respectively 
(Chisti et al., 2010). The study concluded that most of the laboratory markers used to predict 
fatal outcome in diarrheal infants with SAM  take several hours to become available, except 
a bedside glucose test, which takes less than a minute  but is inexpensive. The study 
suggested that presence of hypoglycemia, measured by a portable bedside glucose test, is 
significantly associated with fatal outcome with high specificity in infants presenting with 
diarrhea and SAM (Chisti et al., 2010). It may be a useful rapid diagnostic test allowing 
prompt detection  followed by comprehensive management of such infants according to 
WHO guidelines, which would help in reducing deaths even in resource poor settings 
(WHO, 2005).  The findings of the study was also supported by another previous study from 
the same country where children with hypoglycemia more often had bacteremia (Huq et al., 
2007). 
 

Variable Death 
N = 10 (%)

Survivor 
N = 51 (%)

Non-adjusted  Adjusted 
OR (95% CI) p value OR (95% CI) p value 

Hypoglycemia  4 (40) 6 (12) 5.0 (1.01 - 29.8) 0.027 5.0 (1.1 - 23.0) 0.039 
Abnormal WBC 
count 6 (60) 36 (71) 0.6 (0.1 - 3.1) 0.710 0.5 (0.1 – 2.5) 0.438 

Higher S. CRP 
level 9 (90) 33 (65) 4.9 (0.6 - 111.7) 0.151 4.5 (0.5 - 39.5) 0.179 

Hyponatremia 3 (30) 14 (28) 1.1 (0.2 - 6.0+) 1.00 0.8 (0.2 - 4.2) 0.813 
Hypokalemia 4 (40) 25 (49) 0.7 (0.1 - 3.3) 0.735 2.2 (0.3 - 14.4) 0.409 
Hypocalcemia 4 (40) 11 (22) 2.4 (0.5 - 12.4) 0.243 1.8 (0.3 - 10.2) 0.529 
Hypomagnesemia  0 (00) 2 (4) 0.0 (0.0 - 23.5) 1.00 0.0 (0.0 - unidentified) 1.0 

OR: odds ratio, CI: confidence interval, S: serum, CRP: C-reactive protein. 
Illustrated from the Tropical Medicine and International Health by Chisti et. al. (2010) 

Table 1. Comparison of the characteristics of severely malnourished infants with fatal 
outcome and those who survived 

8. Hypoglycemia and glucose metabolism  
Malnutrition is a major risk factor for death in children in developing countries (Faruque et 
al., 2008), and the mortality risk is higher in infants when they present with severe form of 
malnutrition (Pelletier et al., 1994, Naheed et al., 2009, Chisti et al., 2009c), especially in a set 
up with critical care medicine (Elusiyan et al., 2006). It has not received enough attention in 
developing countries. The primary therapy is very simple by immediate infusion of 
intravenous glucose. The occurrence of hypoglycemia is directly related to energy balance 
and determined by the availability of glucose, free fatty acids and ketone bodies in the tissue 
(Nuoffer and Mullis, 2005, Fluck et al., 2003, Mohnike and Aynsley-Green, 1993). An intact 
energy balance and maintenance of normal blood sugar concentration is dependent upon: 
an adequate caloric and qualitative dietary intake; a functionally intact hepatic 
glucogenolytic and gluconeogenic enzyme system; an adequate supply of endogenous 
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gluconeogenic substrates (lactate, amino acids and glycerol); an adequate energy supply 
provided by the beta-oxidation of fatty acids to synthesize glucose and ketone bodies and a 
normal endocrine system (insulin, glucagon, catecholamines and growth hormone) for 
integrating and modulating these processes (Nuoffer and Mullis, 2005, Mohnike et al., 1993). 
Disturbances in each of these factors may lead to hypoglycemia. Glucose has an essential 
and fundamental importance for the brain metabolism. The major contribution of the brain 
to the basal metabolic rate is an important factor contributing to the frequency and severity 
of a hypoglycemic syndrome in the pediatric age (Nuoffer and Mullis, 2005, Mohnike et al., 
1993). Cerebral glucose uptake occurs through a glucose transporter molecule and these 
molecules are carrier mediated and facilitate diffusion process that is dependent on blood 
glucose concentration but cerebral and cerebrospinal fluid (CSF) glucose uptake are not 
regulated by insulin (Sperling et al., 2008). Paucity of glucose transporter molecule can 
result in seizures due to reduced cerebral and CSF glucose concentrations although there 
might have normal blood glucose levels (Sperling et al., 2008, Mohnike et al., 1993). Thus, 
hypoglycemia should be considered as a medical emergency and treated very aggressively 
especially in children with other associated illnesses such as SAM, severe sepsis, septic 
shock, febrile neonates, prematurity and low birth weight in the critical care medicine ward.  

9. Pathophysiology of hypoglycemia  
Normal blood glucose is very narrowly regulated, usually from 4.4-5 mmol/L. Glucose 
levels increase transiently after meals to 6.6-7.7 mmol/L. Feedback systems return the 
glucose concentration rapidly back to the preprandial level, usually within 2 hours after the 
last absorption of carbohydrates (Fleisher, 2000, Halamek and Stevenson, 1998, Reid et al., 
2003, Sperling et al., 2008). 
Insulin and glucagon are the important hormones in the immediate feedback control system 
of glucose (Sperling et al., 2008). When blood glucose increases after a meal, the rate of 
insulin secretion increases and stimulates the liver to store glucose as glycogen (Halamek et 
al., 1997b). When cells (primarily liver and muscle) are saturated with glycogen, additional 
glucose is stored as fat (Reid et al., 2003).  
When blood glucose levels fall, glucagon secretion functions to increase blood glucose levels 
by stimulating the liver to undergo glycogenolysis and release glucose back into the blood 
(Sperling et al., 2008, Halamek et al., 1997b).  
In starvation, the liver maintains the glucose level via gluconeogenesis (Sperling et al., 2008). 
Gluconeogenesis is the formation of glucose from amino acids and the glycerol portion of fat. 
Muscle provides a store of glycogen and muscle protein breaks down to amino acids, which 
are substrates utilized in gluconeogenesis in the liver (Narayan et al., 2001). Circulating fatty 
acids are catabolized to ketones, acetoacetate, and B-hydroxybutyrate and can be used as 
auxiliary fuel by most tissues, including the brain (Fleisher, 2000, Sperling et al., 2008).  
The hypothalamus stimulates the sympathetic nervous system, and epinephrine is secreted 
by the adrenals causing the further release of glucose from the liver (Haninger and Farley, 
2001). Over a period of hours to days of prolonged hypoglycemia, growth hormone and 
cortisol are secreted and decrease the rate of glucose utilization by most cells of the body 
(Halamek and Stevenson, 1998).  
In the newborn, serum glucose levels decline after birth until 1-3 hours due to an abrupt 
transition from the intrauterine life, then they spontaneously increase, ultimately 
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A most recent study from the critical care ward of Dhaka hospital of ICDDR,B revealed that 
among all relatively rapid laboratory investigations in neonates, hypoglycemia  was the 
independent predictor of fatal outcome (Table 1). The study revealed that to predict death, 
the sensitivity, specificity, and positive predictive value of hypoglycemia with their 95% 
confidence intervals were 40% (14–73%), 88% (75– 95%), and 40% (14–73%), respectively 
(Chisti et al., 2010). The study concluded that most of the laboratory markers used to predict 
fatal outcome in diarrheal infants with SAM  take several hours to become available, except 
a bedside glucose test, which takes less than a minute  but is inexpensive. The study 
suggested that presence of hypoglycemia, measured by a portable bedside glucose test, is 
significantly associated with fatal outcome with high specificity in infants presenting with 
diarrhea and SAM (Chisti et al., 2010). It may be a useful rapid diagnostic test allowing 
prompt detection  followed by comprehensive management of such infants according to 
WHO guidelines, which would help in reducing deaths even in resource poor settings 
(WHO, 2005).  The findings of the study was also supported by another previous study from 
the same country where children with hypoglycemia more often had bacteremia (Huq et al., 
2007). 
 

Variable Death 
N = 10 (%)

Survivor 
N = 51 (%)

Non-adjusted  Adjusted 
OR (95% CI) p value OR (95% CI) p value 

Hypoglycemia  4 (40) 6 (12) 5.0 (1.01 - 29.8) 0.027 5.0 (1.1 - 23.0) 0.039 
Abnormal WBC 
count 6 (60) 36 (71) 0.6 (0.1 - 3.1) 0.710 0.5 (0.1 – 2.5) 0.438 

Higher S. CRP 
level 9 (90) 33 (65) 4.9 (0.6 - 111.7) 0.151 4.5 (0.5 - 39.5) 0.179 

Hyponatremia 3 (30) 14 (28) 1.1 (0.2 - 6.0+) 1.00 0.8 (0.2 - 4.2) 0.813 
Hypokalemia 4 (40) 25 (49) 0.7 (0.1 - 3.3) 0.735 2.2 (0.3 - 14.4) 0.409 
Hypocalcemia 4 (40) 11 (22) 2.4 (0.5 - 12.4) 0.243 1.8 (0.3 - 10.2) 0.529 
Hypomagnesemia  0 (00) 2 (4) 0.0 (0.0 - 23.5) 1.00 0.0 (0.0 - unidentified) 1.0 

OR: odds ratio, CI: confidence interval, S: serum, CRP: C-reactive protein. 
Illustrated from the Tropical Medicine and International Health by Chisti et. al. (2010) 

Table 1. Comparison of the characteristics of severely malnourished infants with fatal 
outcome and those who survived 

8. Hypoglycemia and glucose metabolism  
Malnutrition is a major risk factor for death in children in developing countries (Faruque et 
al., 2008), and the mortality risk is higher in infants when they present with severe form of 
malnutrition (Pelletier et al., 1994, Naheed et al., 2009, Chisti et al., 2009c), especially in a set 
up with critical care medicine (Elusiyan et al., 2006). It has not received enough attention in 
developing countries. The primary therapy is very simple by immediate infusion of 
intravenous glucose. The occurrence of hypoglycemia is directly related to energy balance 
and determined by the availability of glucose, free fatty acids and ketone bodies in the tissue 
(Nuoffer and Mullis, 2005, Fluck et al., 2003, Mohnike and Aynsley-Green, 1993). An intact 
energy balance and maintenance of normal blood sugar concentration is dependent upon: 
an adequate caloric and qualitative dietary intake; a functionally intact hepatic 
glucogenolytic and gluconeogenic enzyme system; an adequate supply of endogenous 
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gluconeogenic substrates (lactate, amino acids and glycerol); an adequate energy supply 
provided by the beta-oxidation of fatty acids to synthesize glucose and ketone bodies and a 
normal endocrine system (insulin, glucagon, catecholamines and growth hormone) for 
integrating and modulating these processes (Nuoffer and Mullis, 2005, Mohnike et al., 1993). 
Disturbances in each of these factors may lead to hypoglycemia. Glucose has an essential 
and fundamental importance for the brain metabolism. The major contribution of the brain 
to the basal metabolic rate is an important factor contributing to the frequency and severity 
of a hypoglycemic syndrome in the pediatric age (Nuoffer and Mullis, 2005, Mohnike et al., 
1993). Cerebral glucose uptake occurs through a glucose transporter molecule and these 
molecules are carrier mediated and facilitate diffusion process that is dependent on blood 
glucose concentration but cerebral and cerebrospinal fluid (CSF) glucose uptake are not 
regulated by insulin (Sperling et al., 2008). Paucity of glucose transporter molecule can 
result in seizures due to reduced cerebral and CSF glucose concentrations although there 
might have normal blood glucose levels (Sperling et al., 2008, Mohnike et al., 1993). Thus, 
hypoglycemia should be considered as a medical emergency and treated very aggressively 
especially in children with other associated illnesses such as SAM, severe sepsis, septic 
shock, febrile neonates, prematurity and low birth weight in the critical care medicine ward.  

9. Pathophysiology of hypoglycemia  
Normal blood glucose is very narrowly regulated, usually from 4.4-5 mmol/L. Glucose 
levels increase transiently after meals to 6.6-7.7 mmol/L. Feedback systems return the 
glucose concentration rapidly back to the preprandial level, usually within 2 hours after the 
last absorption of carbohydrates (Fleisher, 2000, Halamek and Stevenson, 1998, Reid et al., 
2003, Sperling et al., 2008). 
Insulin and glucagon are the important hormones in the immediate feedback control system 
of glucose (Sperling et al., 2008). When blood glucose increases after a meal, the rate of 
insulin secretion increases and stimulates the liver to store glucose as glycogen (Halamek et 
al., 1997b). When cells (primarily liver and muscle) are saturated with glycogen, additional 
glucose is stored as fat (Reid et al., 2003).  
When blood glucose levels fall, glucagon secretion functions to increase blood glucose levels 
by stimulating the liver to undergo glycogenolysis and release glucose back into the blood 
(Sperling et al., 2008, Halamek et al., 1997b).  
In starvation, the liver maintains the glucose level via gluconeogenesis (Sperling et al., 2008). 
Gluconeogenesis is the formation of glucose from amino acids and the glycerol portion of fat. 
Muscle provides a store of glycogen and muscle protein breaks down to amino acids, which 
are substrates utilized in gluconeogenesis in the liver (Narayan et al., 2001). Circulating fatty 
acids are catabolized to ketones, acetoacetate, and B-hydroxybutyrate and can be used as 
auxiliary fuel by most tissues, including the brain (Fleisher, 2000, Sperling et al., 2008).  
The hypothalamus stimulates the sympathetic nervous system, and epinephrine is secreted 
by the adrenals causing the further release of glucose from the liver (Haninger and Farley, 
2001). Over a period of hours to days of prolonged hypoglycemia, growth hormone and 
cortisol are secreted and decrease the rate of glucose utilization by most cells of the body 
(Halamek and Stevenson, 1998).  
In the newborn, serum glucose levels decline after birth until 1-3 hours due to an abrupt 
transition from the intrauterine life, then they spontaneously increase, ultimately 
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characterized by the autonomous ability to maintain euglycemia. Liver glycogen stores 
become rapidly depleted within hours of birth, and gluconeogenesis, primarily from 
alanine, can account for 10% of glucose turnover in the newborn infant by several hours of 
age (Halamek and Stevenson, 1998).  
Neonatal hypoglycemia (Halamek and Stevenson, 1998, Sperling et al., 2008) 

 Inappropriate changes in hormone secretion 
 Inadequate substrate reserve in the form of hepatic glycogen 
 Inadequate muscle stores as a source of amino acids for gluconeogenesis 
 Inadequate lipid stores for the release of fatty acids 
Hypoglycemia in older infants and children (Sperling et al., 2008, Reid et al., 2003) 

 The pathophysiology of hypoglycemia is analogous to that in adults. 
 Glucose homeostasis is maintained by glycogenolysis in the immediate post feeding 

periods and by gluconeogenesis several hours after meals. 
Hypoglycemia in severely malnourished children:  
The pathophysiology of the hypoglycemia is poorly understood although there is popular 
belief that it is mainly due to severe infection in severely malnourished children. There is 
decreased endogenous glucose production (EGP) in severely malnourished children which 
is related to the degree of hypoalbuminemia and oxidative stress (Bandsma et al.). Severe 
malnutrition is associated with impaired glucose absorption and decreased glucose 
absorption correlates with oxidative stress in sick children who needs admission to the 
pediatric critical care medicine (Bandsma et al.). This potentially explains the etiology of 
hypoglycemia in severely malnourished children. Severe malnutrition in infants often 
causes depressed cell-mediated and humoral immune responses, associated with 
impairment of IgA production, chemotaxis, reduced mature T cells, and compromised 
phagocytic activity (Suskind and Suskind, 1990, Morgan, 1997). As a result, patients become 
highly susceptible to infectious disease, predominantly diarrhea, which is often associated 
with prolonged anorexia and vomiting (Feign. R and Garg, 1987). Failure of gluconeogenesis 
in such infants is a common phenomenon (Butler et al., 1989, Bennish et al., 1990) and 
potentially responsible for the development of fatal hypoglycemia. 

10. Causes/etiology of hypoglycemia  
Hypoglycemia events are usually accompanied by an increased heart rate with bounding 
pulse due to increased epinephrine secretion (Dubois et al., 1995). This leads the infant to be 
irritable, tremulous, and cranky (al-Rabeeah et al., 1995). In any case the brain energy supply 
is severely impaired; the mental status of the children is likely to be impaired with extreme 
inappropriate effect and mood, lethargy, seizure, or coma. Large body size for age in the 
neonate or older child suggests hyperinsulinism, although some children with 
hyperinsulinism are born prematurely and are small for gestational age (de Lonlay-Debeney 
et al., 1999, Stanley, 1997). Decreased subcutaneous fat as in severe malnutrition such as in 
severe wasting suggests inadequate glucose stores (de Lonlay-Debeney et al., 1999, Dubois 
et al., 1995). Poor linear growth may point to growth hormone deficiency, and midline facial 
and cranial abnormalities suggest pituitary hormone deficiencies (Dunne et al., 1997). Liver 
size should be assessed for evidence of glycogen-storage diseases. Etiology of hypoglycemia 
includes the following:  
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10.1 Hyperinsulinemia 
Potential causes of hyperinsulinism in children include maternal diabetes in pregnancy, 
persistent hyperinsulinemic hypoglycemia of infancy, insulin-producing tumors, and 
child abuse (Stanley, 1997). Hyperinsulinism causes excess glucose use primarily by 
stimulating skeletal muscle to uptake glucose. This is aggravated by insulin-induced 
suppression of hepatic glycogenolysis and gluconeogenesis (al-Rabeeah et al., 1995, 
Stanley, 1997).  

In neonates 

Hyperinsulinism is the most common cause of hypoglycemia in neonates. However, in 
addition to hyperinsulinism, or persistent hyperinsulinemic hypoglycemia of infancy 
(PHHI), hypoglycemia occurs due to limited glycogen stores (eg, prematurity, intrauterine 
growth retardation), depleted glycogen stores (eg, stress in perinatal asphyxia, starvation), 
in ketotic hypoglycemia, easily depleted glycogen stores, in combination with inadequate 
production of glucose through gluconeogenesis, contribute to hypoglycemia (Cranmer, 
2009, Guideline, 2004). Thus, fatty acid oxygenation is required to provide substrate for 
gluconeogenesis and ketogenesis. Ketones, the byproduct of fatty acid metabolism, are 
found in urine and represent the starved state. Increased glucose use (eg, hyperthermia, 
polycythemia, sepsis, growth hormone deficiency), decreased glycogenolysis, 
gluconeogenesis, or use of alternate fuels (eg, inborn errors of metabolism, adrenal 
insufficiency) (Cranmer, 2009, Guideline, 2004). 

In infants 

Hyperinsulinemia may be due to various genetic defects that cause a loss of glucose 
regulation of insulin secretion (Cosgrove et al., 2004, Tornovsky et al., 2004). This disorder 
is known as endogenous-persistent hyperinsulinemic hypoglycemia of infancy 
(previously termed nesidioblastosis) (Cosgrove et al., 2004, Stanley, 1997). No genetic 
defect is identified in 50% of patients with hyperinsulinism although unusual single 
nucleotide polymorphisms defects have been found that may be responsible in some 
infants (Di Candia et al., 2009).  
Infants of mothers with diabetes also have high insulin levels after birth due to the high 
glucose exposure in utero; the poorer the glucose control during pregnancy, the greater the 
likelihood of hyperinsulinism in the infant (Stanley, 1997). In older children, 
hyperinsulinemia is rare, but an insulin-producing tumor is the most common cause 
(Stanley, 1997). Exogenous administration of insulin or oral hypoglycemic agents, either 
accidental or due to abuse, must be considered (Di Candia et al., 2009).  

Overall criteria for the diagnosis of hyperinsulinism in the infant (Sperling et al., 2008) 

 Hyperinsulinemia (plasma insulin > 2 µU/mL) 
 Hypofattyacidemia (plasma free fatty acids < 1.5 mmol/L 
 Hypoketonemia (plasma β-hydroxybuterate < 2.0 mmol/L) 
 Inappropriate glycemic response to glucagon, 1 mg IV (delta glucose > 40 mg/dl)) 

10.2 Disorders of glucose underproduction 
This includes inadequate glucose stores which are associated with prematurity, infants who 
are small for gestational age, SAM, and ketotic hypoglycemia (Di Candia et al., 2009). 
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characterized by the autonomous ability to maintain euglycemia. Liver glycogen stores 
become rapidly depleted within hours of birth, and gluconeogenesis, primarily from 
alanine, can account for 10% of glucose turnover in the newborn infant by several hours of 
age (Halamek and Stevenson, 1998).  
Neonatal hypoglycemia (Halamek and Stevenson, 1998, Sperling et al., 2008) 

 Inappropriate changes in hormone secretion 
 Inadequate substrate reserve in the form of hepatic glycogen 
 Inadequate muscle stores as a source of amino acids for gluconeogenesis 
 Inadequate lipid stores for the release of fatty acids 
Hypoglycemia in older infants and children (Sperling et al., 2008, Reid et al., 2003) 

 The pathophysiology of hypoglycemia is analogous to that in adults. 
 Glucose homeostasis is maintained by glycogenolysis in the immediate post feeding 

periods and by gluconeogenesis several hours after meals. 
Hypoglycemia in severely malnourished children:  
The pathophysiology of the hypoglycemia is poorly understood although there is popular 
belief that it is mainly due to severe infection in severely malnourished children. There is 
decreased endogenous glucose production (EGP) in severely malnourished children which 
is related to the degree of hypoalbuminemia and oxidative stress (Bandsma et al.). Severe 
malnutrition is associated with impaired glucose absorption and decreased glucose 
absorption correlates with oxidative stress in sick children who needs admission to the 
pediatric critical care medicine (Bandsma et al.). This potentially explains the etiology of 
hypoglycemia in severely malnourished children. Severe malnutrition in infants often 
causes depressed cell-mediated and humoral immune responses, associated with 
impairment of IgA production, chemotaxis, reduced mature T cells, and compromised 
phagocytic activity (Suskind and Suskind, 1990, Morgan, 1997). As a result, patients become 
highly susceptible to infectious disease, predominantly diarrhea, which is often associated 
with prolonged anorexia and vomiting (Feign. R and Garg, 1987). Failure of gluconeogenesis 
in such infants is a common phenomenon (Butler et al., 1989, Bennish et al., 1990) and 
potentially responsible for the development of fatal hypoglycemia. 

10. Causes/etiology of hypoglycemia  
Hypoglycemia events are usually accompanied by an increased heart rate with bounding 
pulse due to increased epinephrine secretion (Dubois et al., 1995). This leads the infant to be 
irritable, tremulous, and cranky (al-Rabeeah et al., 1995). In any case the brain energy supply 
is severely impaired; the mental status of the children is likely to be impaired with extreme 
inappropriate effect and mood, lethargy, seizure, or coma. Large body size for age in the 
neonate or older child suggests hyperinsulinism, although some children with 
hyperinsulinism are born prematurely and are small for gestational age (de Lonlay-Debeney 
et al., 1999, Stanley, 1997). Decreased subcutaneous fat as in severe malnutrition such as in 
severe wasting suggests inadequate glucose stores (de Lonlay-Debeney et al., 1999, Dubois 
et al., 1995). Poor linear growth may point to growth hormone deficiency, and midline facial 
and cranial abnormalities suggest pituitary hormone deficiencies (Dunne et al., 1997). Liver 
size should be assessed for evidence of glycogen-storage diseases. Etiology of hypoglycemia 
includes the following:  
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10.1 Hyperinsulinemia 
Potential causes of hyperinsulinism in children include maternal diabetes in pregnancy, 
persistent hyperinsulinemic hypoglycemia of infancy, insulin-producing tumors, and 
child abuse (Stanley, 1997). Hyperinsulinism causes excess glucose use primarily by 
stimulating skeletal muscle to uptake glucose. This is aggravated by insulin-induced 
suppression of hepatic glycogenolysis and gluconeogenesis (al-Rabeeah et al., 1995, 
Stanley, 1997).  

In neonates 

Hyperinsulinism is the most common cause of hypoglycemia in neonates. However, in 
addition to hyperinsulinism, or persistent hyperinsulinemic hypoglycemia of infancy 
(PHHI), hypoglycemia occurs due to limited glycogen stores (eg, prematurity, intrauterine 
growth retardation), depleted glycogen stores (eg, stress in perinatal asphyxia, starvation), 
in ketotic hypoglycemia, easily depleted glycogen stores, in combination with inadequate 
production of glucose through gluconeogenesis, contribute to hypoglycemia (Cranmer, 
2009, Guideline, 2004). Thus, fatty acid oxygenation is required to provide substrate for 
gluconeogenesis and ketogenesis. Ketones, the byproduct of fatty acid metabolism, are 
found in urine and represent the starved state. Increased glucose use (eg, hyperthermia, 
polycythemia, sepsis, growth hormone deficiency), decreased glycogenolysis, 
gluconeogenesis, or use of alternate fuels (eg, inborn errors of metabolism, adrenal 
insufficiency) (Cranmer, 2009, Guideline, 2004). 

In infants 

Hyperinsulinemia may be due to various genetic defects that cause a loss of glucose 
regulation of insulin secretion (Cosgrove et al., 2004, Tornovsky et al., 2004). This disorder 
is known as endogenous-persistent hyperinsulinemic hypoglycemia of infancy 
(previously termed nesidioblastosis) (Cosgrove et al., 2004, Stanley, 1997). No genetic 
defect is identified in 50% of patients with hyperinsulinism although unusual single 
nucleotide polymorphisms defects have been found that may be responsible in some 
infants (Di Candia et al., 2009).  
Infants of mothers with diabetes also have high insulin levels after birth due to the high 
glucose exposure in utero; the poorer the glucose control during pregnancy, the greater the 
likelihood of hyperinsulinism in the infant (Stanley, 1997). In older children, 
hyperinsulinemia is rare, but an insulin-producing tumor is the most common cause 
(Stanley, 1997). Exogenous administration of insulin or oral hypoglycemic agents, either 
accidental or due to abuse, must be considered (Di Candia et al., 2009).  

Overall criteria for the diagnosis of hyperinsulinism in the infant (Sperling et al., 2008) 

 Hyperinsulinemia (plasma insulin > 2 µU/mL) 
 Hypofattyacidemia (plasma free fatty acids < 1.5 mmol/L 
 Hypoketonemia (plasma β-hydroxybuterate < 2.0 mmol/L) 
 Inappropriate glycemic response to glucagon, 1 mg IV (delta glucose > 40 mg/dl)) 

10.2 Disorders of glucose underproduction 
This includes inadequate glucose stores which are associated with prematurity, infants who 
are small for gestational age, SAM, and ketotic hypoglycemia (Di Candia et al., 2009). 
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Among them, children with SAM who need admission to the critical care medicine have 
paramount importance. We will focus our discussion at the later part of the chapter. 
After insulin treatment in diabetes, the above mentioned disorders are the most common 
causes of hypoglycemia. These disorders are largely diagnoses of exclusion made after other 
causes of hypoglycemia are ruled out. Prematurity, infants who are small for gestational 
age, and SAM should be readily apparent based on the clinical situation. Ketotic 
hypoglycemia, which usually affects children with SAM and aged 18 months to 6 years, is 
usually due to disrupted food intake (Di Candia et al., 2009).  
Glycogen-storage disease type 0 (due to glycogen synthase deficiency) is associated with 
fasting hypoglycemia because of the liver’s inability to store glucose in the immediate 
postprandial state. Thus, the glucose load from the meal is anaerobically used rather than 
stored for later use. In this disorder, plasma glucose and lactate levels are high in the 
immediate postprandial state (Di Candia et al., 2009).  
Glycogen-storage disease type I (Due to disorders of hepatic glucose production include 
glucose-6-phosphatase deficiency), glycogen-storage disease type III (due to debrancher 
deficiency), and glycogen-storage disease type VI (due to hepatic phosphorylase deficiency), 
galactosemia, hereditary fructose intolerance, and maple syrup urine disease interfere in 
glucose production through various defects, including blockage of glucose release or 
synthesis or blockage or inhibition of gluconeogenesis. Children with these diseases may 
adapt to their hypoglycemia because of its chronicity (Di Candia et al., 2009).  
Hormonal abnormalities include panhypopituitarism, growth hormone deficiency, and 
cortisol deficiency (primary or secondary). As described above, growth hormone and 
cortisol play important roles in generating alternative fuels and stimulating glucose 
production. Because they are easily treatable abnormalities, early recognition is important 
(Di Candia et al., 2009).  
Toxins and other illnesses (ethanol, salicylates, propranolol, malaria) also cause 
hypoglycemia. Ethanol inhibits gluconeogenesis in the liver and can thus cause 
hypoglycemia. This is particularly true in patients with insulin-treated diabetes who are 
unable to reduce insulin secretion in response to developing hypoglycemia. Salicylate 
intoxication causes both hyperglycemia and hypoglycemia. The latter is due to 
augmentation of insulin secretion and inhibition of gluconeogenesis (Di Candia et al., 2009).  

11. Clinical features of hypoglycemia  
Glucose usually provides the primary source for brain energy. Clinical manifestations are 
broad and can be from a combination of adrenergic stimulation or from decreased 
availability of glucose for the CNS. Unlike older children, infants are not able to verbalize 
their symptoms and are particularly vulnerable to hypoglycemia (Cranmer, 2009). 
Symptoms of hypoglycemia occur through two main clinical pathways. The first one is 
caused by activation of the autonomic nervous system, which causes symptoms such as 
anxiety, tremulousness, diaphoresis, tachycardia, pallor, hunger, nausea, and vomiting 
(Dunne et al., 2004). The symptoms of second one is due to neuroglycopenia 
(hypoglycorrhachia) and consists of headache, mental confusion, staring, behavioral 
changes, difficulty concentrating, visual disturbances (eg, decreased acuity, diplopia), 
dysarthria, seizures, ataxia, somnolence, coma, stroke (hemiplegia, aphasia), paresthesias, 
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dizziness, amnesia, decerebrate or decorticate posturing (Dunne et al., 2004). There are other 
nonspecific symptoms which include dry mouth, mouth tingling, headache, nausea, and 
blurred vision (Dunne et al., 2004). 
During the first or second day of life, symptoms vary from asymptomatic to CNS and 
cardiopulmonary disturbances (Guideline, 2004). 

Following high risk groups does need screening for hypoglycemia in the first hour of life (Guideline, 
2004, Feign. R and Garg, 1987, Fleisher, 2000)  

 Newborns who weigh more than 4 kg or less than 2 kg 
 Large for gestational age infants who are above the 90th percentile, small for gestational 

age infants below the 10th percentile, and infants with intrauterine growth  
restriction 

 Infants born to insulin-dependent mothers or mothers with gestational diabetes  
 Gestational age less than 37 weeks 
 Newborns suspected of sepsis or born to a mother suspected of having 

chorioamnionitis 
 Newborns with symptoms suggestive of hypoglycemia, including jitteriness, 

tachypnea, hypotonia, poor feeding, apnea, temperature instability, seizures, lethargy  
In addition, consider hypoglycemia screening in infants with following conditions: 
(Guideline, 2004).  
 Significant hypoxemia 
 Perinatal distress  
 5-minute APGAR scores less than 5  
 Mother on terbutaline, beta-blockers, or oral hypoglycemic agents  
 Isolated hepatomegaly  
 Microcephaly  
 Anterior midline defects  
 Gigantism  
 Macroglossia or hemihypertrophy; or any possibility of an inborn error of metabolism 

The onset of hyperinsulinemia is from birth to 18 months (al-Rabeeah et al., 1995, de Lonlay-
Debeney et al., 1999, Dubois et al., 1995, Dunne et al., 2004, Dunne et al., 1997).  

 Insulin concentrations are inappropriately elevated at the time of documented 
hypoglycemia. 

 Transient neonatal hyperinsulinism occurs in macrosomic infants of diabetic mothers 
who have diminished glucagon secretion and endogenous glucose production is 
significantly inhibited. Clinically, these infants are macrosomic and have increasing 
demands for feeding, intermittent lethargy, jitteriness, and frank seizures.  

 Infants with prolonged neonatal hyperinsulinism can be described by small for 
gestational age, patients with perinatal asphyxia, neonates born to mothers with 
toxemia, have high rates of glucose use and often require dextrose infusion for a 
prolonged period of time 

Ketotic hypoglycemia is an uncommon but dramatic illness. It is observed in children 
younger than 5 years who usually become symptomatic after an overnight or prolonged 
fast, especially with illness and poor oral intake. Children often present inexplicably 
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Among them, children with SAM who need admission to the critical care medicine have 
paramount importance. We will focus our discussion at the later part of the chapter. 
After insulin treatment in diabetes, the above mentioned disorders are the most common 
causes of hypoglycemia. These disorders are largely diagnoses of exclusion made after other 
causes of hypoglycemia are ruled out. Prematurity, infants who are small for gestational 
age, and SAM should be readily apparent based on the clinical situation. Ketotic 
hypoglycemia, which usually affects children with SAM and aged 18 months to 6 years, is 
usually due to disrupted food intake (Di Candia et al., 2009).  
Glycogen-storage disease type 0 (due to glycogen synthase deficiency) is associated with 
fasting hypoglycemia because of the liver’s inability to store glucose in the immediate 
postprandial state. Thus, the glucose load from the meal is anaerobically used rather than 
stored for later use. In this disorder, plasma glucose and lactate levels are high in the 
immediate postprandial state (Di Candia et al., 2009).  
Glycogen-storage disease type I (Due to disorders of hepatic glucose production include 
glucose-6-phosphatase deficiency), glycogen-storage disease type III (due to debrancher 
deficiency), and glycogen-storage disease type VI (due to hepatic phosphorylase deficiency), 
galactosemia, hereditary fructose intolerance, and maple syrup urine disease interfere in 
glucose production through various defects, including blockage of glucose release or 
synthesis or blockage or inhibition of gluconeogenesis. Children with these diseases may 
adapt to their hypoglycemia because of its chronicity (Di Candia et al., 2009).  
Hormonal abnormalities include panhypopituitarism, growth hormone deficiency, and 
cortisol deficiency (primary or secondary). As described above, growth hormone and 
cortisol play important roles in generating alternative fuels and stimulating glucose 
production. Because they are easily treatable abnormalities, early recognition is important 
(Di Candia et al., 2009).  
Toxins and other illnesses (ethanol, salicylates, propranolol, malaria) also cause 
hypoglycemia. Ethanol inhibits gluconeogenesis in the liver and can thus cause 
hypoglycemia. This is particularly true in patients with insulin-treated diabetes who are 
unable to reduce insulin secretion in response to developing hypoglycemia. Salicylate 
intoxication causes both hyperglycemia and hypoglycemia. The latter is due to 
augmentation of insulin secretion and inhibition of gluconeogenesis (Di Candia et al., 2009).  

11. Clinical features of hypoglycemia  
Glucose usually provides the primary source for brain energy. Clinical manifestations are 
broad and can be from a combination of adrenergic stimulation or from decreased 
availability of glucose for the CNS. Unlike older children, infants are not able to verbalize 
their symptoms and are particularly vulnerable to hypoglycemia (Cranmer, 2009). 
Symptoms of hypoglycemia occur through two main clinical pathways. The first one is 
caused by activation of the autonomic nervous system, which causes symptoms such as 
anxiety, tremulousness, diaphoresis, tachycardia, pallor, hunger, nausea, and vomiting 
(Dunne et al., 2004). The symptoms of second one is due to neuroglycopenia 
(hypoglycorrhachia) and consists of headache, mental confusion, staring, behavioral 
changes, difficulty concentrating, visual disturbances (eg, decreased acuity, diplopia), 
dysarthria, seizures, ataxia, somnolence, coma, stroke (hemiplegia, aphasia), paresthesias, 
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dizziness, amnesia, decerebrate or decorticate posturing (Dunne et al., 2004). There are other 
nonspecific symptoms which include dry mouth, mouth tingling, headache, nausea, and 
blurred vision (Dunne et al., 2004). 
During the first or second day of life, symptoms vary from asymptomatic to CNS and 
cardiopulmonary disturbances (Guideline, 2004). 

Following high risk groups does need screening for hypoglycemia in the first hour of life (Guideline, 
2004, Feign. R and Garg, 1987, Fleisher, 2000)  

 Newborns who weigh more than 4 kg or less than 2 kg 
 Large for gestational age infants who are above the 90th percentile, small for gestational 

age infants below the 10th percentile, and infants with intrauterine growth  
restriction 

 Infants born to insulin-dependent mothers or mothers with gestational diabetes  
 Gestational age less than 37 weeks 
 Newborns suspected of sepsis or born to a mother suspected of having 

chorioamnionitis 
 Newborns with symptoms suggestive of hypoglycemia, including jitteriness, 

tachypnea, hypotonia, poor feeding, apnea, temperature instability, seizures, lethargy  
In addition, consider hypoglycemia screening in infants with following conditions: 
(Guideline, 2004).  
 Significant hypoxemia 
 Perinatal distress  
 5-minute APGAR scores less than 5  
 Mother on terbutaline, beta-blockers, or oral hypoglycemic agents  
 Isolated hepatomegaly  
 Microcephaly  
 Anterior midline defects  
 Gigantism  
 Macroglossia or hemihypertrophy; or any possibility of an inborn error of metabolism 

The onset of hyperinsulinemia is from birth to 18 months (al-Rabeeah et al., 1995, de Lonlay-
Debeney et al., 1999, Dubois et al., 1995, Dunne et al., 2004, Dunne et al., 1997).  

 Insulin concentrations are inappropriately elevated at the time of documented 
hypoglycemia. 

 Transient neonatal hyperinsulinism occurs in macrosomic infants of diabetic mothers 
who have diminished glucagon secretion and endogenous glucose production is 
significantly inhibited. Clinically, these infants are macrosomic and have increasing 
demands for feeding, intermittent lethargy, jitteriness, and frank seizures.  

 Infants with prolonged neonatal hyperinsulinism can be described by small for 
gestational age, patients with perinatal asphyxia, neonates born to mothers with 
toxemia, have high rates of glucose use and often require dextrose infusion for a 
prolonged period of time 

Ketotic hypoglycemia is an uncommon but dramatic illness. It is observed in children 
younger than 5 years who usually become symptomatic after an overnight or prolonged 
fast, especially with illness and poor oral intake. Children often present inexplicably 
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lethargic or frankly comatose, having only marked hypoglycemia with ketonuria (Cranmer, 
2009). 
The symptoms often vary according to age of the children as follows (de Lonlay-Debeney et 
al., 1999, Daly et al., 2003, al-Rabeeah et al., 1995, Dubois et al., 1995, Schwartz, 1997b, 
Schwartz, 1997a, Luber et al., 1998): 
In neonates-  
 Restlessness  
 Hypothermia  
 Tremulousness  
 Brisk Moro reflex  
 Compromised activity  
 Poor feeding  
 Hypotonia  
 Lethargy   
 Apathy  
 Jitteriness  
 Seizures  
 Congestive heart failure  
 Respiratory difficulty 
 Apnea  
 Bradycardia  
 Convulsion  
 Coma and  
 Sudden death 
In older children-  
 Dizziness  
 Hunger  
 Anxiousness  
 Sweating  
 Lethargy  
 Poor feeding  
 Confusion  
 Irritability  
 Convulsion  
 Coma and  
 Sudden death 

Clinical signs of hypoglycemia in SAM  

A large number of patients with hypoglycemia may not have any symptoms or may present 
with severe CNS and cardiopulmonary disturbances. However, in children with SAM who 
need the admission in the pediatric critical care medicine, the most common clinical 
manifestations can take account as  
 Altered level of consciousness,  
 Seizure,  
 Vomiting,  

 
Hypoglycemia in Children Attending the Critical Care Medicine in Developing Countries  

 

37 

 Unresponsiveness, and  
 Lethargy.  
Any child with SAM and acute illness should be evaluated for hypoglycemia, especially 
when history reveals lesser oral intake (Chisti et al., 2010). Persistent or repetitive 
hypoglycemia in infants and children has a major impact on normal brain development and 
function (al-Rabeeah et al., 1995, Bennish et al., 1990). Evidence suggests that hypoxemia 
potentiate hypoglycemia, causing brain damage that may permanently impair neurologic 
development  (Bennish et al., 1990).  
Hypoglycemia is often a sign of severe infection (Bennish et al., 1990). The child should be 
tested for hypoglycemia on admission or whenever lethargy, convulsions or hypothermia 
are found (Butler et al., 1989). If blood glucose cannot be measured, all children with SAM 
suspected to have hypoglycemia should be treated accordingly (Ahmed et al., 1999). 
Otherwise the children with severe malnutrition and hypoglycemia may die within few 
minutes (Chisti et al., 2010, Huq et al., 2007). 

12. Differential diagnosis of hypoglycemia in children (de Lonlay-Debeney et 
al., 1999, Daly et al., 2003, al-Rabeeah et al., 1995, Dubois et al., 1995, 
Schwartz, 1997b, Schwartz, 1997a, Wyngaarden et al., Cosman et al., 1989, 
Stuckey et al., Wall, 2000, Olry, 2002, Belay et al., 1999, CDC, Dellinger et al., 
2008) 
 Adrenal Insufficiency and Adrenal Crisis 
 Hypopituitarism 
 Hypothyroidism and Myxedema Coma 
 Munchausen Syndrome 
 Reye Syndrome 
 Plant Poisoning, Hypoglycemics 
 Shock, Septic 
 Toxicity, Alcohols  
 Toxicity, salicylates 

13. Laboratory studies  
A bedside glucose level is a very cheap rapid diagnostic test, although it may lead to over 
treatment of hypoglycemia (Cranmer, 2009).  
Serum or plasma glucose levels (Serum glucose level is higher than whole blood glucose 
level) (Cranmer, 2009) 
 Arterial and capillary samples may overestimate the plasma glucose concentration by 

10% in non-fasting patients.  
 Whole blood estimation of glucose may underestimate the plasma glucose 

concentration by approximately 10-15% because RBCs contain relatively low 
concentrations of glucose.  

Serum insulin: when blood glucose is less than 40 mg/dL, plasma insulin concentration 
should be less than 5 and no higher than 10 microunits/mL (Cranmer, 2009).  
Urine  (first voided urine dipstick for ketones) (Sperling et al., 2008, Reid et al., 2003) 
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lethargic or frankly comatose, having only marked hypoglycemia with ketonuria (Cranmer, 
2009). 
The symptoms often vary according to age of the children as follows (de Lonlay-Debeney et 
al., 1999, Daly et al., 2003, al-Rabeeah et al., 1995, Dubois et al., 1995, Schwartz, 1997b, 
Schwartz, 1997a, Luber et al., 1998): 
In neonates-  
 Restlessness  
 Hypothermia  
 Tremulousness  
 Brisk Moro reflex  
 Compromised activity  
 Poor feeding  
 Hypotonia  
 Lethargy   
 Apathy  
 Jitteriness  
 Seizures  
 Congestive heart failure  
 Respiratory difficulty 
 Apnea  
 Bradycardia  
 Convulsion  
 Coma and  
 Sudden death 
In older children-  
 Dizziness  
 Hunger  
 Anxiousness  
 Sweating  
 Lethargy  
 Poor feeding  
 Confusion  
 Irritability  
 Convulsion  
 Coma and  
 Sudden death 

Clinical signs of hypoglycemia in SAM  

A large number of patients with hypoglycemia may not have any symptoms or may present 
with severe CNS and cardiopulmonary disturbances. However, in children with SAM who 
need the admission in the pediatric critical care medicine, the most common clinical 
manifestations can take account as  
 Altered level of consciousness,  
 Seizure,  
 Vomiting,  

 
Hypoglycemia in Children Attending the Critical Care Medicine in Developing Countries  

 

37 

 Unresponsiveness, and  
 Lethargy.  
Any child with SAM and acute illness should be evaluated for hypoglycemia, especially 
when history reveals lesser oral intake (Chisti et al., 2010). Persistent or repetitive 
hypoglycemia in infants and children has a major impact on normal brain development and 
function (al-Rabeeah et al., 1995, Bennish et al., 1990). Evidence suggests that hypoxemia 
potentiate hypoglycemia, causing brain damage that may permanently impair neurologic 
development  (Bennish et al., 1990).  
Hypoglycemia is often a sign of severe infection (Bennish et al., 1990). The child should be 
tested for hypoglycemia on admission or whenever lethargy, convulsions or hypothermia 
are found (Butler et al., 1989). If blood glucose cannot be measured, all children with SAM 
suspected to have hypoglycemia should be treated accordingly (Ahmed et al., 1999). 
Otherwise the children with severe malnutrition and hypoglycemia may die within few 
minutes (Chisti et al., 2010, Huq et al., 2007). 

12. Differential diagnosis of hypoglycemia in children (de Lonlay-Debeney et 
al., 1999, Daly et al., 2003, al-Rabeeah et al., 1995, Dubois et al., 1995, 
Schwartz, 1997b, Schwartz, 1997a, Wyngaarden et al., Cosman et al., 1989, 
Stuckey et al., Wall, 2000, Olry, 2002, Belay et al., 1999, CDC, Dellinger et al., 
2008) 
 Adrenal Insufficiency and Adrenal Crisis 
 Hypopituitarism 
 Hypothyroidism and Myxedema Coma 
 Munchausen Syndrome 
 Reye Syndrome 
 Plant Poisoning, Hypoglycemics 
 Shock, Septic 
 Toxicity, Alcohols  
 Toxicity, salicylates 

13. Laboratory studies  
A bedside glucose level is a very cheap rapid diagnostic test, although it may lead to over 
treatment of hypoglycemia (Cranmer, 2009).  
Serum or plasma glucose levels (Serum glucose level is higher than whole blood glucose 
level) (Cranmer, 2009) 
 Arterial and capillary samples may overestimate the plasma glucose concentration by 

10% in non-fasting patients.  
 Whole blood estimation of glucose may underestimate the plasma glucose 

concentration by approximately 10-15% because RBCs contain relatively low 
concentrations of glucose.  

Serum insulin: when blood glucose is less than 40 mg/dL, plasma insulin concentration 
should be less than 5 and no higher than 10 microunits/mL (Cranmer, 2009).  
Urine  (first voided urine dipstick for ketones) (Sperling et al., 2008, Reid et al., 2003) 
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 Absence of large ketones with hypoglycemia suggests that fat is not being metabolized 
from adipose tissue (hyperinsulinism) or that fat cannot be used for ketone body 
formation (enzymatic defects in fatty acid oxidation).  

 Consider urine for organic acid analysis. 
Newborn screening (Sperling et al., 2008, Schwartz, 1997b):  
 Aminoacidemias 
 Urea cycle disorders  
 Organic acidurias and  
 Fatty acid oxidation disorders by electrospray ionization-tandem mass spectrometry.  
First and prompt recognition of these inborn errors of metabolism has the potential to 
reduce morbidity and mortality rates in these infants.  
Imaging studies (Sperling et al., 2008):  
 Celiac angiography to detect adenomas has limited success. There is potential risk of 

causing vascular trauma in infants younger than 2 years.  

14. Consequencess associated with hypoglycemia (Schwartz, 1997b, 
Guideline, 2004, Cranmer, 2009) 
Hypoglycemia is the most common metabolic problem in neonates. Still, the level or 
duration of hypoglycemia that is harmful to an infant's developing brain is not known. 
Major long-term sequelae include: 
 Neurologic damage resulting in mental retardation  
 Recurrent seizure  
 Respiratory distress  
 Developmental delay  
 Heart failure and  
 Personality disorders.  
Some evidence suggests that severe hypoglycemia may impair cardiovascular function.  

15. Management 
In children without severe malnutrition (Cranmer, 2009, Cornblath and Ichord, 2000): 
In the critical care ward, supportive therapy includes oxygen, establishing an intravenous 
(IV) line, and monitoring. 
 If convulsion, unresponsive to correction of hypoglycemia should be managed with 

appropriate anticonvulsants. 
 If there is marked acidosis (pH < 7.1) suggestive of shock or serious underlying disease 

and should be treated appropriately. 
 The goal of treatment is to maintain a blood glucose level of at least 45 mg/dL (2.5 

mmol/L). 
 Children who drink but has intact airway protective reflexes, nasogastric 

administration of oral liquids containing sugar may be performed.  

15.1 Medication  
Hypoglycemia should be treated as soon as possible to prevent complications of 
neurologic damage. Early feeding of the newborn with breast milk or formula is 
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encouraged. For those unable to drink, a nasogastric tube can be used. The mainstay of 
therapy for children that is alert with intact airway protection. For those who cannot 
protect their airway or are unable to drink, nasogastric, intramuscular, intraosseous, or 
intravenous (IV) routes can be used for the following drugs used to raise glucose levels 
(Sperling et al., 2008, Reid et al., 2003):  
 Dextrose  
 Glucagon  
 Diazoxide and  
 Octreotide  
Case reports have shown that nifedipine may help maintain normoglycemia in children 
with persistent hyperinsulinemic hypoglycemia of infancy (PHHI) (Cranmer, 2009).  
Cortisol should not be used because it has minimal acute benefit and may delay the 
diagnosis of the cause of hypoglycemia. Cortisol stimulates gluconeogenesis and causes 
decreased use of glucose, which leads to overall elevated blood glucose and may mask the 
true cause of hypoglycemia (Cranmer, 2009).  

Anti-hypoglycemic agents (agents elevate blood glucose levels) 
Dextrose  

Choice of treatment as it is absorbed from the intestine resulting in rapid increase in blood 
glucose concentration when administered PO (Reid et al., 2003). Give IV dextrose to 
infants of diabetic mothers with transient neonatal hyperinsulinemia for several days 
until hyperinsulinemia abates (Sperling et al., 2008). Avoid hyperglycemia evoking 
prompt insulin release, which may produce rebound hypoglycemia. SGA infants and 
those with maternal toxemia or perinatal asphyxia require dextrose IV infusion rates >20 
mg/kg/min to control levels (Halamek and Stevenson, 1998). Treatment may be 
necessary for 2-4 week .  

Diazoxide  

Aim to increase blood glucose by inhibiting pancreatic insulin release, and possibly through 
an extrapancreatic effect. Hyperglycemic effect starts within an hour and usually lasts a 
maximum of 8 h with normal renal function (Halamek and Stevenson, 1998, Sperling et al., 
2008, Shirland, 2001).  

Octreotide  

Long-acting analog of somatostatin that suppresses insulin secretion for short-term 
management of hypoglycemia (Cranmer, 2009, Fontaine et al., 1972). 

Glucagon (Glucagon Emergency Kit) 

May be used to treat hypoglycemia secondary to hyperinsulinemia and administered to 
patients without initial IV access. Each mL contains 1 mg (ie, 1 unit). Maximal glucose 
concentration occurs between 5-20 min for IV administration and about 30 min for IM 
administration (Cranmer, 2009, Stanley, 1997).  

Surgical opinion  

If hypoglycemia is diagnosed in an infant younger than 3 months, surgical intervention may 
be necessary. Surgical exploration usually is undertaken in severely affected neonates who 
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 Absence of large ketones with hypoglycemia suggests that fat is not being metabolized 
from adipose tissue (hyperinsulinism) or that fat cannot be used for ketone body 
formation (enzymatic defects in fatty acid oxidation).  

 Consider urine for organic acid analysis. 
Newborn screening (Sperling et al., 2008, Schwartz, 1997b):  
 Aminoacidemias 
 Urea cycle disorders  
 Organic acidurias and  
 Fatty acid oxidation disorders by electrospray ionization-tandem mass spectrometry.  
First and prompt recognition of these inborn errors of metabolism has the potential to 
reduce morbidity and mortality rates in these infants.  
Imaging studies (Sperling et al., 2008):  
 Celiac angiography to detect adenomas has limited success. There is potential risk of 

causing vascular trauma in infants younger than 2 years.  

14. Consequencess associated with hypoglycemia (Schwartz, 1997b, 
Guideline, 2004, Cranmer, 2009) 
Hypoglycemia is the most common metabolic problem in neonates. Still, the level or 
duration of hypoglycemia that is harmful to an infant's developing brain is not known. 
Major long-term sequelae include: 
 Neurologic damage resulting in mental retardation  
 Recurrent seizure  
 Respiratory distress  
 Developmental delay  
 Heart failure and  
 Personality disorders.  
Some evidence suggests that severe hypoglycemia may impair cardiovascular function.  

15. Management 
In children without severe malnutrition (Cranmer, 2009, Cornblath and Ichord, 2000): 
In the critical care ward, supportive therapy includes oxygen, establishing an intravenous 
(IV) line, and monitoring. 
 If convulsion, unresponsive to correction of hypoglycemia should be managed with 

appropriate anticonvulsants. 
 If there is marked acidosis (pH < 7.1) suggestive of shock or serious underlying disease 

and should be treated appropriately. 
 The goal of treatment is to maintain a blood glucose level of at least 45 mg/dL (2.5 

mmol/L). 
 Children who drink but has intact airway protective reflexes, nasogastric 

administration of oral liquids containing sugar may be performed.  

15.1 Medication  
Hypoglycemia should be treated as soon as possible to prevent complications of 
neurologic damage. Early feeding of the newborn with breast milk or formula is 
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encouraged. For those unable to drink, a nasogastric tube can be used. The mainstay of 
therapy for children that is alert with intact airway protection. For those who cannot 
protect their airway or are unable to drink, nasogastric, intramuscular, intraosseous, or 
intravenous (IV) routes can be used for the following drugs used to raise glucose levels 
(Sperling et al., 2008, Reid et al., 2003):  
 Dextrose  
 Glucagon  
 Diazoxide and  
 Octreotide  
Case reports have shown that nifedipine may help maintain normoglycemia in children 
with persistent hyperinsulinemic hypoglycemia of infancy (PHHI) (Cranmer, 2009).  
Cortisol should not be used because it has minimal acute benefit and may delay the 
diagnosis of the cause of hypoglycemia. Cortisol stimulates gluconeogenesis and causes 
decreased use of glucose, which leads to overall elevated blood glucose and may mask the 
true cause of hypoglycemia (Cranmer, 2009).  

Anti-hypoglycemic agents (agents elevate blood glucose levels) 
Dextrose  

Choice of treatment as it is absorbed from the intestine resulting in rapid increase in blood 
glucose concentration when administered PO (Reid et al., 2003). Give IV dextrose to 
infants of diabetic mothers with transient neonatal hyperinsulinemia for several days 
until hyperinsulinemia abates (Sperling et al., 2008). Avoid hyperglycemia evoking 
prompt insulin release, which may produce rebound hypoglycemia. SGA infants and 
those with maternal toxemia or perinatal asphyxia require dextrose IV infusion rates >20 
mg/kg/min to control levels (Halamek and Stevenson, 1998). Treatment may be 
necessary for 2-4 week .  

Diazoxide  

Aim to increase blood glucose by inhibiting pancreatic insulin release, and possibly through 
an extrapancreatic effect. Hyperglycemic effect starts within an hour and usually lasts a 
maximum of 8 h with normal renal function (Halamek and Stevenson, 1998, Sperling et al., 
2008, Shirland, 2001).  

Octreotide  

Long-acting analog of somatostatin that suppresses insulin secretion for short-term 
management of hypoglycemia (Cranmer, 2009, Fontaine et al., 1972). 

Glucagon (Glucagon Emergency Kit) 

May be used to treat hypoglycemia secondary to hyperinsulinemia and administered to 
patients without initial IV access. Each mL contains 1 mg (ie, 1 unit). Maximal glucose 
concentration occurs between 5-20 min for IV administration and about 30 min for IM 
administration (Cranmer, 2009, Stanley, 1997).  

Surgical opinion  

If hypoglycemia is diagnosed in an infant younger than 3 months, surgical intervention may 
be necessary. Surgical exploration usually is undertaken in severely affected neonates who 
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are unresponsive to glucose and somatostatin therapy (Halamek and Stevenson, 1998, 
Sperling et al., 2008).  
In one most recently conducted study revealed that once the diagnosis is made and if 
medical therapy with diazoxide fails, one should assume that the infant has a K(ATP) 
channel defect and may require surgery (Palladino and Stanley). In this case, the infant 
should be referred to a center that specializes in 18-fluoro L-3,4-dihydroxyphenylalanine 
positron emission tomography scan. This report describes a center specializing in 18-fluoro 
L-3,4-dihydroxyphenylalanine positron emission tomography scan with a team of experts 
consisting of endocrinologists, nurse practitioners, geneticists, radiologists, pathologists, and 
a surgeon. It describes the center's paradigm for managing severe cases of congenital 
hypersplenism (H1) with surgery (Palladino and Stanley). On the other hand another 
indicated that in absence of response to the medical treatment  with diazoxide a limited 
pancreatectomy permits to cure focal HI, while a diffuse HI requires a subtotal 
pancreatectomy with high risk of subsequent diabetes mellitus (Giurgea et al., 2005). 
However over all recommendation with risk benefit from the peer reviewed publications 
and text book are as follows (Halamek et al., 1997b, Sperling et al., 2008, Reid et al., 2003) 
 Near total resection of 85-90% of the pancreas is recommended. 
 Risks include the development of diabetes. 
If hypoglycemia first manifests in infants aged 3-6 months, a therapeutic trial of octreotide, 
diazoxide, steroids, and frequent feedings can be attempted for as long as 2-4 weeks.  

Management of hypoglycemia in children with SAM: 
If the child is conscious and blood glucose is <3mmol/l or 54mg/dl: 
50 ml bolus of 10% glucose or 10% sucrose solution (1 rounded teaspoon of sugar in 3.5 
tablespoons water) is given orally or by nasogastric (NG) tube. The starter diet F-75  or 
“milk suzi” in children above 6 months of age / expressed breast milk (EBM) or “infant 
formula” for children under the age of 6 months of age is given every 30 min for two hours 
(giving one quarter of the two-hourly feed each time) (WHO, 1999, Ahmed et al., 1999). 
Thereafter, two-hourly feeds are continued for first 24-48 hours (Ahmed et al., 1999). 
If the child is unconscious, lethargic or convulsing: 
Sterile 10% glucose (5ml/kg) or 25% dextrose (2ml/kg) is given IV, followed by 50 ml of 10% 
glucose or sucrose by NG tube. Then the starter diet F-75 or “milk suzi”/EBM or “infant 
formula” is given as above (Ahmed et al., 1999, WHO, 1999). A number of studies revealed 
that continuous intravenous dextrose might require in case of uncontrolled hypoglycemia 
(Lilien et al., 1977, Lilien et al., 1980). One of the studies revealed that the treatment of neonatal 
hypoglycemia by constant infusion of glucose at the rate of 8 mg/kg/minute was studied in 22 
hypoglycemic neonates. In that study, 18 neonates glucose levels rose above the hypoglycemic 
range within ten minutes of infusion and in three, within 30 to 50 minutes of infusion. The 
remaining neonate had hyperinsulinemia and responded only to diazoxide. Thus, constant 
glucose infusion was found to be useful therapeutically for neonatal hypoglycemia (Lilien et 
al., 1977). Results from the another study from India revealed that symptomatic hypoglycemia 
should always be treated with a continuous infusion of parenteral dextrose. Neonates needing 
dextrose infusion rates above 12 mg/kg/m should be investigated for refractory causes of 
hypoglycemia. Hypoglycemia has been linked to poor neuro-developmental outcome and 
therefore they recommended aggressive screening and treatment with continuous infusion of 
glucoes (Narayan et al., 2001). 
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Follow up (Cranmer, 2009, Cornblath and Ichord, 2000): 
Any child with documented hypoglycemia not secondary to insulin therapy should be 
admitted in a critical care unit for careful monitoring and diagnostic testing.  

16. Prognosis 
The prognosis is good in asymptomatic neonates with hypoglycemia of short duration. 
Hypoglycemia recurs in 10-15% of infants after adequate treatment (Sperling et al., 2008). 
However, there are no published data on the prevalence of hypoglycemia in severe PEM 
after adequate treatment although it has been thought that it will be more than that of in 
infants. Rebound hypoglycemia is more common if intravenous fluid are extravasated or 
discontinued too early or do not offer oral glucose after IV infusion of glucose especially in 
case SAM (Sperling et al., 2008, Ahmed et al., 1999). Remission of congenital 
hyperinsulinism generally does not occur, but the severity of the disease may decrease with 
time. The prognosis of intellectual function could be worse if the symptoms stay for prolong 
duration and usually associated with neurological sequele (Sperling et al., 2008).  

17. Patients care giver education  
Provide genetic counseling for families with affected children, including information about 
a possible 25% risk of recurrence (DePuy et al., 2009). 

18. Conclusion  
Hypoglycemia in children especially in neonates and SAM is a medical emergency and 
should be tested for hypoglycemia on admission or whenever lethargy, convulsions, 
hypoxemia or hypothermia are found. IV infusion of glucose should be given very urgently 
in order to prevent life threatening consequences. If blood glucose cannot be measured, all 
neonates and children with SAM suspected to have hypoglycemia should be treated 
accordingly.  
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are unresponsive to glucose and somatostatin therapy (Halamek and Stevenson, 1998, 
Sperling et al., 2008).  
In one most recently conducted study revealed that once the diagnosis is made and if 
medical therapy with diazoxide fails, one should assume that the infant has a K(ATP) 
channel defect and may require surgery (Palladino and Stanley). In this case, the infant 
should be referred to a center that specializes in 18-fluoro L-3,4-dihydroxyphenylalanine 
positron emission tomography scan. This report describes a center specializing in 18-fluoro 
L-3,4-dihydroxyphenylalanine positron emission tomography scan with a team of experts 
consisting of endocrinologists, nurse practitioners, geneticists, radiologists, pathologists, and 
a surgeon. It describes the center's paradigm for managing severe cases of congenital 
hypersplenism (H1) with surgery (Palladino and Stanley). On the other hand another 
indicated that in absence of response to the medical treatment  with diazoxide a limited 
pancreatectomy permits to cure focal HI, while a diffuse HI requires a subtotal 
pancreatectomy with high risk of subsequent diabetes mellitus (Giurgea et al., 2005). 
However over all recommendation with risk benefit from the peer reviewed publications 
and text book are as follows (Halamek et al., 1997b, Sperling et al., 2008, Reid et al., 2003) 
 Near total resection of 85-90% of the pancreas is recommended. 
 Risks include the development of diabetes. 
If hypoglycemia first manifests in infants aged 3-6 months, a therapeutic trial of octreotide, 
diazoxide, steroids, and frequent feedings can be attempted for as long as 2-4 weeks.  

Management of hypoglycemia in children with SAM: 
If the child is conscious and blood glucose is <3mmol/l or 54mg/dl: 
50 ml bolus of 10% glucose or 10% sucrose solution (1 rounded teaspoon of sugar in 3.5 
tablespoons water) is given orally or by nasogastric (NG) tube. The starter diet F-75  or 
“milk suzi” in children above 6 months of age / expressed breast milk (EBM) or “infant 
formula” for children under the age of 6 months of age is given every 30 min for two hours 
(giving one quarter of the two-hourly feed each time) (WHO, 1999, Ahmed et al., 1999). 
Thereafter, two-hourly feeds are continued for first 24-48 hours (Ahmed et al., 1999). 
If the child is unconscious, lethargic or convulsing: 
Sterile 10% glucose (5ml/kg) or 25% dextrose (2ml/kg) is given IV, followed by 50 ml of 10% 
glucose or sucrose by NG tube. Then the starter diet F-75 or “milk suzi”/EBM or “infant 
formula” is given as above (Ahmed et al., 1999, WHO, 1999). A number of studies revealed 
that continuous intravenous dextrose might require in case of uncontrolled hypoglycemia 
(Lilien et al., 1977, Lilien et al., 1980). One of the studies revealed that the treatment of neonatal 
hypoglycemia by constant infusion of glucose at the rate of 8 mg/kg/minute was studied in 22 
hypoglycemic neonates. In that study, 18 neonates glucose levels rose above the hypoglycemic 
range within ten minutes of infusion and in three, within 30 to 50 minutes of infusion. The 
remaining neonate had hyperinsulinemia and responded only to diazoxide. Thus, constant 
glucose infusion was found to be useful therapeutically for neonatal hypoglycemia (Lilien et 
al., 1977). Results from the another study from India revealed that symptomatic hypoglycemia 
should always be treated with a continuous infusion of parenteral dextrose. Neonates needing 
dextrose infusion rates above 12 mg/kg/m should be investigated for refractory causes of 
hypoglycemia. Hypoglycemia has been linked to poor neuro-developmental outcome and 
therefore they recommended aggressive screening and treatment with continuous infusion of 
glucoes (Narayan et al., 2001). 
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Follow up (Cranmer, 2009, Cornblath and Ichord, 2000): 
Any child with documented hypoglycemia not secondary to insulin therapy should be 
admitted in a critical care unit for careful monitoring and diagnostic testing.  

16. Prognosis 
The prognosis is good in asymptomatic neonates with hypoglycemia of short duration. 
Hypoglycemia recurs in 10-15% of infants after adequate treatment (Sperling et al., 2008). 
However, there are no published data on the prevalence of hypoglycemia in severe PEM 
after adequate treatment although it has been thought that it will be more than that of in 
infants. Rebound hypoglycemia is more common if intravenous fluid are extravasated or 
discontinued too early or do not offer oral glucose after IV infusion of glucose especially in 
case SAM (Sperling et al., 2008, Ahmed et al., 1999). Remission of congenital 
hyperinsulinism generally does not occur, but the severity of the disease may decrease with 
time. The prognosis of intellectual function could be worse if the symptoms stay for prolong 
duration and usually associated with neurological sequele (Sperling et al., 2008).  

17. Patients care giver education  
Provide genetic counseling for families with affected children, including information about 
a possible 25% risk of recurrence (DePuy et al., 2009). 

18. Conclusion  
Hypoglycemia in children especially in neonates and SAM is a medical emergency and 
should be tested for hypoglycemia on admission or whenever lethargy, convulsions, 
hypoxemia or hypothermia are found. IV infusion of glucose should be given very urgently 
in order to prevent life threatening consequences. If blood glucose cannot be measured, all 
neonates and children with SAM suspected to have hypoglycemia should be treated 
accordingly.  
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1. Introduction 
Type 1 Diabetes is an intrinsically unstable condition. A small group of patients with Type 1 
Diabetes (3‰), mainly young women, suffer chronically by poor metabolic control, 
characterized by a severe instability of glycemic values with frequent and unpredictable 
hypoglycemic and/or diabetic ketoacidosis episodes which cannot be attributed to patients 
or clinicians errors. The quality of life of these patients is dramatically compromised in 
particular because of the frequency of acute events, hospital recoveries and precocious 
appearance of chronic complications. This clinical condition has been defined as "brittle 
diabetes" (Tattersall, 1977).  
A precise quantification of these patients is difficult because diagnostic criteria are still not 
well defined and it is often difficult to verify errors of patients in terms of inappropriate 
conduct with the pathology. Metabolic instability is manifested most obviously by chaotic 
glycemic profiles, which show greater and more unpredictable variation than in “stable” 
patients with diabetes. Patients with brittle diabetes cannot be controlled adequately, even 
by closely supervised, intensive insulin regimens, including continuous subcutaneous 
and/or intravenous insulin infusion (Bertuzzi et al., 2007).  Their care is often very 
expensive of time and resources, and their lives are constantly at risk from metabolic 
catastrophe. Management of these patients can also be frustrating and demoralizing for all 
concerned, including the patient’s family and associates and the diabetes care team.   
This review will focus on a contemporary “painting” of brittle diabetes beginning with a 
few historical notes leading to its definition, ongoing researched pathophysiologic substrate, 
common and life-threatening clinical manifestations, diagnosis and treatment.   

2. Brittle diabetes: Historical notes 
In 1942 the Chicago physician Woodyatt suggested that “The history of diabetes has been 
marked by recurrence of certain ideas which decline and disappear; only to go through a 
similar cycle again in an altered form in the new generation” (Woodyatt, 1942). This is 
particularly true of the concept of brittle diabetes which Woodyatt himself introduced in the 
1940s. Although, he never wrote a paper on the subject, contemporaries understood it to 
refer to excessive fluctuations of blood sugar which could not be otherwise explained; the 
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cardinal feature of brittle diabetes was unpredictability and unexpected hypoglycemic 
reactions. Also in the 1940s, practitioners of the newly formed psychosomatic movement 
took an interest in the effect of emotional factors on the course of diabetes and, in particular, 
patients who were “difficult” or “refractory”. “Difficult” patients were marked by not 
following their doctor's instructions or having recurrent diabetic ketoacidosis.  
By the 1950s the question was whether there were two distinct groups of patients; one 
whose lability could be cured by adjusting insulin, diet, and exercise, and another whose 
lability had an emotional origin. It remained a question whether in those patients in whom 
glycemic lability was attributed to an emotional cause, were in fact experiencing 
psychosocial problems as a consequence rather than a cause of the metabolic instability. 
Patients with factitious hypoglycemia, which remained undetected for weeks, suggested 
that neither close observation nor screening by a psychiatrist could rule out the factitious 
disease (Tattersall, 1997). Therefore in 1977 the definition of brittle diabetes was suggested 
by Tattersall for patients whose life was “constantly disrupted by episodes of hypo- or 
hyperglycemia, whatever their cause should be”. This was widely accepted and there was a 
subtle shift towards regarding brittle diabetes as synonymous with recurrent ketoacidosis.  
In the 1980s several groups investigated large series of such patients, using new methods to 
try to uncover a biochemical basis such as defective insulin absorption, accelerated 
degradation at insulin injection sites, and inappropriate secretion of various 
counterregulatory hormones (Schade et al., 1980; Fischer et al., 1980). Most of these patients 
were young overweight women and the eventual conclusion was that in most patients the 
instability was self-induced. In the 1980s recurrent, often warningless, hypoglycemia was 
recognized as a problem in its own right but in the current era it was reborn as also a 
problem of insulin pharmacokinetics, exact as Woodyatt originally conceived it. 

3. Aetiology and pathophysiologic substrate: From the suspicion to ongoing 
research  
Going back in literature, among the main causes of “brittleness” referenced are 
malabsorption, certain drugs (i.e. antipsychotics), defective insulin absorption or 
degradation, defect of hyperglycemic hormones especially glucocorticoid and glucagon, and 
above all delayed gastric emptying as a result of autonomic neuropathy (Vinik et al., 2003; 
Lehmann et al., 2003; Voulgari et al., 2010). Moreover, possible causes of hypoglycemic 
“brittleness” described are organic problems which comprise lost hypoglycemia warnings 
(Tattersall & Gill, 1991), such as alcohol abuse (Hepburn et al., 1990), renal failure, 
gastroparesis, hypopituitarism, and senile dementia (Potter et al., 1982). 
Variable adherence to insulin treatment contributes to presentation of brittle type 1 diabetes 
in adolescents and young adults. The deterioration in glycemic control observed in patients 
aged 10-20 years is often associated with a significant reduction in the adherence index (the 
medically recommended insulin dose and cumulative volume of insulin prescriptions 
supplied for the calculation of the days of maximum possible insulin coverage per annum). 
The latter is inversely related to hospital admissions for diabetic ketoacidosis and all 
hospital admissions related to acute diabetes complications in young (<20 years) type 1 
diabetes patients (Morris, 1990). Direct evidence of poor compliance with insulin therapy in 
young patients with type 1 diabetes and poor adherence to insulin treatment is a major 
factor that contributes to brittle diabetes with diabetic ketoacidosis in this age group. 
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Insulin requirements that apparently exceed 2.0 U/kg/day almost always indicate an 
underlying problem and frequently are suggestive of “brittleness”. Causes of apparent or 
genuine insulin resistance in type 1 diabetes patients include: puberty (Amiel, 1996), 
overinsulinization (Rosenbloom & Giordano, 1977), the Mauriac Syndrome (Elder& 
Natarajan, 2010), chronic infections of the diabetic foot (Tentolouris et al., 1996; Tentolouris 
et al., 2010, Papanas & Maltezos, 2009), acromegaly (Elkeles et al., 1969), Cushing’s 
Syndrome (Anagnostis et al., 2009), thyrotoxicosis (Jacobson et al., 1970) and 
phaeochromocytoma (Ishii et al., 2001). In few cases of recurrent diabetic ketoacidosis, there 

is some suggestion of a deliberate manipulation of diabetes control: patients with recurrent 
diabetic ketoacidosis are thought to be attention-seeking by omitting insulin due to marital 

problems and possible depression, and possibly personal gain from diabetic instability 
(Benbow et al., 2001); depression and manipulation are among the contributory factors to 
instability as well as chronic non-diabetic medical disease (Gill, 1992). 
The aetiology of recurrent hypoglycemia includes impaired awareness of hypoglycemia, 
which can be associated with long-standing type 1 diabetes (Ryder et al., 1990), or induced 
by antecedent hypoglycemic episodes (Lager et al., 1986; Janssen et al., 2000), 
overinsulinization (Widom & Simonson, 1992), endocrinopathies (Hardy et al., 1994), and 
gastrointestinal diseases such as self-induced vomiting by patients with anorexia and/or 
bulimia (Lloyd et al., 1987; Stancin et al., 1989; Crow et al., 1999). Malabsorption, including 
celiac disease as it is analyzed later, which is associated with type 1 diabetes, can also cause 
decreased insulin requirements and unexpected and sometimes severe hypoglycemic 
episodes (Smith et al., 2000). Psychiatrically and psychological problems are more common 
than suspected.  Psychosocial factors are very important and factitious “brittleness” may 
lead to a self-perpetuating condition. The factors reported are: as previously mentioned 
poor compliance (Pickup et al., 1983), family dysfunction (Diabetes Control and 
Complications Trial Research Group, 1993) and obsessional control of diabetes (Borch-
Johnsen & Helweg-Larsen, 1993). Psychological problems (Tattersall & Gill, 1991), "life 
chaos" (Hepburn et al., 1990), factitious insulin overdose (Hepburn et al, 1990) and anorexia 
nervosa (Potter et al., 1982) also illustrate the aetiologic profile of hypoglycemic 
“brittleness”. Suggested motives include escape from hostile situations to the security of 
hospital, attention seeking, and revenge on self or family and suicidal intent. Some patients 
induce hypoglycemia to”feel high” (Cassidy et al., 1999). Rarely cases of factitious overdose 
where insulin was given in excessive doses by a mother to her diabetic child (Munchausen's 
Disease by Proxy) are also referenced (Ludviksson et al., 1993; Gill & Lucas, 1999).  
Acute psychological stress plays a role in the glycemic instability of some patients with 
brittle type 1 diabetes through an increased secretion of insulin-counteracting hormones. 
Psychological interviews showed that most patients with brittle diabetes perceive a link 
between life stress and their blood glucose control and they have much more difficulty in 
verbalizing their emotions (Dutour et al., 1996; Scantamburlo et al., 2001). Patients with 
brittle diabetes display distinct cardiovascular and neuroendocrine responses to 
psychological stress, as well as distinct psychological profiles (Jørgensen, 2007). Moreover, 
hormonal response to an acute psychological stress is more pronounced in brittle diabetes 
and might be one of its pathogenic factors (Dutour et al., 1996).  
Psychosocial parameters interact with metabolic instability even in juvenile brittle type 1 
diabetes. Feelings of dominance precede an increase of blood sugar variance, whereas 
depressive moods, anger and body symptoms are associated with metabolic instability 
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(Brosig et al., 2001). A family therapy session also results in an increase of the mean blood 
sugar variance. Multivariate time-series is a mean to demonstrate psychosomatic 
interrelations and may also contribute to an empirically rooted understanding of 
psychodynamic processes in psychosomatoses.  
Schizophrenia, like other autoimmune disorders, is likely a heritable phenomenon, and a 
genetic liability in this disorder is hardly disputed. Research has indicated that physiologic 
connections between IFN-gamma and TNF-alpha are suggestive of a connection between 
the symptoms associated with schizophrenia and those of hypoglycemic events in type 1 
diabetes patients (Kane et al., 2009). Autoimmune pathogeneses of schizophrenia have been 
hypothesized and the clinical delineation of a potentially corresponding subset of patients 
has been addressed in young female patients who carry the concomitant diagnoses of 
schizophrenia, brittle type 1 diabetes, and hypothyroidism. These patients when treated 
with corresponding antipsychotic medication on an acute basis, an apparent resolution of 
their brittle type 1 diabetes with the successful treatment of their psychotic disorder is 
observed (Balter et al., 2004; Ramaswamy et al., 2006). This well documented link between 
antipsychotic agents and changes in blood glucose may be of benefit in a subset of patients 
who suffer from both psychotic and diabetic disorders.   
In autoimmune polyendocrinopathy with candidiasis and ectodermal dystrophy, autoimmune 
destruction of the pancreatic beta-cells with development of brittle type 1 diabetes is possible, 
but rarer than in the other polyglandular autoimmune syndromes (Lankisch et al., 2009). The 
pathogenesis of this unique autoimmune disease is unknown (Vogel et al., 1992). However, 
cases of young female patients with the diagnosis of autoimmune polyendocrinopathy, 
candidiasis and ectodermal dystrophy have been presented and characterized by 
psychosomatic abnormal development, teeth alterations, post-puberal gonadal failure with 
dystrophic hypoplasia of external genitalia, previous vaginal candidiasis, and slowly 
developing juvenile brittle diabetes with an early onset and severe complications (Iannello et 
al., 1997). Such patients (and their female maternal relatives) need a long-term follow-up in 
order to evaluate the function of endocrine glands and to initiate early treatment for hormonal 
deficits, as well as to detect the non-endocrine components of disease.  
Most patients with brittle diabetes are in the second or third decade of life and they are 
typically admitted with diabetic ketoacidosis rather than hypoglycemia or mixed patterns of 
instability. A “second peak” of prevalence at the age of 60-70 years has been recorded 
though much smaller than the main peak at 15-30 years (Gill et al., 1996). Causes for this 
“second round” of “brittleness” include medical disease (14%), hypoglycemic unawareness 
(6%), and memory or behavioral problems (8%).  
Brittle diabetes in older (≥70 years) patients with a history of insulin therapy using mainly 
human recombinant insulin is reported and is attributed to a high titer of insulin antibodies 
and a higher level of insulin resistance (Park et al., 2008). Steroid pulse therapy reduces the 
possible effect of the insulin antibodies on insulin resistance and glycemic instability, 
successfully decreases their titer and binding capacity, increased glucose infusion rate and 
improved glycemic control with reduced blood glucose excursion (Matsuyoshi et al., 2006). 
Alteration in insulin pharmacokinetics induced by insulin antibodies seems to be a cause of 
brittle diabetes. Steroid treatment might be useful for the improvement of glycemic control 
in such patients. 
Brittle diabetes in the elderly patients with diabetes is most frequent characterized by 
recurrent hypoglycemia (Benbow et al., 2001). In elderly patients with brittle diabetes, 
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contributing factors to instability are chronic, nondiabetic medical diseases. Unrecognized 
celiac disease is one such chronic disorder and recurrent hypoglycemia is ameliorated by 
adherence to a gluten-free diet, when coexisting colorectal disease has been ruled out by 
barium enema and colonoscopy. The fact that 19% of patients with adult celiac disease could 
be in the above 60 years of age group should alert us to the possibility of an association with 
brittle diabetes in older age as well (Mody et al., 2003). Furthermore, in the presence of 
otherwise unexplained brittle diabetes, the coexistence of iron-deficiency anemia should 
heighten suspicion, since this haematinic deficiency is the commonest extraintestinal 
manifestation of celiac disease with distinct episodes of microcytic and/or hypochromic 
anemia, responsive to iron supplements (Jolobe  & Khin, 2002; Hershko & Skikne, 2009).  
Brittle diabetes in the extremely elderly patients with diabetes (>80 years) is thought to be a 
depletion of endocrine insulin secretion due to marked beta-cell reduction and/or beta-cell 
exhaustion secondary to long term diabetes duration. It is usually characterized by frequent 
striking hypoglycemic episodes without clinical awareness. These patients often are 
presented with vascular dementia, visual disturbances, hearing difficulties and speech and 
motor disturbances. Daily detailed observation is required to care for such patients with 
brittle diabetes (Kawanishi  & Miyashita 2003). 
Sometimes, there is no obvious cause. Most patients with “idiopathic” brittle diabetes that 
oscillates between hypoglycemia and hyperglycemia have no obvious underlying cause, but 
many deliberately induce glycemic instability by interfering with their treatment. 
Nonetheless, organic causes of brittle diabetes are occasionally found and must always be 
sought, i.e. recurrent infections, especially if insulin dosage is not increased (Laffel et al., 
2006; Voulgari & Tentolouris, 2010), endocrinopathies, i.e. hypoadrenalism (Gill & Williams, 
2000), inappropriate treatment regimens or lifestyle, and pancreatic damage.  
Diabetes after total pancreatectomy is commonly described as “brittle” with most series 
reporting outcomes after resection for pancreatitis alone (Jethwa et al, 2006).  Brittle diabetes is 
also frequently developed in patients with chronic pancreatitis after partial pancreatectomy 
and its development is partially related to reduced pancreatic beta-cell area (Meier et al., 2009), 
as well as other clinical variables, i.e. pre-operative fasting glucose levels, HbA1c and body 
mass index (Schrader et al, 2010). This is further highlighted by the fact that different surgical 
procedures have an unequal impact on glucose control. Insulin secretion is diminished after 
pancreatic-head and pancreatic-tail resection, but post-challenge glucose concentrations can be 
ameliorated only after pancreatic-head resection (Menge et al., 2009).  
Brittle diabetes in chronic pancreatitis due to the gradually loss of pancreatic parenchyma 
and the appearance of calcifications and of steatorrhea, is characterized by a high risk of 
hypoglycemia due to the decreasing output of insulin and glucagon. In most instances, 
measurement of fecal concentration of elastase may be sufficient to diagnose exocrine 
pancreatic insufficiency (Layer & Keller, 1999). Fecal fat analysis is useful to establish 
malabsorption and to monitor pancreatic enzyme replacement therapy (Dobrilla, 1989). 
Modern pancreatic preparations are also engineered and most patients reduce their 
steatorrhea, although in selected cases larger doses may be needed, depending on size of the 
meal and the severity of the disease. Efficacy of enzyme replacement therapy is influenced 
by the presence of diabetes and vise-versa (Hammer, 2010).  
Acute tropical calculous pancreatitis was also reported as generative of brittle diabetes and 
oral pancreatic enzyme therapy was used for the glycemic control with favorable results 
regarding HbA1c, and fasting glucose levels (Mohan et al., 1998).  



 
Diabetes – Damages and Treatments 

 

52

(Brosig et al., 2001). A family therapy session also results in an increase of the mean blood 
sugar variance. Multivariate time-series is a mean to demonstrate psychosomatic 
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cases of young female patients with the diagnosis of autoimmune polyendocrinopathy, 
candidiasis and ectodermal dystrophy have been presented and characterized by 
psychosomatic abnormal development, teeth alterations, post-puberal gonadal failure with 
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human recombinant insulin is reported and is attributed to a high titer of insulin antibodies 
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contributing factors to instability are chronic, nondiabetic medical diseases. Unrecognized 
celiac disease is one such chronic disorder and recurrent hypoglycemia is ameliorated by 
adherence to a gluten-free diet, when coexisting colorectal disease has been ruled out by 
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manifestation of celiac disease with distinct episodes of microcytic and/or hypochromic 
anemia, responsive to iron supplements (Jolobe  & Khin, 2002; Hershko & Skikne, 2009).  
Brittle diabetes in the extremely elderly patients with diabetes (>80 years) is thought to be a 
depletion of endocrine insulin secretion due to marked beta-cell reduction and/or beta-cell 
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procedures have an unequal impact on glucose control. Insulin secretion is diminished after 
pancreatic-head and pancreatic-tail resection, but post-challenge glucose concentrations can be 
ameliorated only after pancreatic-head resection (Menge et al., 2009).  
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hypoglycemia due to the decreasing output of insulin and glucagon. In most instances, 
measurement of fecal concentration of elastase may be sufficient to diagnose exocrine 
pancreatic insufficiency (Layer & Keller, 1999). Fecal fat analysis is useful to establish 
malabsorption and to monitor pancreatic enzyme replacement therapy (Dobrilla, 1989). 
Modern pancreatic preparations are also engineered and most patients reduce their 
steatorrhea, although in selected cases larger doses may be needed, depending on size of the 
meal and the severity of the disease. Efficacy of enzyme replacement therapy is influenced 
by the presence of diabetes and vise-versa (Hammer, 2010).  
Acute tropical calculous pancreatitis was also reported as generative of brittle diabetes and 
oral pancreatic enzyme therapy was used for the glycemic control with favorable results 
regarding HbA1c, and fasting glucose levels (Mohan et al., 1998).  
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Recently, impaired metabolism of intestinally derived chylomicron remnants has been 
implicated in the development of atherosclerosis. A specific marker of chylomicron particle 
number (apoB48) has been associated with increased vascular disease such as obesity, 
metabolic syndrome, type 2 diabetes, and familial hypercholesterolemia (Otokozawa et al., 
2009; Valdivielso et al, 2009). The role of these particles in the increased atherosclerotic risk 
associated with brittle type 1 diabetes is currently demonstrated. ApoB48 metabolism is 
shown to be altered in individuals with brittle diabetes even in the absence of classic 
dyslipidemia (Su et al., 2009). Disturbed plasma apoB48 remnants can potentially predict 
coronary artery disease in this population. Among the newest pathogenetic theories 
demonstrated is that plasma glucose levels in patients with brittle type 1 diabetes respond 
directly to the amount of transient electromagnetic fields (“dirty electricity”) generated by 
everyday electronic equipment and wireless devices in their environment (Havas, 2008). In 
an electromagnetically clean environment, patients with type 1 diabetes require less insulin 
and have lower levels of plasma glucose (Li, 2005; Beale et al., 1997). Exposure to 
electromagnetic pollution in its various forms may explain the difficulty in glycemic control 
in patients with brittle diabetes who suffer from symptoms of electrical hypersensitivity 
(almost 35%). Reducing exposure to electromagnetic pollution by avoidance or with 
specially designed GS filters may enable some patients with diabetes to better regulate their 
blood sugar with less medication (National Toxicology Program, 2010). Figure 1 illustrates a 
summary of the cited causes of Brittle Diabetes. 

4. Diagnosis and clinical manifestations  
There are no universally agreed diagnostic criteria. Three forms of brittle diabetes have been 
described: recurrent diabetic ketoacidosis, predominant hypoglycemic forms and mixed 
instability (Figure 1). Previous studies have shown that over 90% of hospital admissions in 
patients with recurrent diabetic ketoacidosis or recurrent hypoglycemia are due to that 
particular type of glycemic instability (Gill, 1992). Hypoglycemic brittle diabetes makes up 
17% of the total brittle spectrum, compared with 59% of ketoacidosis brittleness (Tattersall, 
1991) and 24% (Gill, 1992) of mixed brittleness. Compared with patients with recurrent 
diabetic ketoacidosis, hypoglycemic brittle patients are significantly older; and are of 
approximately equal male: female ratio, compared with a female excess in recurrent diabetic 
ketoacidosis (Gill & Lucas, 1992). Also of interest is that patients with mixed brittleness are 
intermediate in both age and sex-ratio, between the groups with recurrent diabetic 
ketoacidosis and recurrent hypoglycemia. Idiopathic brittle diabetes is a label applied to 
those patients who remain poorly controlled despite modern intensified insulin regimens 
and have no obvious cause for their instability (Somogyi, 1959). Most display a pattern of 
general hyperglycemia with wide glycemic swings and recurrent episodes of ketoacidosis.  
A scheme for investigating patients suspected for brittle diabetes is suggested in Figure 2. A 
thorough history and examination may elucidate drug-induced causes, infections or 
endocrine conditions (including puberty). Before moving on to more detailed investigations, 
the patients understanding of diabetes monitoring and treatment should be assessed. It 
should be reasonable to exclude chronic infections and specific endocrine diseases. If 
considered necessary insulin antibodies and insulin receptor antibodies should be 
measured. Should no cause for insulin resistance emerge, the possibility of factitious insulin 
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Fig. 2. The spectrum of Clinical Manifestations of Brittle Diabetes in Type 1 Diabetes Patients  
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resistance should be explored and an insulin challenge test should be performed (Serlin & 
Lash, 2009).  Most patients who remain undiagnosed at this stage probably have factitious 
disease and may be skilled at manipulating their treatment, their families and physicians. 
Therefore, the test injections must be given by a member of the diabetes care team under 
conditions that guarantee the patients’ cooperation. The need this must be explained to both 
patients and family. Hospital admission in such cases can provide formal psychological and 
psychiatric assessment of the patient and the family, without which investigation and 
management are incomplete. 
It is essential to follow a logical protocol that initially excludes potentially remediable, 
organic causes. Cases remaining unexplained at the end of the process are most likely to be 
factitious in origin. Close observation during hospitalization is important: some brittle 
diabetes patients are skilled at stimulating hypoglycemia, possibly to gain attention or 
simply to obtain food that they desire (i.e. sweets) that are otherwise prohibited.  

 
Fig. 3. Scheme for investigation of Brittle Diabetes  

Among the life-threatening clinical manifestations, cases of spontaneous muscle infarction 
in young (mainly ≤30 years) women with a short duration (≤5 years) history of brittle type 1 
diabetes that was not complicated by nephropathy, retinopathy or neuropathy have been 
described in the literature (Virally et al, 2007). 
Spontaneous muscle infarction is a rare complication of diabetes, usually described in 
patients with multiple long-term diabetic complications (Woolley & Smith, 2006). Diabetic 
muscle infarction is more frequent in women (61.5%) and in type 1 diabetes (59%). The 
mean age of reported cases is 42.6 years, with a mean duration of diabetes of 14.3 years 
(Mathew et al., 2007). Multiple complications are usually present: 71% of patients have 
nephropathy (Madhan et al., 2000), 57% have retinopathy, and 54% suffer from autonomic 
neuropathy (Trujillo-Santos, 2003). Spontaneous diabetic muscle infarction is presented with 
necrosis of all muscle elements, with polymorphonuclear or mononuclear cellular 
infiltration and a varying but often limited degree of regeneration, depending on the age of 
the lesion. The presentation is usually acute, with pain and swelling localized to the thigh in 
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most instances. Systemic signs such as pyrexia are infrequent. Laboratory tests (such as 
white cell count and creatinine kinase) and plain radiographs are not helpful, although the 
erythrocyte sedimentation rate is often elevated. The diagnosis, in the appropriate setting, is 
strongly suggested by magnetic resonance imaging, which shows increased signal intensity 
and asymmetry of the muscle on T2-weighted scanning as well as fluid in the tissue planes. 
Management consists of resting the muscle, analgesics, and gradual mobilization. 
Recurrence is common and may be seen in more than 50% of the patients. Long-term 
prognosis is poor, with most patients dying from cardiovascular complications of diabetes 
within 5 years of diagnosis. Therefore, a high index of suspicion, when a poorly controlled 
patient with diabetes presents with non-traumatic limb pain is needed (Mathew et al., 2007). 
All common causes of muscle infarction should be excluded, particularly microangiopathy 
and a hypercoagulable state. The differential diagnosis includes infection (pyomyositis, 
necrotic fasciitis), focal inflammatory myositis, vascular events, trauma, tumor and diabetic 
amyotrophy (Grigoriadis et al., 2000). When all of these are excluded, the possibility that the 
alternating states of transient acute hypoglycemia and hyperglycemia may be responsible 
for the myocardial infarction should be aroused and brought to the diagnostic table. 
“Brittleness” usually resumes after treatment with subcutaneous insulin infusion using a 
portable pump and no recurrence of muscle infarction is observed during the follow-up. 
Although, integration of the patient's mental organization is an important part of all 
psychotherapeutic experiences and generally it is welcomed and thought well worth the 
effort needed to achieve it, however patients with brittle diabetes feel terrified by this 
process (Tallandini, 1999). They seem to think that integration involves a loss of the self: 
they feel it is dangerous and even resist it with psychotic-type defenses. For them, this 
reaction is always activated by separation, and it also appears prior to any developmental 
step they need to take- i.e. in recognizing self-boundaries, sexual identity, and facing the 
oedipal conflict. On all these occasions their reaction is to run away from treatment in a state 
of deep regression, feeling suicidal, and liable to seriously harm their self through the 
mistreatment of their diabetes (Hoffman, 2003).  
Patients with long standing brittle diabetes with numerous episodes of diabetic ketoacidosis 
and frequent hypoglycemic episodes may present significant pathological changes in the 
gastric wall that affect all major components including muscle, neurons and interstitial cells of 
Cajal. Gastroparesis and severe malnutrition can occur in the presence of these changes, and 
may reflect vagal, central or hormonal influences (Pasricha et al., 2008). In juvenile brittle 
diabetes early diagnosed (in the first days of life) it is possible to develop severe secretory 
diarrhea. Extensive biochemical and serological investigation often fails to reveal the etiology 
of the diarrhea. Therapeutic trials with various agents (i.e. loperamide, cholestyramine, 
prednisone, indomethacin, and somatostatin analogue) often have no response. In some cases 
death from septicemia and malnutrition related to diarrhea and poor control of glycemia is 
reported before the completion of 1 year of age (Jonas et al., 1991; Roberts & Searle, 1995). 
Autopsy, may reveal absence of islets of Langerhans in the pancreas, and diffuse dysplastic 
changes in small and large intestinal mucosa. The entire alimentary tract may be lined by 
epithelia most typical of foregut mucosa: secretory-type glands, absent crypts of Lieberkuhn, 
and absent villi relating brittle type 1 diabetes with diffuse intestinal dysplasia independently 
or as part of a hyperimmunoglobulin syndrome (Peake et al., 1995). 
Inhibition of the periodontal ligament cells which are the most important cells in the healing 
of wounds and the regeneration of periodontal tissues is the key explanation for the delayed 
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most instances. Systemic signs such as pyrexia are infrequent. Laboratory tests (such as 
white cell count and creatinine kinase) and plain radiographs are not helpful, although the 
erythrocyte sedimentation rate is often elevated. The diagnosis, in the appropriate setting, is 
strongly suggested by magnetic resonance imaging, which shows increased signal intensity 
and asymmetry of the muscle on T2-weighted scanning as well as fluid in the tissue planes. 
Management consists of resting the muscle, analgesics, and gradual mobilization. 
Recurrence is common and may be seen in more than 50% of the patients. Long-term 
prognosis is poor, with most patients dying from cardiovascular complications of diabetes 
within 5 years of diagnosis. Therefore, a high index of suspicion, when a poorly controlled 
patient with diabetes presents with non-traumatic limb pain is needed (Mathew et al., 2007). 
All common causes of muscle infarction should be excluded, particularly microangiopathy 
and a hypercoagulable state. The differential diagnosis includes infection (pyomyositis, 
necrotic fasciitis), focal inflammatory myositis, vascular events, trauma, tumor and diabetic 
amyotrophy (Grigoriadis et al., 2000). When all of these are excluded, the possibility that the 
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process (Tallandini, 1999). They seem to think that integration involves a loss of the self: 
they feel it is dangerous and even resist it with psychotic-type defenses. For them, this 
reaction is always activated by separation, and it also appears prior to any developmental 
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oedipal conflict. On all these occasions their reaction is to run away from treatment in a state 
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Cajal. Gastroparesis and severe malnutrition can occur in the presence of these changes, and 
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periodontal regeneration and healing in patients with brittle diabetes with recurrent diabetic 
ketoacidosis (Kim et al., 2006). This is relevant to the increased number of infections that 
compromise more distant structures (via direct spread and distant spread), i.e. intracranial, 
retropharyngeal and pulmonary pleural infections and the dissemination by bloodstream 
that can lead to primary rheumatic problems and secondary deposits on the valves of the 
heart, i.e. endocarditis (Jiménez et al., 2004; Lazow, 2005).  
Pulmonary edema, cerebral edema and multiple infarctions of the brain and cervical spinal 
cord develop more frequent in brittle type 1 diabetes than in “stable” type 1 diabetes 
patients during diabetic ketoacidosis, despite appropriate treatment. This may result in 
spastic quadraparesis and permanent disability (Dixon et al., 2006).  
Some of the cutaneous manifestations of brittle diabetes include necrobiosis lipoidica 
diabeticorum, diabetic dermopathy, scleredema adultorum and acanthosis nigricans 
(Jabbour, 2003). 

5. Quality of life: Struggling towards its achievement  
The disruption of life, which is fundamental to the definition of brittle diabetes, obviously 
dependents on the patient’s usual lifestyle and on numerous independent factors, including 
the admission policy of the diabetes care team. Emergency admissions due to poor diabetic 
control are much more common and prolonged than in “stable” patients, and it is not 
unusual for patients with brittle diabetes to spend several months each year in hospital. 
Pragmatic definitions of lifestyle disruption and “brittleness” include frequency and 
duration of hospitalization, more frequent psychosocial disruptions, pregnancy 
complications (Kent et al., 1994; Gill et al., 1996) and higher risk of death due to diabetic 
ketoacidosis, hypoglycemia, and renal failure (Tattersall et al., 1991).  
Epidemiological studies in patients with brittle diabetes have established higher prevalence 
rates of psychiatric disorders, in particular mood and anxiety disorders. However, the 
prevalence rate and symptom profile of depression was found to be homogeneous between 
psychiatric patients with or without diabetes (Eiber et al., 1997).  
Health-related quality of life is among the benefits of islet transplantation, because of a 
significant improvement in the dimensions of satisfaction and impact of diabetes 
(Benhamou et al., 2009). Therefore, its assessment may help in the selection of candidates 
with brittle diabetes for islet transplantation. 

6. Management strategies in brittle diabetes  
6.1 Qualification of glycemic variability  
Several measures have been developed to quantify metabolic instability in brittle diabetes, 
which include assessment of the Mean Amplitude of the largest Glycemic Excursions 
(MAGE), the Mean of Daily Differences (MODD), Lability Index (LI), Low Blood Glucose 
Index (LBGI), Clarke's score, Hyposcore, and continuous blood glucose monitoring 
(Vantyghem & Press, 2006).  

6.2 Continuous glucose monitoring systems: Indications, advantages, and limitations  
Accurate and reliable devices sensing glucose on a near-continuous basis may facilitate 
specific therapeutic adjustments that need to be made to avoid hypo- and hyperglycemic 
excursions, thereby improving metabolic control. Patients with brittle diabetes, who are 
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motivated to participate in their diabetes care and are technologically adept, may benefit 
from continuous glucose monitoring. Current continuous glucose monitoring systems 
indicate the glucose level, the direction and magnitude of change of glucose levels, and can 
be used to assess glycemic variability (De Block C et al., 2008). In addition, real-time 
continuous glucose monitoring sensors can serve as a tool to predict impending glucose 
excursions, thereby providing alarm signals of hypo- and hyperglycemic values warning the 
patient to take preventative actions (De Block C et al., 2008). Quality of life may also 
improve by using continuous glucose monitoring via reducing the fear of hypoglycemia 
(Weinzimer et al., 2004).  
However, to successfully implement continuous glucose monitoring in daily practice, these 
devices must be accurate and reliable, and one must be aware of the limitations of current 
continuous glucose monitoring systems, that originate from physiological and technical 
aspects. Whether continuous glucose monitoring succeeds in ameliorating metabolic control 
and in reducing hypoglycemic episodes, as well as whether it improves quality of life in 
patients with brittle diabetes remains to be proven. Should this be the case, real-time 
continuous glucose monitoring may reduce chronic diabetic complications, and avoid 
hospitalizations, thereby reducing health care costs.  

7. Treatment options 
Therapy of brittle diabetes is based on education, glycemic control, intensive treatment and 
strict interaction between physicians and patients. Once psychogenic problems have been 
excluded, therapeutic strategies require firstly, the treatment of underlying organic causes of 
the “brittleness” whenever possible and secondly optimizing standard insulin therapy using 
analogues, multiple injections and consideration of continuous subcutaneous insulin 
infusion. However, patients with brittle diabetes characterized by recurrent diabetic 
ketoacidosis are often not improved by continuous subcutaneous insulin infusion, although 
there may be exceptions (Pickup & Keen, 2002). The introduction of insulin analogous, with 
either ultra-fast or ultra-slow action and the use of subcutaneous insulin pumps have 
significantly increased the possibility of treating most of these cases. However, there is a 
minority of patients resistant to therapy and alternative approaches are needed for these 
most severely affected patients. In similar cases, pancreas or islet transplantation represents 
an effective therapeutic option entailing good expected outcomes.  

7.1 Lifestyle and education 
Reduction of the rate of severe hypoglycemia has been noted with the Dose Adjustment for 
Normal Eating, a modern approach of advocating dietary freedom and appropriate 
flexibility of insulin doses, resulting in improved long-term metabolic control and better 
adherence to treatment goals (McIntyre, 2006).  
The patient’s ability to manage his or her own diabetes should be evaluated and reinforced 
if necessary, and guidelines drawn up with the patient’s agreement for future treatment 
targets and follow-up. Any conclusions or diagnosis should be discussed in depth with the 
patient and family. Patients should be educated on self-management and insulin dose 
adjustments, since a main cause of brittle diabetes is failure of the patient to understand or 
manage his or her own diabetes (Rice, 2006). Effective education should provide knowledge 
within a context with which the patient can become familiar and should do justice to the 
unpredictability and complexity of actual life, as well as to the patient's own individuality 
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periodontal regeneration and healing in patients with brittle diabetes with recurrent diabetic 
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motivated to participate in their diabetes care and are technologically adept, may benefit 
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there may be exceptions (Pickup & Keen, 2002). The introduction of insulin analogous, with 
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significantly increased the possibility of treating most of these cases. However, there is a 
minority of patients resistant to therapy and alternative approaches are needed for these 
most severely affected patients. In similar cases, pancreas or islet transplantation represents 
an effective therapeutic option entailing good expected outcomes.  

7.1 Lifestyle and education 
Reduction of the rate of severe hypoglycemia has been noted with the Dose Adjustment for 
Normal Eating, a modern approach of advocating dietary freedom and appropriate 
flexibility of insulin doses, resulting in improved long-term metabolic control and better 
adherence to treatment goals (McIntyre, 2006).  
The patient’s ability to manage his or her own diabetes should be evaluated and reinforced 
if necessary, and guidelines drawn up with the patient’s agreement for future treatment 
targets and follow-up. Any conclusions or diagnosis should be discussed in depth with the 
patient and family. Patients should be educated on self-management and insulin dose 
adjustments, since a main cause of brittle diabetes is failure of the patient to understand or 
manage his or her own diabetes (Rice, 2006). Effective education should provide knowledge 
within a context with which the patient can become familiar and should do justice to the 
unpredictability and complexity of actual life, as well as to the patient's own individuality 
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(Wroe, 2004). Efficacious education should transcend mechanical transmission of 
information to attain a deeper level of knowledge and inspire sustainable behavior changes 
and this is the only way to progress from incompliance to compliance and assimilation of 
fundamental principles, to active adherence, which is known to result in effective self-
management (Lutfey et al., 1999). Thus, the patient is put in control to cope with the ever-
changing situations of life (Papanas & Maltezos, 2008). 
In recurrent hypoglycemia, all patients and their associates should be educated about the 
prevention and treatment of hypoglycemia (Dagogo-Jack, 2004). Moreover, appropriate 
information about hypoglycemia unawareness should take place upon diagnosis and 
regularly thereafter at follow-up consultations. Patients should be reminded to avoid usual 
behaviors that may contribute to hypoglycemia, such as taking excess insulin, delaying or 
missing meals, mistiming insulin/food intake around exercise, not monitoring before bed 
and appropriate increased food intake. Alcohol consumption can also lead to hypoglycemia 
and impair recovery from a hypoglycemic episode; the importance of not omitting food 
when drinking should be emphasized to patients. Additionally, patients should be advised 
to have a glucagon emergency kit on hand for severe hypoglycemic episodes (Aschner et al., 
2010). Self monitoring of blood glucose can provide valuable information.  
Although hypoglycemia avoidance restores awareness, it is difficult to be sustained. 
Hypoglycemia unawareness increases severe hypoglycemia risk. When adherence to 
treatment changes is compared by awareness status, reduced adherence to changes in 
insulin regimen in patients with hypoglycemia unawareness is compatible with habituation 
to hypoglycemic stress (Ly et al., 2009). Hypoglycemia unawareness in type 1 diabetes is 
largely secondary to recurrent therapeutic hypoglycemia, as assessed by neuroendocrine 
and symptom responses (Janssen et al., 2000) and cognitive function in patients with brittle 
type 1 diabetes and recurrent hypoglycemia (Bolli et al., 1998; Cryer et al., 2009). Reduced 
awareness of hypoglycemia in some patients with overzealous glycemic control may be 
partially restored by reducing insulin dosages and allowing mean blood glucose to rise 
(Fanelli et al., 1993). Respectively, after a short period (~2 weeks) of hypoglycemia 
prevention, the magnitude of symptom and neuroendocrine responses (with the exception 
of glucagon and norepinephrine) nearly normalizes, and cognitive function is deteriorated 
at the same glycemic threshold and to the same extent as in subjects without diabetes. At 3 
months, the glycemic thresholds of symptom and neuroendocrine responses normalize, and 
some of the responses of glucagon are recovered (Fanelli et al., 1994). Hypoglycemia 
unawareness in type 1 diabetes is largely reversible and intensive insulin therapy together 
with a program of intensive education may substantially prevent hypoglycemia and at the 
same time maintain the glycemic targets of intensive insulin therapy in patients with brittle 
type 1 diabetes (Lager et al., 1986). Therapies aimed at reversing repetitive harmful 
behaviors may also be useful to restore hypoglycemia awareness, as well as protection from 
severe hypoglycemia. 

7.2 Psychotherapy 
Proven noncompliance to treatment requires careful handling. The "polarization" of brittle 
diabetic instability into hyperglycemic (recurrent diabetic ketoacidosis) or hypoglycemic 
behavior is well described, with relatively few displaying characteristics of "mixed 
brittleness" (Tattersall et al., 1991, Gill, 1992). Inpatient psychotherapy of patients with 
brittle diabetes and psychic reactions significantly stabilizes and improves blood glucose 
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after separation. Significant predictors for the average blood glucose are the therapist's 
vacation and the announcement of discharge from the hospital. A significant predictor for 
the daily blood glucose variation is mood (Milch et al., 2002). These results suggest the 
benefit of psychotherapy for young patients with brittle diabetes ((Mitchell et al., 2009).  
Psychological therapy improves noncompliance as a primary cause of “brittleness” and in 
most cases patients are completed rehabilitated (Schade et al., 1985; Viner et al., 2003). 
However, in other groups the psychological management of “difficult” diabetes is less 
encouraging (Didjurgeit et al., 2002; Mitchell et al., 2009).  

7.3 Alternative medicine 
The Rauvolfia-Citrus tea is made by the boiling foliage of Rauvolfia vomitoria and the fruits 
of Citrus aurantium and is used to treat diabetes in Nigerian folk medicine. Chronic 
administration of the Rauvolfia-Citrus tea together with antidiabetic medication caused 
significant improvements in markers of glycemic control, such as blood glucose clearance, 
fasting and 2-h postprandial plasma glucose and HbA1c without adverse effects or 
hypoglycemia. Furthermore it ameliorated the fatty acid profile of skeletal muscle 
(Campbell-Tofte et al., 2010).  
On healthy people vinegar delays gastric emptying and lowers postprandial blood glucose 
and insulin levels (Hlebowicz et al., 2008). The effect of 30 ml apple cider vinegar daily 
before breakfast on delayed gastric emptying rate on patients with brittle type 1 diabetes 
was assessed. Vinegar affected patients with diabetic gastroparesis by reducing the gastric 
emptying rate even further, with a concomitant disadvantage regarding to their glycemic 
control (Hlebowicz et al., 2007). 

7.4 Insulin therapy 
Intensive insulin treatment is defined by basal-prandial insulin therapy which tries to 
reproduce physiological insulin secretion. This requires 3 to 5 injections and self-monitoring 
of blood glucose 4 to 5 times a day. Patients who accept their disease and the demanding 
treatment regimen most often achieve glycemic treatment goals. Severe complications of 
diabetes can be avoided without increasing the risk of severe hypoglycemia. However, 
patients with brittle diabetes do not reach this objective (Jacqueminet  et al., 2005). Besides 
the usual reasons affecting all patients with type 1 diabetes, i.e. diabetes itself, the 
idiosyncrasy of the patient, or the physician, in Brittle Diabetes the main obstacle which 
prevents patients from reaching the ideal glycemic target is more often related to 
psychological problems: difficulties in self-regulation, denial of diabetes presence, or phobia 
of hypoglycemia with avoidance behavior. Frequently, young women present eating 
disorders which can explain the poor diabetes control. The physician may be implicated in 
these poor glycemic results by not prescribing the right tools to obtain optimal glycemic 
control (staying with just two daily injections with premixed insulin) or by assigning 
glycemic targets inaccessible for the patient, or when an empathic relationship cannot be 
established between the patient and the physician. Patient empowerment is the key to the 
success of functional insulin treatment. 
Cases of brittle type 1 diabetes in which recurrent hypoglycemia and peripheral edema were 
relieved after conversion from insulin lispro to insulin aspart have been reported (Tone et 
al., 2008) and stable glycemic control, as well as edema-free condition were maintained after 
conversion of insulin analogs. Several studies reported significantly fewer symptomatic 
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and impair recovery from a hypoglycemic episode; the importance of not omitting food 
when drinking should be emphasized to patients. Additionally, patients should be advised 
to have a glucagon emergency kit on hand for severe hypoglycemic episodes (Aschner et al., 
2010). Self monitoring of blood glucose can provide valuable information.  
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(Fanelli et al., 1993). Respectively, after a short period (~2 weeks) of hypoglycemia 
prevention, the magnitude of symptom and neuroendocrine responses (with the exception 
of glucagon and norepinephrine) nearly normalizes, and cognitive function is deteriorated 
at the same glycemic threshold and to the same extent as in subjects without diabetes. At 3 
months, the glycemic thresholds of symptom and neuroendocrine responses normalize, and 
some of the responses of glucagon are recovered (Fanelli et al., 1994). Hypoglycemia 
unawareness in type 1 diabetes is largely reversible and intensive insulin therapy together 
with a program of intensive education may substantially prevent hypoglycemia and at the 
same time maintain the glycemic targets of intensive insulin therapy in patients with brittle 
type 1 diabetes (Lager et al., 1986). Therapies aimed at reversing repetitive harmful 
behaviors may also be useful to restore hypoglycemia awareness, as well as protection from 
severe hypoglycemia. 
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Proven noncompliance to treatment requires careful handling. The "polarization" of brittle 
diabetic instability into hyperglycemic (recurrent diabetic ketoacidosis) or hypoglycemic 
behavior is well described, with relatively few displaying characteristics of "mixed 
brittleness" (Tattersall et al., 1991, Gill, 1992). Inpatient psychotherapy of patients with 
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after separation. Significant predictors for the average blood glucose are the therapist's 
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the daily blood glucose variation is mood (Milch et al., 2002). These results suggest the 
benefit of psychotherapy for young patients with brittle diabetes ((Mitchell et al., 2009).  
Psychological therapy improves noncompliance as a primary cause of “brittleness” and in 
most cases patients are completed rehabilitated (Schade et al., 1985; Viner et al., 2003). 
However, in other groups the psychological management of “difficult” diabetes is less 
encouraging (Didjurgeit et al., 2002; Mitchell et al., 2009).  
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The Rauvolfia-Citrus tea is made by the boiling foliage of Rauvolfia vomitoria and the fruits 
of Citrus aurantium and is used to treat diabetes in Nigerian folk medicine. Chronic 
administration of the Rauvolfia-Citrus tea together with antidiabetic medication caused 
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emptying rate even further, with a concomitant disadvantage regarding to their glycemic 
control (Hlebowicz et al., 2007). 
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Intensive insulin treatment is defined by basal-prandial insulin therapy which tries to 
reproduce physiological insulin secretion. This requires 3 to 5 injections and self-monitoring 
of blood glucose 4 to 5 times a day. Patients who accept their disease and the demanding 
treatment regimen most often achieve glycemic treatment goals. Severe complications of 
diabetes can be avoided without increasing the risk of severe hypoglycemia. However, 
patients with brittle diabetes do not reach this objective (Jacqueminet  et al., 2005). Besides 
the usual reasons affecting all patients with type 1 diabetes, i.e. diabetes itself, the 
idiosyncrasy of the patient, or the physician, in Brittle Diabetes the main obstacle which 
prevents patients from reaching the ideal glycemic target is more often related to 
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of hypoglycemia with avoidance behavior. Frequently, young women present eating 
disorders which can explain the poor diabetes control. The physician may be implicated in 
these poor glycemic results by not prescribing the right tools to obtain optimal glycemic 
control (staying with just two daily injections with premixed insulin) or by assigning 
glycemic targets inaccessible for the patient, or when an empathic relationship cannot be 
established between the patient and the physician. Patient empowerment is the key to the 
success of functional insulin treatment. 
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relieved after conversion from insulin lispro to insulin aspart have been reported (Tone et 
al., 2008) and stable glycemic control, as well as edema-free condition were maintained after 
conversion of insulin analogs. Several studies reported significantly fewer symptomatic 
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episodes of hypoglycemia with insulin aspart than with insulin lispro administrated by 
continuous subcutaneous insulin infusion in type 1 diabetes (Plank et al., 2002), which might 
be due to the differences in their pharmacokinetics and actions (O’Hare et al., 1983).  On the 
other hand, plasma volume, intravascular albumin content and transcapillary escape rate of 
albumin change in response to hypoglycemia were also ameliorated by insulin conversion 
(Hilsted et al., 1991). Therefore, in cases of brittle type 1 diabetes, especially with peripheral 
edema, it may be worth using insulin analogs. 

7.5 Insulin pump therapy 
Though in use for more than 3 decades, insulin pumps are now being more commonly used 
because of their unique ability to continuously infuse insulin, closely mimicking that of 
physiological secretion from a normal pancreas. Unlike insulin shots with syringes, pump 
infusion sites need to be changed less frequently. Insulin pumps are reported to improve 
glycemic control, normalize blood glucose levels, reduce glycemic swings, and the dawn 
phenomenon. Fewer hypoglycemic episodes and a reduction in insulin dose per day are 
reported with insulin pump therapy as well as an improvement in sexual function, libido, 
and a significant relief of the intractable pain of peripheral neuropathy (Kesavadev et al., 
2010). Quality of life is ameliorated by a reduction in the chronic fear of severe 
hypoglycemia, the more flexibility of lifestyle-no need to eat at fixed intervals, more 
freedom of lifestyle and easier participation in social and physical activity, and benefits for 
the patients' family (Cummins et al., 2010). The success of insulin pump therapy depends on 
selection of the right candidate, extensive education, motivation, and implementing the 
sophisticated programs with skill. Long-term follow-up of medical, psychological, and 
neurocognitive parameters in young patients with brittle diabetes have further summarized 
the same efficacy and safety of continuous subcutaneous insulin infusion in children ≤6 
years of age (Eugster et al., 2006).  
Insulin pump therapy can be initiated and used effectively in patients with brittle type 1 
diabetes to improve metabolic control and quality of life. When diabetes and pump 
management are appropriately individualized, this kind of therapy can help patients with 
type 1 diabetes to achieve and to sustain metabolic control. Lifestyle flexibility, quality of life 
improvement, and independence can be maintained throughout young adulthood 
(Petrovski et al, 2007). Nocturnal glycemic control is improved with insulin pumps, and 
automatic basal rate changes help to minimize a pre-breakfast blood glucose increase (the 
"dawn phenomenon") often seen with injection therapy. Implantable pumps have 
advantages for patients who either weight more than 80kgs or have abnormalities of kidney 
or liver function or are highly sensitized. One study compared intraperitoneal insulin 
infusion through an implantable pump with intraportal islet transplantation (Vantyghem et 
al, 2009). Although the metabolic results (HbA1c, daily insulin need, glycemia) improved 
with both methods, they were significantly ameliorated with intraportal islet 
transplantation, though with more frequent side effects (hypoglycemia). 

7.6 Islet transplantation  
Islet cell transplantation is an attractive concept which holds great promise for the treatment 
of type 1 diabetes and for preventing brittle diabetes in patients undergoing pancreatic 
resection; given its potential high efficacy and that it is a relatively noninvasive procedure 
and a smart alternative to pancreas transplantation for restoring endogenous insulin 
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secretion, islet cell transplantation may effectively control blood glucose for brittle type 1 
diabetes, resulting in a marked reduction in hypoglycemic episodes and improvements in 
glycemic control. In addition, approximately 70% of transplanted patients with type 1 
diabetes have achieved insulin independence (Matsumoto et al, 2005). 
Isolated islet transplantation, which restores glucose sensing, should be considered in cases 
of hypoglycemic unawareness and/or lability especially if the body mass index is 
<25kg/m2, but with current immunosuppressive protocols patients must have normal renal 
function and preferably no plans for pregnancy (Matsumoto et al., 2007). The main limiting 
factor of beta-cell function replacement by transplantation is so far represented by the 
potentially severe side effects of the immunosuppressant therapy necessary to avoid graft 
rejection and recurrence of autoimmunity.  
Advances in islet isolation methods and immunosuppressive regimens are leading to 
expanded clinical trials to develop islet transplantation as a therapeutic option for patients 
with type 1 diabetes (Sumino et al., 2003). However, the isolation process is still potentially 
harmful to the islets (Bottino et al., 2004) because it may expose them to damaging factors 
that induce a general proinflammatory state. Moreover, after transplantation, islets are 
subject to hypoxia and early nonspecific inflammatory events, mostly mediated by the 
recipient’s immune cells that can compromise beta-cell viability and function. Locally 
secreted chemoattractants and proinflammatory molecules might recruit and activate 
immune cells to the transplant site, mediating irreparable damage to the islet graft. Islet 
survival in the early post transplantation period is influenced by inflammatory events in 
and around islets.  
CD40, a member of tumor necrosis factor receptor family expressed mainly in 
nonhematopoietic cells, is generally associated with inflammation. CD40 contributes not only 
to physiological cell-mediated responses, but also to immune pathological conditions such as 
autoimmune and vascular diseases, leading to a chronic inflammatory state. It has been 
previously reported that the CD40 molecule is expressed also in human pancreatic beta-cells 
and that expression can be upregulated by incubation with a cocktail of proinflammatory 
cytokines (Klein et al., 2005). CD40 signals in beta-cells upregulate secretion of interleukin (IL)-
6, IL-8, macrophage inflammatory protein (MIP)-1, and MIP-1β (Barbé-Tuana et al., 2006). 
These results in vitro indicate that the CD40 receptor expressed by beta-cells could be activated 
in vivo inducing proinflammatory responses contributing to early islet graft loss after 
transplantation. In this regard, the use of specific blockers immediately after the isolation 
process could improve islet viability and perhaps clinical success rates. 
Reducing the islet proinflammatory state has been demonstrated to reduce the early post-
transplant complications and perhaps improve islet engraftment (Bertuzzi  et al., 2004). 
Moreover, increased percentage of insulin-independence at 1-year post-transplant and 
decreased percentage of cardiovascular events has been achieved with corticosteroids-
sparing protocols in pancreas islet allotransplantation in patients with brittle diabetes. 
Lympho-depleting induction antibodies, such as rabbit anti-thymocyte globulin or 
alemtuzumab, calcineurin inhibitors and mycophenolate or sirolimus have been widely 
used in successful trials. However, since most of the studies were uncontrolled trials of low-
risk patients and therefore the grade of evidence is limited, large-scale prospective studies 
with long-term follow up are necessary to assess risks and benefits of corticosteroids-
sparing regimens in pancreas transplantation before recommending such strategies as 
standard practice.  
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secretion, islet cell transplantation may effectively control blood glucose for brittle type 1 
diabetes, resulting in a marked reduction in hypoglycemic episodes and improvements in 
glycemic control. In addition, approximately 70% of transplanted patients with type 1 
diabetes have achieved insulin independence (Matsumoto et al, 2005). 
Isolated islet transplantation, which restores glucose sensing, should be considered in cases 
of hypoglycemic unawareness and/or lability especially if the body mass index is 
<25kg/m2, but with current immunosuppressive protocols patients must have normal renal 
function and preferably no plans for pregnancy (Matsumoto et al., 2007). The main limiting 
factor of beta-cell function replacement by transplantation is so far represented by the 
potentially severe side effects of the immunosuppressant therapy necessary to avoid graft 
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It is often reported that islets from more than one donor are required to achieved insulin 
independence, even when an acceptable islet mass was transplanted in the first infusion. 
The success of recent clinical trials for allogeneic islet transplantation as well as the 
increasing centers that perform auto-transplantation is showing that the beta-cell 
replacement therapy for the treatment of patients with diabetes or total pancreatectomy has 
been firmly established. It needs only to be improved and made more widely available to 
the millions of desperate patients with brittle diabetes who search for alternatives to a life of 
insulin injections, hypoglycemia and the risks of end-organ damage. Important issues to be 
addressed before this treatment is widely applicable, including difficulty in maintaining 
insulin independence, low islet isolation success rate, multiple donor requirements, and side 
effects associated with the use of immunosuppressants. Steady progress has been achieved 
in recent years in different areas in the pancreatic islet transplantation process including 
islet cell processing, preservation, and immune therapies that justify optimism.  
Combined islet and donor CD34+ hematopoietic stem cell infusion using an 'Edmonton-like' 
immunosuppression (daclizumab, sirolimus, tacrolimus), with a single dose of anti-TNF 
alpha antibody (Infliximab) adds to the induction without ablative conditioning, and may 
lead to stable chimerism and graft tolerance in patients with Brittle Type 1 Diabetes 
receiving a single-donor allogeneic islet transplant (Mineo et al, 2008). A prospective phase 
1/2 trial investigated the safety and reproducibility of allogeneic islet transplantation and 
tested a strategy to achieve insulin-independence with lower islet mass in C-peptide 
negative Brittle Type 1 Diabetes patients with hypoglycemic unawareness. All patients 
received an equal mean total number of islets. Both the Edmonton immunosuppression 
regimen (daclizumab, sirolimus, tacrolimus) and the University of Illinois protocol 
(etanercept, exenatide and the Edmonton regimen) induced insulin-independence. 
However, combined treatment of etanercept and exenatide improved islet graft function 
and facilitates achievement of insulin-independence with fewer islets (Gangemi et al, 2008). 
Optimal primary graft function has been associated with prolonged graft survival and better 
metabolic control (HbA1c, mean glucose, glucose variability assessed with continuous glucose 
monitoring system, and glucose tolerance defined by an oral glucose tolerance test) after islet 
transplantation (Vantyghem et al., 2009). This result was not significantly influenced by HLA 
mismatches or by preexisting islet autoantibodies. A pancreas transplant alone in a nonuremic 
patient with Brittle Diabetes is a rare procedure because the tradeoff for insulin independence 
is lifelong immunosuppression. However, a technically successful pancreas transplant alone is 
currently the only treatment option that allows nonuremic patients with Brittle Diabetes to 
become insulin-independent in the long term. Risk factors for subsequent kidney failure (13% 
at 5 years posttransplant) are serum creatinine levels >1.5 mg/dL at the time of the pancreas 
transplant and recipient age<30 years (Gruessner et al., 2008). 
Donor shortage is another dilemma. To address the issue of donor shortage, living donor 
islet transplantation and bioartificial islet transplantation using pig islets are being 
evaluated. Bioartificial islet transplantation could be the ultimate solution of the donor 
shortage. Currently, overcoming immunological hurdles, establishing reliable islet isolation 
methods, and controlling porcine endogenous retrovirus are the primary obstacles to the 
implementation of this treatment. If bioartificial islet transplant becomes a clinical reality, it 
may even be applicable in the treatment of select patients with Type 2 diabetes. Beta-Cell 
regeneration from naïve pancreas and beta-cell generation from embryonic stem cells or 
induced pluripotent stem cells are poised as the next-generation treatments for Type 1 
diabetes (Matsumoto, 2010). 
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Preemptive simultaneous kidney-pancreas transplantation in patients with Type 1 Brittle 
Diabetes, severe diabetic autonomic neuropathy and nephrotic syndrome due to diabetic 
nephropathy, with near-normal exhibited function of the native kidneys leads to rapid and 
nearly complete diminution of proteinuria although the residual function of the patient's 
native kidneys was reduced from 60% at about 40% at 3 months after transplantation and 
slightly lower at 12 months after simultaneous kidney-pancreas transplantation (Sedlak et 
al, 2007). Besides kidney microcirculation, islet transplantation alone has also a beneficial 
effect on the retinal microcirculation, since recently an early, significant increase of arterial 
and venous retinal blood flow velocities was found 1-year after islet transplantation 
(Venturini et al., 2006). 
However, whether islet transplantation should be aimed at restoring insulin independence 
or providing adequate metabolic control and restoration of diabetic microvascular 
complications is still debated (Badet et al., 2007). Updated summary of results from 
Edmonton procedure and experience with combined results from different institutions 
reported to the Collaborative Islet Transplant Registry have largely substantiated the 
reproducibility of the Edmonton procedure (Ryan et al., 2001). Complete insulin-
independence is achieved in the majority of patients 1-year after transplant (more then 55%) 
but this state is not sustained permanently. Although only a minority (10%) of patients 
remained insulin-free after 5 years, more then 80% of them had still detectable levels of C-
peptide and substantially improved glycemic control without episodes of hypoglycemia. 
Even though currently, the islet graft is still not a remedy for every patient with Brittle 
Diabetes, islet transplantation has already obtained "nonresearch" status and is close to 
having a biological license status approved by the FDA in the United States that would 
further stimulate progress in the field (Witkowski et al., 2006; Alejandro et al., 2008). 

8. Conclusions 
There are many complexities involved in treating patients with brittle diabetes and helping 
them to achieve and maintain their euglycemia. Therefore, adopting a team approach that 
involves a broad range of disciplines is essential. Depending on circumstances and available 
resources, the multidisciplinary team should include the patient, diabetes specialist, primary 
care physician, nurse, dietitian, podiatrist and psychologist/psychiatrist, as well as family 
and friends. All members of the team should work together to ensure continuity of care. 
Communication and coordination within the team are also imperative to ensure that all 
members share and are working towards the same treatment targets and recommendations. 
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1. Introduction  
Dysglycemia is common in critically ill patients. Both hyperglycemia and hypoglycemia are 
independent risk factors for increased morbidity and mortality. Hypoglycemia severity may 
even have a ‘dose-response’ relationship with increased mortality(Bagshaw et al., 2009). 
Acute hypoglycemia induces a systemic, counter-regulatory stress response that leads to an 
increase in blood norepinephrine, epinephrine, glucagon, growth hormone, and cortisol 
concentrations. Risk factors that are associated with the occurrence of hypoglycemia in ICU 
patients include severity of illness, strict glucose control, continuous veno-venous 
hemodialysis, decrease of nutrition without adjustment for insulin infusion, a prior 
diagnosis of diabetes mellitus, sepsis, and need for inotropic support (Arabi et al, 
2009;Krinsley & Grover, 2007;Vriesendorp et al. ,2006).  
The association between hyperglycemia and mortality seems population dependent, with 
the strongest association in patients in the cardiac, cardiothoracic and neurological 
ICU(Whitcomb et al., 2005). During acute illness, hyperglycemia might exert an even more 
deleterious effect on ICU patients without diabetes than among patients with 
diabetes(Capes et al., 2000;Krinsley 2006;Rady et al., 2005). Unlike nondiabetic patients, 
diabetic patients show no clear association between hyperglycemia during intensive care 
unit stay and mortality and markedly lower odds ratios of death at all levels of 
hyperglycemia. These findings suggest that, in critically patients with diabetes mellitus, 
hyperglycemia may have different biological and/or clinical implications(Egi et al., 2008).  
Recently, variability of glucose concentrations has been identified as an additional factor 
that may contribute to the mortality and morbidity of dysglycemia. A retrospective 
evaluation of over 7000 patients identified glycemic variability, defined as the standard 
deviation of each patient’s mean glucose level during ICU stay, as a stronger predictor of 
mortality than hyperglycemia(Egi et al., 2006). High glucose variability during ICU stay was 
associated with increased mortality in patients without diabetes, even after adjustment for 
severity of illness and mean glucose concentration(Krinsley 2009). In contrast, there was no 
independent association of glucose variability with mortality among patients with diabetes. 
Glucose variability contributes to ICU mortality and in-hospital death by increasing 
oxidative stress, neuronal damage, mitochondrial damage, and coagulation activation. 
The relation between glucose concentration and outcome is complex and not linear. The 
interaction between glucose concentrations and outcome may arise from independent and 
synergistic domains of glycemic control including central tendency (such as mean and 
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median glucose values), variability and the minimum glucose value (Mackenzie et al., 2011).  
Using these different metrics of glycemic control, a population-specific relationship between 
metrics of outcome was demonstrated in patients in a surgical, trauma, cardiac and 
neurological ICU. This relationship had a dose response component with an n-shape curve 
in neurological ICU patients, suggesting a survival advantage during hyperglycemia in 
these patients.  
Strict glycemic control may improve morbidity and mortality in critically ill patients. 
Intensive glucose control is however associated with a higher incidence of hypoglycemia 
compared to conventionally treated patients. This increased risk of hypoglycemia may limit 
the use of strict glucose control in critically ill neurological patients, since hypoglycemia is a 
well known cause of secondary brain injury. In this review we will describe the different 
aspects of dysglycemia and glycemic control in critically ill patients, with a special emphasis 
on the critically ill neurological patients. 

2. Glucose homeostasis in critically ill patients  
Glucose homeostasis is a physiologically well-balanced mechanism depending on 
coordinated and simultaneously ongoing processes involving insulin secretion by the 
pancreas, hepatic and renal glucose output and glucose uptake by splanchnic (liver and gut) 
and peripheral tissues. Cellular uptake of glucose occurs via insulin- or noninsulin-
dependent mechanisms. The noninsulin-dependent pathway is the major mechanism of 
glucose uptake in the basal state, accounting for 75-85% of the total post-prandial glucose 
uptake and is mainly directed at the brain(Gottesman et al., 1983).  
The brain plays a central role in the orchestration of the changes in blood glucose and the 
appropriate counterregulatory responses (reviewed in (Watts & Donovan, 2010)).  Some 
neurons possess specialized mechanisms that allow them to act as glucosensors and alter 
their firing rates with fluctuating ambient glucose concentrations. These neurons are 
predominantly located in the hypothalamus and hindbrain. Important glucosensing 
elements are also present in the hepatic portal/mesenteric vein, gut, carotid body and oral 
cavity. Information from the glucosensing elements is processed by neurons in the 
hypothalamus and hindbrain. These neurons regulate the counterregulatory responses and 
provide direct input to the appropriate neuroendocrine motor and preganglionic neurons in 
the hypothalamus, hindbrain, and autonomic ganglia. Their output in turn controls and/or 
modulates effector cells in the adrenal medulla (chromaffin cells), anterior pituitary 
(corticotopes and somatotropes), and pancreatic islets (α- and β-cells).  
Severe illness induces a stress response with alterations in the glucose metabolism including 
enhanced peripheral glucose uptake and utilization, hyperlactatemia, increased glucose 
production, depressed glycogenesis, glucose intolerance, and insulin resistance(Mizock, 
1995). Stress hyperglycemia is caused by a highly complex interplay between 
counterregulatory hormones such as cortisol, epinephrine, norepinephrine and glucagon, 
leading to an increase in hepatic and renal glucose production and insulin resistance 
(reviewed in (Dungan et al., 2009)). The hepatic gluconeogenesis that is induced by 
glucagon, cortisol and epinephrine is the key source of glucose production. The kidney is 
responsible for approximately 20% of the glucose production under resting 
conditions(Meyer et al., 2002). During stress, however, cathecholamines can increase the 
renal contribution to glucose production up to 40% by increasing substrate availability and 
the gluconeogenic efficiency of the kidney(Meyer et al., 2003). Glucagon increases both 
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gluconeogenesis and glycogenolysis in the liver, but has no effect on the kidney. Cytokines 
such as IL-6 and TNF-α also contribute to the synthesis of glucose by regulation of key 
enzymes such as glucose 6-phosphatase (G6Pase) involved in the 
gluconeogenesis(Blumberg et al., 1995a;Blumberg et al., 1995b). Insulin suppresses glucose 
release in both the liver and kidney by direct enzyme activationdeactivation, as well as by 
reducing the availability of gluconeogenic substrates and actions on gluconeogenic 
activators. Glycogenolysis and reduced glycogen synthesis in the liver probably contribute 
only to a small extent to the stress induced hyperglycemia.  
Insulin resistance is characterized by raised plasma levels of insulin, organ-specific 
alterations in glucose utilization, and impaired insulin-mediated uptake(Brealey & Singer 
2009). The insulin resistance occurs at several levels and is mainly driven by the 
inflammatory response. TNF-α can activate protein kinase B, resulting in phosphorylation of 
the insulin receptor thereby reducing the glucose uptake(Fan et al., 1996;Ueki et al., 2004). In 
addition, a number of animal models measured a significant reduction in the number of 
insulin receptors(McCowen et al., 2001).   

3. Glucose in critically ill neurological patients: Friend or foe?  
3.1 Glucose is fuel for the brain 
Under normal conditions, the human brain is an obligate glucose consumer and depends 
almost entirely on the availability of systemic glucose to maintain its normal metabolism. 
Glucose concentration in brain normally shows a linear relationship to blood concentrations 
with normal human blood glucose levels ranging between 70-128 mg/dL and the 
corresponding normal brain concentrations ranging from roughly 14.4-41.4 mg/dL 
(Gruetter et al., 1998).  
Autoradiography and PET have shown that the rate of glucose consumption differs between 
brain regions, with higher values in grey matter, and also varies with time, with active areas 
capturing more glucose compared to inactive areas(Raichle & Mintun, 2006). In critically ill 
neurological patients the metabolic demand of the brain is increased, resulting in a relative 
deficiency in cerebral extracellular glucose(Bergsneider et al., 1997;Hutchinson et al., 2009).  
Glucose is transported from the blood across the endothelial cells in the blood-brain barrier 
and across the plasma membranes of neurons and glia cells. Rapid breakdown of glucose by 
the brain creates a concentration gradient between the cerebrospinal fluid and the blood, 
resulting in a driving force of glucose towards the brain. Glucose is transported to the brain 
by facilitated glucose transport that is mediated by members of the glucose transporter 
(GLUT) protein family. Several GLUT isoforms have been identified in the brain: GLUT1 is 
highly expressed on endothelial cells at the blood-brain-barrier and in astrocytes, whereas 
GLUT3 is detected in neurons and GLUT5 in microglia (Vannucci et al., 1997).  
During normal activity, glucose is the predominant energy substrate for neurons. The 
metabolic coupling between neurons and astrocytes preserves energy homeostasis in the 
brain during increased neuronal activity. Activation of neurons is accompanied by an 
increase in local cerebral blood flow, thus increasing the delivery of energy substrates. 
Glucose metabolism itself is also tightly coupled to neuronal activity: activation of astrocytes 
by glutamate, that is released by neurons, results in increased production of lactate by 
astrocytes that can be used as fuel by neurons to meet their energy demand (the astrocyte-
neuron lactate shuffle)(Pellerin et al., 2007;Pellerin & Magistretti, 2004;Rothman et al., 1999). 
This astrocyte-neuron lactate shuffle also contributes to neurotransmitter recycling and 
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gluconeogenesis and glycogenolysis in the liver, but has no effect on the kidney. Cytokines 
such as IL-6 and TNF-α also contribute to the synthesis of glucose by regulation of key 
enzymes such as glucose 6-phosphatase (G6Pase) involved in the 
gluconeogenesis(Blumberg et al., 1995a;Blumberg et al., 1995b). Insulin suppresses glucose 
release in both the liver and kidney by direct enzyme activationdeactivation, as well as by 
reducing the availability of gluconeogenic substrates and actions on gluconeogenic 
activators. Glycogenolysis and reduced glycogen synthesis in the liver probably contribute 
only to a small extent to the stress induced hyperglycemia.  
Insulin resistance is characterized by raised plasma levels of insulin, organ-specific 
alterations in glucose utilization, and impaired insulin-mediated uptake(Brealey & Singer 
2009). The insulin resistance occurs at several levels and is mainly driven by the 
inflammatory response. TNF-α can activate protein kinase B, resulting in phosphorylation of 
the insulin receptor thereby reducing the glucose uptake(Fan et al., 1996;Ueki et al., 2004). In 
addition, a number of animal models measured a significant reduction in the number of 
insulin receptors(McCowen et al., 2001).   
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restoration of neuronal membrane potentials. Recent studies indicate that the human brain 
has the capacity to support up to 10% of its energy metabolism with lactate. Lactate in 
plasma can cross the blood-brain barrier through monocarboxylate transporters(Simpson et 
al., 2007). Plasma lactate may become a significant source of fuel in conditions of increased 
plasma lactate levels or when blood glucose levels are reduced, accounting for up to 60% of 
the energy metabolism(Boumezbeur et al., 2010).  
Glycogen metabolism is also under the control of metabolic coupling. Glycogen is 
predominantly localized in the peripheral astrocytic processes surrounding the neuronal 
elements and serves as an endogenous source of energy for these cells and for neurons 
during extreme energy failure. Neurochemical signals from neurons and astrocytes trigger 
glycogenolysis. In astrocytes, glucose derived from glycogenolysis is used for both oxidative 
metabolism and for production of lactate(Benarroch, 2010). This lactate serves as an energy 
substrate for oxidative metabolism in neurons.  
Since the brain relies upon plasma glucose as its primary energy source, a reduced blood 
glucose concentration promptly induces a complex counter regulatory response aiming at 
recovery of plasma glucose concentrations. Glucagon and epinephrine are released after a 
small decrease in glucose concentration, followed by activation of the autonomic nervous 
system. This hypoglycemia induced systemic stress response is accompanied by an 
increasing cerebral blood flow and altered cerebral metabolism with increased 
glycogenolysis. Depending on the duration and severity, the effects of hypoglycemia span 
from mild changes in EEG signals to irreversible brain injury and coma. Not all neurons are 
equally sensitive to hypoglycemic injury. Neurons in the cerebral cortex and the 
hippocampus are affected preferentially, followed by neurons in the basal ganglia and the 
thalamus. Neurons in the brain stem, the cerebellum, and the spinal cord are generally 
spared, as are glial cells and white matter tracts (Auer et al., 1989). The hypoglycemic 
neuronal damage is not a direct result of energy failure but mainly caused by an excitotoxic 
amino acid mediated increase in intracellular calcium, production of reactive oxygen species 
and apoptosis (Suh et al., 2007).   
In acute brain injury, the hypoglycemic threshold is lower compared to normal brain and 
even mild hypoglycemia can induce neuroglycopenia. In patients after traumatic brain 
injury, arterial glucose levels < 108 mg/dL resulted in decreased brain glucose 
concentrations with an increased cerebral uptake of glucose(Meierhans et al., 2010). 
Microdialysis markers of brain metabolic distress were significantly reduced at brain 
glucose concentrations > 18 mg/dL, reaching the lowest levels at arterial blood glucose 
levels between 108-162 mg/dL. From this study it was concluded that arterial blood glucose 
concentrations between 108-162 mg/dL were optimal in traumatic brain injury. In addition, 
low brain glucose concentrations are associated with recurrent, spontaneous, spreading 
depolarizations in pericontusional tissue, resulting in a further reduction in brain glucose 
concentration and an ongoing brain damage (Feuerstein et al., 2010;Parkin et al., 2005).  

3.2 Glucose is toxic to the brain 
Stress-related hyperglycaemia, previously considered to be a protective physiological 
response to meet the increased demands of an injury, is associated with a poor outcome in 
critically ill patients. This association of poor outcome and hyperglycemia has been 
consistently confirmed across multiple studies and different disease entities such as 
traumatic brain injury (Jeremitsky et al., 2005;Lam et al., 1991;Rovlias & Kotsou, 2000;Salim 
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et al., 2009), intracranial hemorrhage (Fogelholm et al., 2005;Godoy et al., 2008;Godoy et al., 
2009;Godoy & Di, 2007;Kimura et al., 2007;Passero et al., 2003) and subarachnoid 
hemorrhage (Badjatia et al., 2005;Frontera et al., 2006;Kruyt et al., 2008;Kruyt et al., 
2009;Lanzino et al., 1993).   
Hyperglycemia is associated with many detrimental effects, including reduced immune 
function, increased inflammation and coagulation, and modulation of the endothelium. 
Plasma concentrations of pro-inflammatory cytokines are increased during hyperglycemia, 
while insulin reduces the pro-inflammatory cytokine response and restores the pro- and 
anti-inflammatory balance (Turina et al., 2005).  Glucose increases basal TNF and IL-6 
production in human monocytes in-vitro (Morohoshi et al., 1996). Similarly, a glucose-
dependent increased production of TNF by peripheral blood cells in-vitro after stimulation 
with lipopolysaccharide was measured, whereas glucose does not influence the production 
of the anti-inflammatory cytokine IL-10 (Hancu et al., 1998). In-vivo induced hypoglycaemia 
in hypoglycaemic human clamp models resulted in a down-modulation of 
lipopolysaccharide -induced TNF synthesis(de Galan et al., 2003). Hyperglycemia increases 
the expression of tissue factor, which has both proinflammatory and procoagulant 
functions(Brealey & Singer, 2009).  Hyperglycemia induces endothelial dysfunction through 
several damaging pathways, including the polyol/sorbitol/aldose reductase pathway, the 
protein kinase C pathway, the accumulation of non-enzymatic glycation end products and 
by increased oxidative stress, ultimately leading to increased expression of endothial 
cytokines and adhesion molecules (van den Oever et al., 2010). Insulin infusion restores 
normoglycemia in critically ill patients and improves and restores host defence, 
haemodynamics and coagulation abnormalities. 
The deleterious effects of acute hyperglycemia on brain injury has been demonstrated in a 
large number of animal studies (reviewed in (Ergul et al., 2009)). Hyperglycemia increases 
infarct volume in focal models of ischemia and aggravates necrosis in global 
ischemia/reperfusion models. In addition, hyperglycemia contributes to the vascular 
damage during ischemia/reperfusion injury, resulting in increased hemorrhagic 
transformation during reperfusion(de Court et al., 1989;de Court et al., 1988). Marked blood-
brain barrier disruption with formation of brain edema has been found in hyperglycemic 
rats after temporary and permanent middle cerebral artery occlusion(Kamada et al., 2007). 
In diabetes adaptive protective mechanisms gradually develop, protecting the subject 
against acute hyperglycemia. Diabetes promotes neovascularization, remodeling and 
increases in vascular tone limiting cerebral perfusion(Ergul et al., 2009). Resulting hypoxia 
and/or metabolic changes mediate ischemic tolerance via neuronal preconditioning but 
decreases vascular ischemic tolerance leading to increased and accelerated hemorrhagic 
transformation and development of edema in the event of an ischemic event. Acute 
hyperglycemia also increases vascular tone and disrupts vascular integrity but in the 
absence of sufficient time to stimulate adaptive protective mechanisms, the magnitude of 
neuronal damage is greater.  
Cerebral ischemia results in widespread activation of the systemic inflammatory system 
(Offner et al., 2006). Systemic inflammatory mediators such as cytokines and adhesion 
molecules can activate microglial cells and perivascular macrophages and contribute to 
irreversible brain ischemia(Bemeur et al., 2007). After the initial activation of the innate 
immune response, inflammatory cells from the periphery are mobilized and contribute to 
microvessel obstruction, edema formation, cellular necrosis and tissue infarction. 
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Hyperglycemia enhances neutrophil infiltration and increases cytokine expression in several 
animal models of cerebral ischemia and likely exacerbates the ischemic injury(Bemeur et al., 
2005).  

4. Glucose control in critically ill patients 
4.1 Intensive insulin therapy 
A number of randomized controlled trials have been performed on the effects of strict glucose 
control in critically ill patients. Two single centre trials were performed in Leuven by van den 
Berghe et al(Van den Berghe et al., 2001;Van den Berghe et al., 2006a), followed by a number of 
multicentre trials. The first Leuven trial compared maintenance of blood glucose levels 
between 80 and 110 mg/dl versus 180 and 200 mg/dl in critically ill patients in a surgical 
ICU(Van den Berghe et al., 2001). In this trial strict glucose control resulted in a 42% reduction 
in mortality compared with conventional treatment. Septic patients and patients with an ICU 
stay > 5 days showed the largest reduction in mortality. In the second trial from Leuven 
performed in medical ICU patients no mortality benefit was demonstrated in the overall 
intention to treat analysis(Van den Berghe et al., 2006a). A reduction in hospital mortality from 
52.5 to 43.0 percent was found in patients treated with intensive insulin therapy who stayed in 
the ICU for 3 days or more. Among patients treated < 3 days in the ICU, mortality was higher 
in the insulin group compared to the conventional group. The incidence of hypoglycemia was 
higher in the intervention group compared to the conventional treatment in both trials. 
Pooling the two datasets of both Leuven trials revealed that intensive insulin therapy reduced 
morbidity and mortality in a mixed surgical/medical ICU population, especially when 
continued for at least 3 days, without causing harm to patients treated for < 3 days(Van den 
Berghe et al., 2006b). The subgroup of patients with a prior history of diabetes did not appear 
to benefit. Blood glucose maintained at < 110 mg/dl was more effective that at 110-150 mg/dl, 
but also carried the highest risk of hypoglycemia.  
How strict control of blood glucose reduces morbidity and mortality is unknown, but the 
mechanism may be related either to a direct effect of normalization of hyperglycemia or to 
the concomitantly higher insulin levels. Post hoc multivariate logistic regression analysis of 
the study by van den Berghe et al. suggests that the lowered blood glucose level rather than 
the insulin dose is related to the reduction in mortality (Van den Berghe et al., 2003). Apart 
from glucose lowering, insulin has a number of nonglycemic metabolic effects that may be 
important in critical illness (reviewed in (Honiden & Inzucchi, 2010)). Insulin can modulate 
inflammation via the mannose binding lectin pathway, via NF-kB and via modulation of 
pro- and anti-inflammatory cytokines. It can  reduce free fatty acids and reverse the state of 
dyslipidemia in critical illness, regulate apotosis, prevent endothelial dysfunction and 
hypercoagulation,  decrease neutrophil chemotaxis and leukocyte adhesion and prevent 
excessive nitric oxide which may help regulate oxidative stress.  
A retrospective analysis of the databases of the two Leuven trials assessed the effect of 
intensive insulin therapy on blood glucose amplitude variation and pattern irregularity in 
critically ill patients(Meyfroidt et al., 2010). The Leuven intensive insulin therapy strategy 
increased mean daily delta blood glucose while not affecting standard deviation blood 
glucose. Increased blood glucose amplitude variation and pattern irregularity were 
associated with mortality, irrespective of blood glucose level. In contrast, the reduced 
mortality observed with intensive insulin therapy in the Leuven trials could not be 
attributed to an effect on blood glucose amplitude variation.  
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After these landmark studies by Van den Berghe in 2001 and 2006, tight glycemic control 
was adopted as standard care in a large number of ICUs. However, subsequent randomized 
controlled multicentre trials were unable to replicate the results of these landmark trials. The 
Glucontrol study compared strict glucose control (blood glucose concentrations 80-110 
mg/dL) to a target glucose between 140-180mg/dL, in an attempt to prevent the adverse 
effects of severe hyperglycemia, while reducing the risks of hypoglycemia(Preiser et al., 
2009). This multicentre study was stopped early due to the high rate of protocol violations. 
Strict glucose control failed to induce any clinical benefit, but was associated with a higher 
incidence of hypoglycemia. The VISEP trial was a multicenter, two-by-two factorial trial, 
that randomly assigned patients with severe sepsis to receive either intensive insulin 
therapy to maintain euglycemia or conventional insulin therapy and either a low-molecular-
weight hydroxyethyl starch or modified Ringer’s lactate for fluid resuscitation(Brunkhorst 
et al., 2008). After the first safety analysis, involving 488 patients  intensive insulin therapy 
was terminated early by the data and safety monitoring board, owing to an increased 
number of hypoglycemic events (12.1%), as compared with conventional insulin therapy 
(2.1%). No differences in mortality and morbidity between the intensive and conventional 
treatments groups were found, but patients in the intensive-therapy group tended to have 
longer stays in the ICU than did patients in the conventional therapy group. The NICE-
SUGAR trial was a large, international, randomized trial comparing intensive glucose 
control, with a target blood glucose range of 81 to 108 mg/dl to conventional glucose 
control, with a target < 180 mg/dl(Finfer et al. 2009).  Intensive glucose control increased the 
absolute risk of death at 90 days by 2.6 percentage points; this represents a number needed 
to harm of 38. The difference in mortality remained significant after adjustment for potential 
confounders. Severe hypoglycemia was significantly more common with intensive glucose 
control. Given this lack of reproducible results in a heterogeneous group of ICU patients, 
and concerns over excessive hypoglycemia, extremely tight glucose control cannot be 
considered standard of care in ICU patients.  
The multicentre trials were unable to replicate the findings of the 2 Leuven trials and raised 
the possibility that intensive insulin therapy may even increase the risk of mortality and 
morbidity in ICU patients. The explanation for the disparate findings seems multifactorial. 
In the Leuven studies the rate of use of total parenteral nutrition was higher compared to 
the other studies. Intensive insulin therapy may increase mortality in patients receiving 
enteral nutrition, possibly related to the adverse effects associated with hypoglycemia(Marik 
& Preiser, 2010). In turn, high dose parenteral glucose administration in the absence of 
intensive insulin therapy results in hyperglycemia with associated organ failure and death. 
In the Leuven studies, adjustments of insulin dosage were exclusively based on blood 
glucose measured on arterial blood via a point-of-care blood gas/glucose analyzer, whereas 
other studies used samples obtained from different sites and measured with different 
devices. The conventional treatment differed among the studies(Gunst & Van den Berghe, 
2010). In the Leuven studies higher glucose values were tolerated compared to the other 
trials and the beneficial effects of intensive insulin therapy in these studies may be obtained 
by preventing excessive hyperglycemia.  

4.2 Intensive insulin therapy in brain injury 
Hyperglycemia at the time of brain injury is associated with increased morbidity and 
mortality. A planned subgroup analysis in patients with isolated brain injury of the first 
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Leuven study revealed that intensive insulin therapy resulted in lower intracranial 
pressures, less seizures and a better long-term rehabilitation. Strict glucose control also 
protected general ICU patients against critical illness polyneuropathy.  
A number of small studies on glucose control in critically ill neurological patients have been 
published, but most of these trials were too small to achieve sufficient statistical power to 
demonstrate possible effects on neurological outcome or mortality. Intensive insulin therapy 
did not change the incidence of vasospasm, neurological outcome or mortality rates in 
patients with acute subarachnoid hemorrhage(Bilotta et al., 2007). A decrease in infection 
rate from 42 to 27% was observed in the patients with strict glucose control compared to 
conventional glucose control. No differences in neurological outcome or mortality rates were 
found in patients after severe traumatic brain injury(Bilotta et al., 2008;Coester et al., 2010). A 
trial in 483 patients undergoing elective or emergency brain surgery revealed that intensive 
insulin therapy significantly reduced the length of stay in the ICU (6 vs. 8 days), and the 
infection rate (25.7% vs. 39.3%) without a significant effect on neurological outcome or survival 
at 6 months(Bilotta et al., 2009). In the UK Glucose Insulin in Stroke Trial (GIST-UK) patients 
presenting within 24 hours of stroke onset were randomly assigned to receive glucose-
potassium-insulin infusion aiming at a capillary glucose between 72-126 mg/dL or no glucose 
intervention(Gray et al., 2007). The trial was stopped due to slow enrolment after 933 patients 
were recruited. There was no significant reduction in mortality or neurological disability at 90 
days, although the study was underpowered and alternative results could not be excluded. 
The Treatment of Hyperglycemia in Ischemic Stroke (THIS) trial revealed similar 
results(Bruno et al., 2008). Strict versus moderate glucose control did not improve outcome in 
patients after resuscitation from ventricular fibrillation(Oksanen et al., 2007).  Intensive or 
conventional control of blood glucose levels in mechanically ventilated adult neurologic ICU 
patients resulted in a non-significant increase in mortality in the patients in the intensive 
insulin group (36 vs 25%), with no differences in functional outcome(Green et al., 2010).  
The results from the studies on strict glucose control in unselected critically ill patients may 
not be directly applicable to patients with critical neurological disease because of the high 
sensitivity of the brain to the effects of hypoglycemia. Tight glucose control was complicated 
by an increased number of hypoglycemic events in all trials in critically ill neurological 
patients. Since studies in patients with acute brain injury did not show a beneficial effect of 
strict glucose control on mortality or neurological outcome, the markedly increased risk of 
hypoglycemia limits the safe use of intensive insulin therapy these patients.  

5. Glucose monitoring in the ICU setting 
Detection of hypoglycemia is difficult in ICU patients since these patients are often sedated 
and incapable of communicating, thereby masking clinical symptoms and signs. Frequent 
glucose measurement is therefore required to titrate the amount of insulin and detect episodes 
of hypoglycemia. For practical reasons bedside point of care (POCT) devices are frequently 
used. The accuracy of the POCT monitoring is influenced in several ways, including both 
preanalytic and analytic parameters. Glucose concentrations may differ according to the blood 
sampling site (venous, arterial or capillary blood). In critically ill patients, capillary blood 
glucose measured by fingerstick is inaccurate(Critchell et al., 2007;Kanji et al., 2005).  Capillary 
sampling led to both overestimation(Kanji et al., 2005)  and underestimation(Atkin et al., 1991) 
of blood glucose values. The presence of shock, use of vasopressors and upper extremity 
edema were associated with the occurrence of inaccurate readings.  
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The reliability of the POCT devices itself in critically ill patients is also poor. In a prospective 
observational study the performance of 3 different POCT devices was tested and compared 
with the glucose oxidase method in arterial blood samples(Hoedemaekers et al., 2008). To 
minimize  preanalytical bias the measurements were performed simultaneously by an 
experienced laboratory technician under controlled circumstances using a single arterial 
blood sample.  Paired samples from all 3 tested devices were inaccurate in 4.9-13.4% of 
measurements. Inaccurate glucose readings were most frequently falsely elevated, and 
occurred over the entire range of blood glucose values. Patients with inaccurate POCT glucose 
results were significantly older, had a higher disease severity score, and a higher ICU mortality 
compared with patients with accurate glucose values. The mechanism underlying the 
differences in glucose values between the different POCT systems and the glucose oxidase 
method in critically ill patients is unknown. Accu-Chek uses the glucosedehydrogenase- 
pyrroloquinolinequinone method for glucose determination, which is not specific for glucose. 
This method misinterprets maltose, icodextrine (which is converted to maltose), galactose, and 
xylose as glucose, leading to erroneously elevated glucose levels (Schleis, 2007). In addition, a 
large number of drugs commonly used in the treatment of critically ill patients, such as 
acetaminophen, dopamine, and mannitol, interfere with a number of POCT test systems. 
Changes in hematocrit concentration can influence the results of POCT measurements. 
Depending on the point-of-care testing device that is used both overestimation and 
underestimation of the glucose values can occur in patients with low hematocrit levels(Karon 
et al., 2008). Glucose measurement in the ICU setting using these bedside devices can be 
inaccurate and potentially dangerous: inaccurate glucose readings are most frequently falsely 
elevated, resulting in misinterpretation of high glucose values with subsequent inappropriate 
insulin administration or masking of true hypoglycemia.  
In the past decade continuous glucose measurement devices have been developed in order 
to make glycemic management  safer and more efficient. Due to concerns regarding altered 
perfusion in critical illness, many have questioned the accuracy of such devices in ICUs. So 
far, both excellent and poor performance has been reported in ICU patients (Bridges et al,. 
2010;Corstjens et al., 2006;Holzinger et al., 2009;Price et al., 2008). Until these matters are 
solved, continuous monitoring of interstitial glucose values should be used with caution in 
the ICU.  

6. Conclusion 
Glucose control in the ICU is markedly different from that in an out-patient clinic. Severe 
illness induces dysglycemia, with potential detrimental effects of low, high and variable 
glucose values. The injured brain is particularly susceptible for changes in glucose 
concentrations. strict glucose control is not proven beneficial in neurological ICU patients 
and has a unacceptable risk of hypoglycemia. Glucose control in  the neurological ICU 
should be focused on maintenance of a steady level of glucose between 8-10 mmol/l, 
avoiding large fluctuations. Glucose monitoring in  neurological ICU patients is difficult and 
requires special attention.  
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1. Introduction  
Patients can be exposed to a variety of potentially life threatening acute inflammations 
mainly sepsis, which accounts to 9% of all death in the US. The prevalence of non-alcoholic 
fatty liver disease (NAFLD) is about 30% in the general population. Fatty liver is known to 
be more sensitive to endotoxins. It has been reported that metabolic aspects of sepsis and 
endotoxemia are suppression of the fatty acid beta-oxidation pathway and severe 
hypoglycemia. This can be due to lipotoxic effects following accumulation of free fatty acids 
in the liver and suppression of gluconeogenesis. In this chapter we will review the 
published facts about the development of hypoglycemic effects during sepsis and the 
possible connection of such an effect to the dysregulation of lipid metabolism. Secondly a 
possible redox related antilipotoxic cellular mechanism will be suggested. Such mechanism 
can alleviate the endotoxic hypoglycemic effect and is related to nitric oxide signaling. Nitric 
oxide signaling has been demonstrated to regulate the metabolic status of cells including 
upregulation of mitochondrial biogenesis, promoting liver glucose production and 
depending on the biological setting to protect cells against accumulation of oxidative 
damage, all possibly protect against development of hypoglycemia following liver injury.  

2. Non-alcoholic fatty liver disease 
2.1 Introduction  
Non-alcoholic fatty liver disease NAFLD comprises a spectrum of hepatic pathology, 
ranging from simple steatosis (SS), in which there is an increase of fat accumulation in 
hepatocytes, through steatohepatitis to cirrhosis (Farrell, GC et al., 2008). Primary NAFLD is 
associated with obesity, insulin resistance and metabolic syndrome, diabetes and 
dyslipidemia, while secondary NAFLD is associated with all forms of liver damage 
including viral infections autoimmune and heradetory disease, drugs, toxins and nutrition 
(parenteral nutrition , B12/folic acid deficiency etc.) (Musso, G et al., 2010) (Figure 1). 
Nonalcoholic steatohepatitis (NASH) is a progressive lesion in which steatosis is 
accompanied by hepatocyte injury and death, as well as hepatic infiltration by inflammatory 
cells. NASH-related liver damage often triggers liver fibrosis. In severe cases, NASH may 
progress to cirrhosis and possibly hepatocellular carcinoma (Lim, JH et al., 2006). NAFLD is 
one of the most common liver diseases worldwide, affecting all racial, ethnic, and age 
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groups without sex predilection. The prevalence of NAFLD is around  30 % of the general 
population (Musso, G et al., 2009; Musso, G et al., 2010), NASH affects about 3 percent of the 
lean population (those weighing less than 110 percent of their ideal body weight), 19 percent 
of the obese population, and almost half of morbidly obese people. It is estimated about that 
8.6 million obese adult Americans may have NASH and about 30.1 million may have the 
simple steatosis. Thus, the very high prevalence of fatty liver means that this disorder will 
contribute significantly to an increased burden of ill-health at the present and in the future 
(Farrell, GC et al., 2008). 
NAFLD refers to the presence of hepatic stetosis not associated with a significant intake of 
alcohol (Adams, LA & KD Lindor, 2007) and its incidence is paralleling the increasing 
numbers of overweight and obese individuals worldwide (Yan, E et al., 2007). When fat 
accounts for more than 10% of liver’s weight, then the condition is called fatty liver and it 
can develop more serious complications (American Liver Foundation). Fatty liver may cause 
no damage, but the excess fat leads to inflammation causing liver damage is refered to as 
steatohepatitis (American Liver Foundation). The term nonalcoholic steatohepatitis (NASH) 
was first coined by Ludwig et al at 1980 (Ludwig, J et al., 1980) describing the pathology of 
20 patients histologically similar with alcoholic hepatitis but without the history of alcohol 
abuse. Sometimes, inflammation from a fatty liver is linked to alcohol abuse; this is known 
as alcoholic steatohepatitis (ASH). Otherwise the condition is called NASH (American Liver 
Foundation). NAFLD comprises a spectrum of liver pathology including bland steatosis, 
steatohepatitis, cirrhosis (Yang, L & A Diehl, 2007) and hepatocellular carcinoma (Angulo, P, 
2007) where most liver related morbidity and mortality occur. The histological damage in 
NAFLD is very similar to that seen in patients with alcoholic liver disease (ALD), but 
NAFLD is by definition not alcohol induced (Angulo, P, 2007).  
NAFLD is the most common chronic liver disease in the western world (Adams, LA & KD 
Lindor, 2007). Sedentary lifestyle and poor dietary choices are leading to a weight gain 
epidemic in westernized countries, subsequently increasing the risk for developing the 
metabolic syndrome and NAFLD (Rector, RS et al., 2008). Although, NAFLD may be 
categorized as primary and secondary depending on the underlying pathogenesis both type 
of NAFLD can be interrelated (Figure 1). 
 

 
Fig. 1. Type and causes of NAFLD. Primary and secondary NAFLD may be interrelated. 
Induction of liver damage with may lead to fat accumulation in the liver  may exacerbate  
primary NAFLD under conditions of hyperlipidemic, on the other hand primary NAFLD 
can increase the vulnerability of the liver to different kind of stressors and damaging agents. 
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2.2 Epidemiology 
NAFLD is increasingly being recognized as an important and common condition, affecting 
approximately 20-45% of the general population (Joy, D et al., 2003) in different countries. It 
is estimated to affect approximately 30% of the general US population and is considered the 
hepatic manifestation of the metabolic syndrome (Rector, RS et al., 2008; Zivkovic, AM et al., 
2007). According to (Angulo, P, 2007), NAFLD affects one in three adults and one in 10 
children in the United States. Although NAFLD typically occurs between the fourth and six 
decades of life (Targher, G et al., 2007; Zhou, YJ et al., 2007), it is known to affect children as 
well as adults and is not considered discriminatory to age (Imhof, A et al., 2007; Zhou, YJ et 
al., 2007). Many studies have found a wide discrimination of NAFLD between the sexes 
(Amarapurkar, D et al., 2007; Zelber-Sagi, S et al., 2006).  
Among different ethnic groups, however, the picture becomes a bit more complicated. 
Browning et al (Browning, JD et al., 2004) reported that the prevalence of fatty liver was 
highest in Hispanics (45%) compared to Caucasians (33%) or African Americans (24%) 
which introduced the possibility of race related variability in the susceptibility to NAFLD. 
Furthermore, within specific race, such as Caucasians, sex-related differences in the presence 
of fatty liver (42% in men and 24% in women) had been observed, which indicates the risk 
factors for NAFLD may vary depending on ethnicity and sex (Browning et al, 2004).   
Among 3543 peoples, surveyed in South China, 609 (17.2%) were diagnosed having fatty 
liver disease (FLD, 23.0% in urban and 14.5% in rural) out of which prevalence of NAFLD 
was 15.5% (Zhou, YJ et al., 2007). In the same study, prevalence of FLD among the children 
at the age of 7-18 years was 1.3% with all having NAFLD. The prevalence and incidence of 
NAFLD is expected to increase worldwide as the global obesity epidemic spreads and the 
trend in developing countries toward the western lifestyle continues (Angulo, P, 2007). 

2.3 Clinical aspects of NAFLD 
Most patients with NAFLD have no symptoms or signs of liver disease at the time of 
diagnosis (Angulo, P & KD Lindor, 2002). NAFLD has been characterized with 
asymptomatic elevation of aminotransferases, radiological findings of fatty liver or 
unexplained persistent hepatomegaly (Angulo, P & KD Lindor, 2002). NAFLD patients may 
be complaint of fatigue or a sensation of fullness or discomfort in the right upper abdomen . 
Hepatomegaly is one of the more consistent physical findings, described in up to 75% of 
patients with NAFLD (Yan, E et al., 2007). Other findings on physical examination that may 
suggest NAFLD as the cause of liver abnormalities include those characterizing insulin 
resistance and metabolic syndrome, such as central obesity, hypertriglyceridemia, and 
hypertension (Yan, E et al., 2007).  
The most common and often the only laboratory abnormality found in NAFLD patients, is 
mild to moderate elevation of liver enzymes (Angulo, P, 2007; Angulo, P & KD Lindor, 2002) 
alanine aminotransferase (ALT) and aspartate aminotransferase (AST): defined as ALT>45 
U/L, AST>45 U/L or γ Glutamyl transferase (GGT) >50 U/L (Hickman, I et al., 2008)In the 
patients with FLD, AST/ALT ratio is usually less than one, but this ratio increases as fibrosis 
advances (Angulo, P, 2007). A study on Japanese adults showed that triglycerides, total 
protein albumin, AST and ALT were all significantly higher while high density lipoprotein 
(HDL) cholesterol and AST/ALT ratio were significantly lower in subjects with NAFLD 
than those without fatty liver (Jimba, S et al., 2005).  
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3. Association of fatty liver with hypoglycemia 
3.1 Fatty acid oxidation defects 
Adipocytes have the unique capacity to store excess fatty acids in the form of TGs in lipid 
droplets. Non-adipose tissues, such as hepatocytes, cardiac myocytes and pancreatic beta-cells, 
have a limited capacity for lipid storage. In hyperlipidemic states, the accumulation of excess 
lipid in non-adipose tissues can lead to cellular dysfunction and/or cell death, a phenomenon 
known as lipotoxicity (Listenberger, LL et al., 2003; Unger, RH, 1995; Weinberg, JM, 2006). 
Most studies attribute strong lipiotoxic effects to free fatty acids (FFAs). Lipotoxic effects in the 
liver include disruption of liver-cell function (Alkhouri, N et al., 2009).  
The connection between increased levels of fatty acids to hypoglycemia is known in genetic 
diseases of fatty acid oxidation defects (Figure 2). Inherited defects in mitochondrial fatty- 
acid beta-oxidation comprise a group of at least 12 diseases characterized by distinct enzyme 
or transporter deficiencies. Most of these diseases have a variable age of onset and clinical 
severity. Symptoms are often episodic and associated with mild viral illness, physiologic  
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Fig. 2. Classical theory of how biochemical fatty acid oxidation defects generate 
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stress, or prolonged exercise that overwhelms the ability of mitochondria to oxidize fatty 
acids. Depending on the specific genetic defect, patients develop fasting hypoketotic 
hypoglycemia, cardiomyopathy, rhabdomyolysis, liver dysfunction, or sudden death 
(Kompare, M & WB Rizzo, 2008). Medium-chain acyl-CoA deshydrogenase (MCAD) 
deficiency is the most frequent disorder of mitochondrial fatty acid oxidation (Baruteau, J et 
al., 2009), The pathophysiology of these diseases is still not completely understood, 
hampering optimal treatment (Houten, SM & RJ Wanders). Hypoglycemia as one major 
clinical sign in all fatty acid oxidation defects and occurs due to a reduced hepatic glucose 
output and an enhanced peripheral glucose uptake (Spiekerkoetter, U & PA Wood). A 
connection of such disorders-phenotype with metabolic derangement that are not 
necessarily related to genetic defected has been demonstrated recently via  the Sirtuins. 
Sirtuin 3 (SIRT3) is localized in the mitochondrial matrix, where it regulates the acetylation 
levels of metabolic enzymes, including acetyl coenzyme A synthetase 2. Mice lacking SIRT3 
exhibit hallmarks of fatty-acid oxidation disorders during fasting  (Hirschey, MD et al.).  

3.2 Liver regeneration 
The liver is known for its regenerative capacity. It is now well accepted that there are two 
physiological forms of regeneration in the liver as responses to different types of liver injury. 
The first line for regeneration are mature, normally quiescent adult hepatocytes. During mild 
liver injury due to drugs, toxins, resection, or acute viral diseases, hepatocytes are the main cell 
type to proliferate and regenerate the liver. The mature hepatocytes have relatively low 
proliferative capacity. The second line of defense are the progenitor cell population, that are 
activated when injury is severe, or when the mature hepatocytes can no longer regenerate the 
liver due to senescence or arrest (Riehle, KJ et al., 2011). The metabolic requirements of the 
generating liver form Partial hepatectomy (PH) of from liver damage are impressive. There is a 
need to activate Kupffer cells in order to initiate the regenerating cascade. For these reasons  
increased accumulation of insulin independent glucose utilization is needed which may cause 
plasma glucose utilization due to the high metabolic demend. Impaired regenerative capacity 
of fatty livers might promote the progression of nonalcoholic fatty liver disease (NAFLD). 
Partial hepatectomy (PH) activats oxidant-sensitive, growth-regulatory kinase cascades which 
is abnormal in fatty hepatocytes. The normal coordinated induction of Jun N-terminal kinases 
(Jnks) and extracellular regulated kinases (Erks) does not occur after PH in ob/ob mice.  This is 
associated with enhanced activation of Akt, which inhibits phosphoenolpyruvate 
carboxykinase (PEPCK) induction, causing severe hypoglycemia and increased lethality in the 
ob/ob group (Yang, SQ et al., 2001).  

4. Alcoholic liver injury 
4.1 Introduction 
The liver breaks down alcohol so that it can be eliminated from our body. When alcohol is 
over consumed than the liver can process, the resulting imbalance can injure the liver by 
interfering with its normal breakdown of proteins, fats, and carbohydrates (American Liver 
Foundation). ALD is a common consequence of long term alcohol abuse (Zeng, MD et al., 
2008) and represents a major cause of mortality and morbidity worldwide (Albano, E, 2008; 
Bergheim, I et al., 2005). ALD encompasses a broad spectrum of morphological features 
ranging from simple steatosis with minimal injury to more advanced stage liver injury, 
including alcoholic steatohepatitis, alcoholic fibrosis and alcoholic cirrhosis (Albano, E, 2008; 
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stress, or prolonged exercise that overwhelms the ability of mitochondria to oxidize fatty 
acids. Depending on the specific genetic defect, patients develop fasting hypoketotic 
hypoglycemia, cardiomyopathy, rhabdomyolysis, liver dysfunction, or sudden death 
(Kompare, M & WB Rizzo, 2008). Medium-chain acyl-CoA deshydrogenase (MCAD) 
deficiency is the most frequent disorder of mitochondrial fatty acid oxidation (Baruteau, J et 
al., 2009), The pathophysiology of these diseases is still not completely understood, 
hampering optimal treatment (Houten, SM & RJ Wanders). Hypoglycemia as one major 
clinical sign in all fatty acid oxidation defects and occurs due to a reduced hepatic glucose 
output and an enhanced peripheral glucose uptake (Spiekerkoetter, U & PA Wood). A 
connection of such disorders-phenotype with metabolic derangement that are not 
necessarily related to genetic defected has been demonstrated recently via  the Sirtuins. 
Sirtuin 3 (SIRT3) is localized in the mitochondrial matrix, where it regulates the acetylation 
levels of metabolic enzymes, including acetyl coenzyme A synthetase 2. Mice lacking SIRT3 
exhibit hallmarks of fatty-acid oxidation disorders during fasting  (Hirschey, MD et al.).  

3.2 Liver regeneration 
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The first line for regeneration are mature, normally quiescent adult hepatocytes. During mild 
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generating liver form Partial hepatectomy (PH) of from liver damage are impressive. There is a 
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plasma glucose utilization due to the high metabolic demend. Impaired regenerative capacity 
of fatty livers might promote the progression of nonalcoholic fatty liver disease (NAFLD). 
Partial hepatectomy (PH) activats oxidant-sensitive, growth-regulatory kinase cascades which 
is abnormal in fatty hepatocytes. The normal coordinated induction of Jun N-terminal kinases 
(Jnks) and extracellular regulated kinases (Erks) does not occur after PH in ob/ob mice.  This is 
associated with enhanced activation of Akt, which inhibits phosphoenolpyruvate 
carboxykinase (PEPCK) induction, causing severe hypoglycemia and increased lethality in the 
ob/ob group (Yang, SQ et al., 2001).  

4. Alcoholic liver injury 
4.1 Introduction 
The liver breaks down alcohol so that it can be eliminated from our body. When alcohol is 
over consumed than the liver can process, the resulting imbalance can injure the liver by 
interfering with its normal breakdown of proteins, fats, and carbohydrates (American Liver 
Foundation). ALD is a common consequence of long term alcohol abuse (Zeng, MD et al., 
2008) and represents a major cause of mortality and morbidity worldwide (Albano, E, 2008; 
Bergheim, I et al., 2005). ALD encompasses a broad spectrum of morphological features 
ranging from simple steatosis with minimal injury to more advanced stage liver injury, 
including alcoholic steatohepatitis, alcoholic fibrosis and alcoholic cirrhosis (Albano, E, 2008; 



 
Diabetes – Damages and Treatments 

 

100 

Zeng, MD et al., 2008). The risk of steatosis, inflammation and fibrosis are more common in 
alcoholics and increases with time and the amount of ethanol consumed (Vidali, M et al., 
2008).  

4.2 Clinical aspects of ALD 
Fatty liver, the most common syndrome of ALD, is characterized by the excessive 
accumulation of fat inside hepatocytes (Adachi, M & DA Brenner, 2005). Indeed the 
excessive fat accumulation in the hepatocytes is the most common and earliest response of 
the liver to chronic alcohol consumption (Song, Z et al., 2008). Morphological criteria of 
steatohepatitis are steatosis, ballooning of hepatocytes, pericellular fibrosis and 
inflammation (Denk, H et al., 2005). In an animal model of ALD, rats exposed 4 weeks to 
alcohol exhibited a significant increase in liver to body weight ratio, serum ALT levels and 
hepatic TNF- α compared to control group (Song, Z et al., 2008). Tabassum, F et al. 
(Tabassum, F et al., 2001) found that the levels of alkaline phosphate, ALT, protein and 
globulin were significantly increased in alcoholic males compared to control subjects. The 
AST/ALT ratio is significantly higher in ALD patients sometimes even higher than two 
(Adachi, M & DA Brenner, 2005). 

4.3 Ethanol metabolism and role of acetaldehyde 
There are multiple mechanisms for the development and progression of ALD (Figure 3) and 
many of these mechanisms interact to each other (Barve, A et al., 2008).  
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ALD has a complex pathogenesis, in which acetaldehyde; the major ethanol metabolite 
plays a central role (Lieber, CS, 1997). Alcohol is primarily metabolized by the successive 
oxidative activities of alcohol dehydrogenase (ADH) and acetaldehyde dehydrogenase 
(ALDH), Figure 4, (Hasse, J & L Matarese, 2004; Lumeng, L & DW Crabb, 2001). Ethanol is 
metabolized mainly in the hepatocytes in three different sites: cytosol, endoplasmic 
reticulum, peroxisome and mitochondria (De Minicis, S & DA Brenner, 2008). According to 
(Lieber, CS, 1997) the main pathway involves cytoplasmic ADH which catalyzes the 
oxidation of ethanol to acetaldehyde then oxidized to acetate by the mitochondrial ALDH. 
Most of acetate is released into the blood (Hasse, J & L Matarese, 2004). According to 
Novitskiy, G et al (Novitskiy, G et al., 2006) acetaldehyde enhances the formation of ROS. 
According to (Lieber, CS, 1997), sever toxic manifestations are produced by an accessory 
inducible pathway, the microsomal ethanol-oxidizing system (MEOS) in endoplasmic 
reticulum involving an ethanol-inducible CYP2E1 in which the oxidation of ethanol to 
acetaldehyde and acetate also leads to generation of ROS [hydroxyethyl free radicals, 
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hydrogen peroxides (H2O2) and super oxide anion (O2-)]. High reduced nicotinamide 
adenine dinucleotide (NADH) is produced due to alcohol metabolism leading to high 
NADH/NAD+ ratio which overrides the cell’s ability to maintain normal redox state (Hasse, 
J & L Matarese, 2004).  
The lactic acid cannot be converted into pyruvate due to lack of NAD+ leading to 
hyperlacticacedemia (Hasse and Matarese, 2004). They also reported that tricarboxylic acid 
cycle (TCA) is also diminished because; in one hand it requires a lot of NAD+ and on the 
other hand the excess NADH inhibits two regulatory enzymes isocitrate dehydrogenase and 
α-ketoglutarate dehydrogenase, as a consequence acetyl coenzyme A (CoA) is accumulated. 
The mitochondria in turn use hydrogen produced from the ethanol metabolism as a fuel 
source and all these activities lead to decreased fatty acid oxidation and accumulation of 
triglycerides in the hepatocytes (Hasse, J & L Matarese, 2004). They also reported that 
malnutrition can also occur in early alcoholic liver disease due to the suppression of TCA 
cycle coupled with decreased gluconeogenesis due to ethanol.  
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Chronic ethanol consumption increases fatty acid synthesis by inducing the expression of 
lipogenic enzymes which are regulated by transcription factor SREBP (Adachi, M & DA 
Brenner, 2005). Chronic ethanol consumption significantly inhibits mitochondrial ALDH 
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hydrogen peroxides (H2O2) and super oxide anion (O2-)]. High reduced nicotinamide 
adenine dinucleotide (NADH) is produced due to alcohol metabolism leading to high 
NADH/NAD+ ratio which overrides the cell’s ability to maintain normal redox state (Hasse, 
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The lactic acid cannot be converted into pyruvate due to lack of NAD+ leading to 
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cycle (TCA) is also diminished because; in one hand it requires a lot of NAD+ and on the 
other hand the excess NADH inhibits two regulatory enzymes isocitrate dehydrogenase and 
α-ketoglutarate dehydrogenase, as a consequence acetyl coenzyme A (CoA) is accumulated. 
The mitochondria in turn use hydrogen produced from the ethanol metabolism as a fuel 
source and all these activities lead to decreased fatty acid oxidation and accumulation of 
triglycerides in the hepatocytes (Hasse, J & L Matarese, 2004). They also reported that 
malnutrition can also occur in early alcoholic liver disease due to the suppression of TCA 
cycle coupled with decreased gluconeogenesis due to ethanol.  
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activity while the rate of ethanol oxidation to acetaldehyde is even enhanced, resulting in 
striking increase in tissue and plasma levels of acetaldehyde which results in metabolic 
disturbances, such as hyperlactacidemia, acidosis, hyperglycemia, hyperuricemia and fatty 
liver (Lieber, CS, 1997). However, in many cases  Alcohol consumption can generate a life 
threatening hypoglycemia.  

5. ALD and hypoglycemia 
Alcohol consumption may have beneficial as well as deadly consequences. It is generally 
considered that alcohol consumption interferes with all three glucose sources and with the 
actions of the regulatory hormones. Chronic heavy drinkers often have insufficient dietary 
intake of glucose. Without eating, glycogen stores are exhausted in a few hours (Gordon, 
GG & CS Lieber, 1992). In addition, the body's glucose production is inhibited while alcohol 
is being metabolized (Sneyd, JGT, 1989). The combination of these effects can cause severe 
hypoglycemia 6 to 36 hours after the drinking episode (1).  Even in well-nourished people, 
alcohol can disturb blood sugar levels. Acute alcohol consumption, especially in 
combination with sugar, augments insulin secretion and causes temporary hypoglycemia 
(O'Keefe, SJ & V Marks, 1977). In addition, studies in healthy subjects and insulin-dependent 
diabetics  have shown that acute alcohol consumption can impair the hormonal response to 
hypoglycemia. Alcohol consumption can be especially harmful in people with a 
predisposition to hypoglycemia, such as patients who are being treated for diabetes. Alcohol 
can interfere with the management of diabetes in different ways. Acute as well as chronic 
alcohol consumption can alter the effectiveness of hypoglycemic medications. Treatment of 
diabetes by tight control of blood glucose levels is difficult in alcoholics, and both 
hypoglycemic and hyperglycemic episodes are common. In a Japanese study, alcoholics 
with diabetes had a significantly lower survival rate than other alcoholics (Judith Fradkin, 
MD, 1994). A recent meta analysis indicated beneficial effect of moderate alcohol 
consumption reduces the incidence of type 2 diabetes (T2D), however, binge drinking seems 
to increase the incidence. Acute intake of alcohol does not increase risk of hypoglycemia in 
diet treated subjects with T2D, only when sulphonylurea is co-administered. Long-term 
alcohol use seems to be associated with improved glycemic control in T2D probably due to 
improved insulin sensitivity (Pietraszek, A et al., 2010). The capacity of alcohol to shift its 
activity from beneficial to deleterious could be related to other factors that are related to 
impairment in lipid metabolism. 
ALD has been suspected known to generate the sudden death syndrome in alcoholic 
individuals. Two major factors have been considered contributory to ethanol-induced 
hypoglycaemia (Arky, RA & N Freinkel, 1966; Madison, LL, 1968) suppression of hepatic 
gluconeogenesis resulting from an increase in the NADH/NAD+ ratio accompanied by 
enhanced ethanol metabolism, and depletion of hepatic glycogen storage secondary to 
starvation. In cases of alcohol-related sudden deaths hydroxybutyrate levels are 
significantly elevated. Platia and Hsu (Platia, EV & TH Hsu, 1979)) described five non-
diabetic alcohol abusers with hypoglycaemic coma and ketoacidosis and contended that the 
combination of alcohol-related hypoglycaemia and ketoacidosis may be common.  
Part of the pathogenesis of the widely known syndrome of sudden death with hepatic fatty 
metamorphosis observed in alcohol abusers was described by Yuzuriha et al. (Yuzuriha, T et 
al., 1997), 11 subjects who died under such circumstances between 1987 and 1993 were 
scrutinized both for clinical and pathological data. Death occurred followed several days of 
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uninterrupted drinking often with little dietary intake. Most of these individuals suffered 
from severe hypoglycemia. The common hepatic pathology was the extensive appearance of 
numerous microvesicular fatty droplets in the hepatocytes together with varying degrees of 
macrovesicular fatty change; four subjects had an underlying cirrhosis. Death undoubtedly 
results from a variety of metabolic disturbances triggered by the combination of massive 
ethanol intake and starvation. The appearance of extensive microvesicular fatty change 
superimposed on macrovesicular fatty change was considered to be an associated 
phenomenon. The most striking findings in the liver were extensive microvesicular fatty 
change within hepatocyte and the presence of megamitochondria. 

6. Ischemic hepatitis 
Ischemic hepatitis also known Hypoxic hepatitis or shock liver, can be characterized by 
necrosis of the zone 3 hepatocytes and significant increase in serum aminotransferase levels. 
It is the consequence of multiorgan injury. Outcome is influenced by the severity of liver 
impairment and the etiology and severity of the basic disease (Fuhrmann, V et al., 2009).The 
syndrome occurs under conditions of clinical setting of cardiac, circulatory or respiratory 
failure. It is recognized as the most frequent cause of acute liver injury with a reported 
prevalence of up to 10% in the intensive care unit (Fuhrmann, V et al., 2010). Patients with 
ischemic hepatitis and vasopressor therapy have a significantly increased mortality risk in 
the medical intensive care unit population. Ischemic hepatitis causes several complications 
including spontaneous hypoglycemia which can be considered secondary to impairment of 
gluconeogenic response in the exhausted liver (Fuhrmann, V et al., 2010; Fuhrmann, V et al., 
2009; Nomura, T et al., 2009). 

7. Sepsis  
7.1 Introduction 
Definition "Systemic Inflammatory Response Syndrome or (SIRS) is evidence of the body's 
ongoing inflammatory response. When SIRS is suspected or known to be caused by an 
infection, this is sepsis. Severe sepsis occurs when sepsis leads to organ dysfunction, such as 
trouble breathing, coagulation or other blood abnormalities, decreased urine production, or 
altered mental status. If the organ dysfunction of severe sepsis is low blood pressure 
(hypotension), or insufficient blood flow (hypoperfusion) to one or more organs (causing, 
for example, lactic acidosis), this is septic shock. Sepsis can lead to multiple organ 
dysfunction syndrome (MODS) (formerly known as multiple organ failure), and death. 
Organ dysfunction results from local changes in blood flow, from sepsis-induced 
hypotension (< 90 mmHg or a reduction of ≥ 40 mmHg from baseline) and from diffuse 
intravascular coagulation, among other things. 
Sepsis can be defined as the body's response to an infection. An infection is caused by 
microorganisms or bacteria invading the body and can be limited to a particular body 
region or can be widespread in the bloodstream. Sepsis is acquired quickest with infections 
developed in surgery and physical contact with someone with sepsis. 
Bacteremia is the presence of viable bacteria in the bloodstream. Likewise, the terms viremia 
and fungemia simply refer to viruses and fungi in the bloodstream. These terms say nothing 
about the consequences this has on the body. For example, bacteria can be introduced into 
the bloodstream during toothbrushing. This form of bacteremia almost never causes 
problems in normal individuals. However, bacteremia associated with certain dental 
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procedures can cause bacterial infection of the heart valves (known as endocarditis) in high-
risk patients. Conversely, a systemic inflammatory response syndrome can occur in patients 
without the presence of infection, for example in those with burns, polytrauma, or the initial 
state in pancreatitis and chemical pneumonitis" (wikipedia). 
Severe sepsis is a significant cause of mortality worldwide. Current research estimates that 
more than 9% of all deaths in the US can be attributed to severe sepsis. Experimental 
evidence shows that the liver is an important target organ in the development of multiple 
organ dysfunction during sepsis (Koo, DJ et al., 1999; Koo, DJ et al., 2000). Due to its major 
role in metabolism and host-defense mechanisms, the liver is pivotal in participating in the 
systemic response to severe infection, because it contains the largest mass of resident 
macrophage Kupffer cells (KC) in the body, making up approximately 15% of the liver cells 
(Szabo, G et al., 2002). KC are highly relevant in the inflammatory response to bacterial 
infection and non-bacterial inflammation by 1) playing a major role in both clearance and 
detoxification, e.g. removal of LPS from the circulation (especially the portal vein) and 2) 
producing inflammatory mediators (Van Amersfoort, ES et al., 2003).  

8. Sepsis and hypoglycemia 
8.1 The use of intensive insulin therapy (IIT) to maintain normal blood glucose levels 
in septic patients 
At 2001 van den Berghe and colleagues published the clinical implications of tight 
euglycemic control (van den Berghe, G et al., 2001). This observation significantly and 
rapidly changed intensive care unit (ICU) practice. It has been suggested that insulin 
administered to maintain glucose at levels below 110 mg/dl decreased mortality, the 
incidence of infections, sepsis, and sepsis-associated multiorgan failure in surgical patients, 
reduced kidney injury, and accelerated weaning from mechanical ventilation and discharge 
from the ICU in medical patients. However, current evidences suggest that the tight 
euglycemic control which is implemented in intensive care units around the world could be 
detrimental. Increasing evidence suggest that tight euglycemic control is which is associated 
with development of hypoglycemia has detrimental outcomes (Brunkhorst, FM et al., 2008; 
Jeschke, MG et al., 2010).Therefore, In practice regulating blood glucose levels  is 
recommended to target glucose level below 8.3 mmol/L. This is indicated for the 
management of severe sepsis by the Surviving Sepsis guidelines (Orford, NR, 2006) 
The main problem with IIT is the risk of development of hypoglycemia. The recent trials 
reporting reduced morbidity and mortality in critically ill patients treated with IIT require 
careful examination, including the subsequent post-hoc analyses. An understanding of the 
molecular and metabolic mechanisms by which IIT may be beneficial and the evidence that 
it benefits patients with severe sepsis, and a review of the risks of hypoglycaemia are also 
necessary when deciding whether to implement IIT in severe sepsis. Patients with severe 
sepsis are likely to benefit from IIT based on metabolic effects and their prolonged stays in 
the intensive care unit. All together, The current evidence suggests IIT should be 
implemented, aiming for the lowest glycaemic range that can be safely achieved while 
avoiding hypoglycaemia. 

8.2 Development of hypoglycemia in septic patients without IIT 
The severity of sepsis is shown to correlate with the risk of sustaining hyperglycemia as well 
as critical hypoglycemia (Krinsley, JS, 2008). Hypoglycemia during hospitalization occurs in 
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patients with and without diabetes. In elderly hospitalized patients a predicted increase in-
hospital 3- and 6-month cumulative mortality has been documented (Kagansky, N et al., 
2003).  In addition, sepsis is 10 times more common in these patients than in non-
hypoglycemic patients. Previously, it has been shown that features of hepatitis and steatosis 
are the primary histological findings in the liver of patients dying from sepsis (Koskinas, J et 
al., 2008). The hypoglycemic effect due to fatty liver is also a known phenomenon in 
alcoholic patients and is related to the fatty liver sudden death syndrome (Denmark, LN, 
1993; Randall, B, 1980; Yuzuriha, T et al., 1997). Altogether, the accumulated data suggest 
that although fatty liver and inflammation can generate a phenotype of insulin resistance, it 
can also lead to severe hypoglycemic life-threatening situations in patients with steatosis 
and acute inflammation due to an increase in hepatic insulin sensitivity (Thompson, BT, 
2008; van der Crabben, SN et al., 2009). The mechanism(s) for hypoglycemia with sepsis is 
not well defined. Depleted glycogen stores, impaired gluconeogenesis and increased 
peripheral glucose utilization may all be contributing factors. Incubation of bacteria in fresh 
blood at room temperature does not increase the normal rate of breakdown of glucose 
suggesting that the hypoglycemia occurs in vivo by increased glucose utilization or by a 
decrease in glucose production. Hypoglycemia is an important sign of overwhelming sepsis 
(Miller, SI et al., 1980).  Fischer et al” have reported that hypoglycemic episodes in 
nondiabetics were associated with infection and septic shock. The majority of cases of 
hypoglycemia reported in their study were related to liver disease, infections, shock, 
pregnancy, neoplasia, or burns. Hypoglycemia was not the apparent cause of death in any 
patient, but the overall hospital mortality was 27 percent and was related to the degree of 
hypoglycemia and the number of risk factors for hypoglycemia (Fischer, KF et al., 1986).  
In 1991 Charles et al have studied the mechanism by which infection can lead to 
hypoglycemia. A hypermetabolic septic state was produced in rats by subcutaneous 
injections of live Escherichia coli.  Sepsis increased whole body glucose disposal by 53% 
under basal euglycemic conditions and this increase resulted from an enhanced rate of 
glucose removal by liver, spleen, lung, ileum, and skin.  In sepsis, the rate of non-insulin-
mediated glucose uptake (NIMGU) was46% higher than in nonseptic animals. Severe 
hypoglycemia (2 mmol/L) produced a relative insulin deficiency and decreased whole body 
glucose disposal in both septic and nonseptic animals by 53% to 56%. Compared with 
euglycemic insulinopenic animals. The decrease in blood glucose decreased glucose uptake 
by all tissues examined, except brain and heart. However, sepsis still increased glucose 
uptake by liver, spleen, lung, ileum, and skin (25% to SO%), compared with hypoglycemic 
nonseptic rats. Therefore, the conclusion of the study was that sepsis increases NIMGU 
under basal conditions due to an increased glucose uptake by macrophage-rich tissues, and 
that this enhanced rate is maintained during hypoglycemia (Lang, CH & C Dobrescu, 1991). 
It is therefore suggested that during sepsis there is increased glucose utilization by 
macrophages-rich tissues, which may lead to hypoglycemia. However, there is also a strong 
connection between the liver capacity to generate glucose and the development of 
hypoglycemia. A case report which connect hypoglycemia with sepsis and liver disease was 
reported at 1994 in Japan. A 78-year-old woman that was admitted to a hospital because of 
disturbance of consciousness. On admission, the body temperature was 35.5 degrees C and 
systolic blood pressure was 50 mmHg. Ascites and semicomatose consciousness were 
detected. Laboratory evaluation demonstrated the following values: leukocyte count 
38800/microliters, blood sugar 3 mg/l and arterial blood pH 6.9. Therapy with 
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procedures can cause bacterial infection of the heart valves (known as endocarditis) in high-
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by all tissues examined, except brain and heart. However, sepsis still increased glucose 
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nonseptic rats. Therefore, the conclusion of the study was that sepsis increases NIMGU 
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catecholamine and antibiotics was started, but she expired 10 hours after admission. 
Bacteroides ovatus was detected from her blood. Autopsy findings disclosed the connection 
to advance liver disease  and indicated abscess and perforation of the uterus, and liver 
cirrhosis (Suzuki, A et al., 1994). It is known that Sepsis suppresses fatty acid oxidation, It 
has been reported that fatty acid oxidation is significantly suppressed under conditions of 
sepsis and endotoxemia. During the acute-phase response, fatty acid oxidation decrease is 
associated with hypertriglyceridemia. LPS was demonstrated to suppress FFAs oxidation, 
and consequently contributes to elevated plasma levels of FFAs and TGs. LPS suppresses 
FFAs oxidation through decreasing the expression levels of key FFA oxidative genes 
including CPT-1 and MCAD in both liver and kidney tissues. LPS has been shown to 
selectively suppress the levels of PPARalpha and PGC-1alpha in tissues (Maitra, U et al., 
2009). The decrease was rapid and occurred at very low doses of LPS. Similar decreases in 
levels of these genes occurred during zymosan- and turpentine-induced inflammation, 
indicating that suppression of the PGC-1alpha, and medium chain acyl coA dehydrogenase 
pathway is a general response during infection and inflammation (Kim, MS et al., 2005). We 
have demonstrated in a model of liver steatosis and endotoxemia that the expression of 
gluconeogenic enzymes and gluconeogenesis are strongly suppressed. This was 
accompanied with lowered blood glucose levels. The treated mice had a phenotype of 
insulin sensitivity with decreased blood insulin levels (Tirosh, O et al., 2010). Therefore, the 
effect of free fatty acids and triglycerids on expression of key gluconeogenic enzymes was 
studied. The effect of exposing hepatocytes to free fatty acids was to suppress the inducible 
expression of gluconeogenic enzymes Figure 5 and Figure 6. 
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Fig. 5. Inhibition of gluconeogenic response by free FAs in FaO cells. FaO cells were 
cultured and pre-treated with FAs mixture (2:1 oleate/palmitate with 1% BSA) or with FAs-
Br mixture (2:1 oleate/2-Bromopalmitate with 1% BSA) to final concentration of 1mM FAs. 
After that, dexamethasone (1μM) was added to cells media for 6 hours. mRNA expression 
levels of PEPCK was measured by quantitative real-time RT-PCR. Means with different 
letters differ at P<0.05. 
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Fig. 6. Fat accumulation in FaO cultures. FaO cells were cultured and exposed to FAs 
mixture (2:1 oleate/palmitate with 1% BSA) at different concentrations for 18 hours (A) or to 
final concentration of 1mM FAs for different times (B). Alternatively, FaO cells were 
cultured and exposed to FAs mixture (2:1 oleate/palmitate with 1% BSA) or to FAs-Br 
mixture (2:1 oleate/2-Bromopalmitate with 1% BSA) to final concentration of 1mM FAs (C). 
After that, cells were stained with Nile-Red and fluorescence was examined by FACS 
analysis. Means with different letters differ at P<0.05.  
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Fig. 5. Inhibition of gluconeogenic response by free FAs in FaO cells. FaO cells were 
cultured and pre-treated with FAs mixture (2:1 oleate/palmitate with 1% BSA) or with FAs-
Br mixture (2:1 oleate/2-Bromopalmitate with 1% BSA) to final concentration of 1mM FAs. 
After that, dexamethasone (1μM) was added to cells media for 6 hours. mRNA expression 
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letters differ at P<0.05. 
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The mechanism for the development of hypoglycemia during sepsis and the lipid 
connection can be therefore explained by the following figure 7: 
 

 
Fig. 7. LPS and bacteria facilitate 1 ) non-insulin-mediated glucose uptake 2) release of 
triglycerides and suppression of beta-oxidation in hepatocytes therefore elevating the FFA 
levels. This results in suppression of liver glucose output capacity. The results is 
hypoglycemia. 

9. Nitric oxide as a potential antihypoglycemic agent 
9.1 Nitric oxide involvement in liver damage and sepsis 
One of the main effects of the inflammatory response in the liver is an increase in the levels 
of inducible nitric oxide synthase (iNOS). Therefore, it has been postulated that nitric oxide 
(NO) would contribute to hepatotoxicity through inhibition of ATP synthesis, increased 
reactive oxygen species (ROS), and the inability to adapt to hypoxic stress (Mantena, SK et 
al., 2008). Other studies imply that decreased production of NO from endothelial nitric 
oxide synthase (eNOS) contributes to liver pathology via dysregulation of blood flow and 
oxygen delivery (Liu, J & MP Waalkes, 2005). Furthermore, in iNOS knockout mice, 
hepatocytes undergo necrosis and apoptosis after PH, indicating that the production of NO 
is essential to protect hepatocytes from death after liver resection (Rai, RM et al., 1998).  We 
have demonstrated that a decreased in eNOS expression precedes formation of liver damage 
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following intensive blood infusion of triglycerides (TGs) in rats (Tirosh, O et al., 2009). Thus, 
it appears that NO can be both toxic or protective, depending on the acute physicological 
environment in the liver. 
In the case of sepsis, there are also contractory reports concerning the role of NO.  Although 
it has been suggested that NO is a mediator of organ dysfunction, different opinions suggest 
a protective role of NO in sepsis. Indeed, numerous reports of benefits associated with NO 
donor administration in clinical and preclinical studies of sepsis have been published 
(Lamontagne, F et al., 2008). Obesity increases sensitivity to endotoxin liver injury. It is 
known that fatty liver sensitivity to acute inflammation injury is much higher compared to 
normal livers (Yang, SQ et al., 1997). Our published studies in a mouse model of fatty liver 
and endotoxemia demonstrated a significant protective role for iNOS expression. iNOS(-/-) 
mice were found to be more sensitive to liver damage thereby supporting the hypothesis 
that iNOS has a protective effect.  Additionally, iNOS(-/-) mice with fatty liver suffered 
from severe fatal hypoglycemia after endotoxic treatment (Tirosh, O et al., 2010).  

9.2 Hyperglycemia or hypoglycemia: A paradox of inflammation, and the involvement 
of nitric oxide  
Along with a rising prevalence of non-alcoholic fatty liver disease (NAFLD), there is a 
marked increase in individuals suffering from metabolic impairments.  One widespread 
imbalance is the insulin resistance syndrome or metabolic syndrome which refers to a 
constellation of symptoms, including glucose intolerance, obesity, dyslipidemia, and 
hypertension. This syndrome is known to promote the development of type 2 diabetes, 
cardiovascular disease, cancer, and other disorders. The liver plays a major role in the 
regulation of glucose, lipid and energy metabolism, which are tightly regulated by insulin 
(Leclercq, IA et al., 2007; Raddatz, D & G Ramadori, 2007). In addition, insulin resistance is 
now recognized as a pathological factor in the development of NAFLD (Leclercq, IA et al., 
2007; Raddatz, D & G Ramadori, 2007). It has been suggested that prolonged elevation of the 
levels of sterol regulatory element binding proteins (SREBPs) is responsible for inhibition of 
insulin signaling in fatty liver (Shimano, H, 2007) and that the intracellular accumulation of 
lipids-namely, diacylglycerol-triggers activation of novel protein kinases C(PKC ) with 
subsequent impairments in insulin signaling (Samuel, VT et al.). Hepatic insulin resistance 
can be defined as the failure of insulin to adequately suppress hepatic glucose production 
(Weickert, MO & AF Pfeiffer, 2006). 
Several studies indicate the involvement of inflammatory activation in the development of 
hepatic and peripheral insulin resistance (Cai, D et al., 2005). On the other hand, acute 
inflammation induced by lipopolysaccharides (LPS) facilitates a hypoglycemic effect and 
impairment of hepatic Glucose-6 phosphatase (G6Pase) expression (Lo, YC et al., 2004; 
Maitra, SR et al., 1999; Oguri, S et al., 2002). Indeed, as metioned above in critically ill 
patients, sepsis-induced hypoglycemia is a well known event (van der Crabben, SN et al., 
2009). We showed by temporal kinetics that the rapid induction of iNOS played a role in 
counteracting hypoglycemic effect of LPS and lipids rather than exacerbating it (Tirosh, O et 
al.). NO had a direct stimulatory effect promoting liver glucose production, making iNOS 
expression necessary for survival. Experiments performed with the NO donor DETA-
NONOate in cultured hepatocytes showed a positive effect of NO on expression of 
gluconeogenic enzymes.  Our data indicate that NO generated by the iNOS protein can 
support the expression of PGC 1alpha and liver gluconeogenic genes during acute 
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impairment of hepatic Glucose-6 phosphatase (G6Pase) expression (Lo, YC et al., 2004; 
Maitra, SR et al., 1999; Oguri, S et al., 2002). Indeed, as metioned above in critically ill 
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2009). We showed by temporal kinetics that the rapid induction of iNOS played a role in 
counteracting hypoglycemic effect of LPS and lipids rather than exacerbating it (Tirosh, O et 
al.). NO had a direct stimulatory effect promoting liver glucose production, making iNOS 
expression necessary for survival. Experiments performed with the NO donor DETA-
NONOate in cultured hepatocytes showed a positive effect of NO on expression of 
gluconeogenic enzymes.  Our data indicate that NO generated by the iNOS protein can 
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inflammation. We believe that this effect is mediated by NO’s capacity to promote the 
removal of free fatty acids (FFAs). Indeed, NO was found to act as a signaling molecule that 
can activate the transcription factor co-activator PGC 1alpha facilitating mitochondrial 
biogenesis (Nisoli, E & MO Carruba, 2006; Nisoli, E et al., 2007).  
Our results that nitric oxide produced during the acute inflammatory process in fatty liver 
promotes PGC1 expression and liver glucose production supports the hypothesis that it acts 
as an antihypoglycemic factor. The lipotoxicity during acute inflammation in the fatty liver 
is manifested by increased oxidative stress and lipid peroxidation and therefore NO also 
function as an antioxidant (Kanner, J et al., 1991; Kanner, J et al., 1992; Volk, J et al., 2009) 
protecting the liver. Therefore, NO derived from inducible nitric oxide synthase (iNOS) may 
paradoxically function as an antioxidant protecting fatty liver during acute inflammation.  
This phenomenon is probably quite the reverse of the reactive nitrogen species and ROS 
effect in long term chronic inflammation which leads to liver cirrhosis (Wei, CL et al., 2005).   
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inflammation. We believe that this effect is mediated by NO’s capacity to promote the 
removal of free fatty acids (FFAs). Indeed, NO was found to act as a signaling molecule that 
can activate the transcription factor co-activator PGC 1alpha facilitating mitochondrial 
biogenesis (Nisoli, E & MO Carruba, 2006; Nisoli, E et al., 2007).  
Our results that nitric oxide produced during the acute inflammatory process in fatty liver 
promotes PGC1 expression and liver glucose production supports the hypothesis that it acts 
as an antihypoglycemic factor. The lipotoxicity during acute inflammation in the fatty liver 
is manifested by increased oxidative stress and lipid peroxidation and therefore NO also 
function as an antioxidant (Kanner, J et al., 1991; Kanner, J et al., 1992; Volk, J et al., 2009) 
protecting the liver. Therefore, NO derived from inducible nitric oxide synthase (iNOS) may 
paradoxically function as an antioxidant protecting fatty liver during acute inflammation.  
This phenomenon is probably quite the reverse of the reactive nitrogen species and ROS 
effect in long term chronic inflammation which leads to liver cirrhosis (Wei, CL et al., 2005).   
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1. Introduction 
Postprandial hypoglycemia is a syndrome secondary to disorders in which hypoglycemia is 
manifested within 5 hours after a meal (1). It is classified into two types depending on the 
time of occurrence, i.e., ‘early,’ with onset within 2 hours, and ‘late,’ occurring between 3 
and 5 hours after a meal. The early variety is thought to be secondary to abnormally rapid 
gastric emptying, whereas late postprandial hypoglycemia is frequently deemed to be a 
precursor to the onset of type 2 diabetes mellitus (1-14). Causes of late postprandial 
hypoglycemia also include disorders manifesting as fasting hypoglycemia, such as factitious 
hypoglycemia due to exogenous insulin administration or surreptitious use of insulin 
secretogogues, e.g, sulfonylureas, glinides, or other hypoglycemic agents, insulinoma, islet 
cell hyperplasia, autoimmune hyperinsulinemia, hyperinsulinemia caused by drugs and 
toxins, excess of circulating IGF2 secreted by non-pancreatic tumors, adrenal or pituitary 
hypofunction, advanced liver dysfunction, and end-stage renal disease(15-29 ) Several rare 
disorders, including some congenital syndromes, e.g., glycogen storage disorders, can also 
cause late postprandial hypoglycemia(30). In contrast, early postprandial hypoglycemia 
occurs only postprandially and usually is noted in subjects following upper gastrointestinal 
surgery, including bariatric procedures, hyperthyroidism, etc (1,21,26,31,32). In some 
subjects, it occurs without an obvious apparent cause and is therefore termed ‘idiopathic 
reactive hypoglycemia.’ Arguably, many endocrinologists approve of this syndrome, 
whereas others question its existence and call it ‘postprandial syndrome,’ probably because 
of the debate over the diagnosis of hypoglycemia itself (8,21,29).  
Hypoglycemia presents with manifestations of increased sympathetic activity, i.e., anxiety, 
jitters, palpitations, dizziness, tremor, weakness, drenching perspiration, hunger, systolic 
hypertension, mydriasis, etc., attributed to prompt release of catecholamines, which is 
documented to occur with a fall of blood sugar to lower than 70 mg /dl  (29,34,35). 
Manifestations more seriously detrimental to life, i.e., of a neuroglycopenic nature, include 
convulsion, confusion, coma, or other altered states of consciousness, and transient CNS 
manifestations, including hemiparesis. Cardiac manifestations include symptomatic 
coronary artery disease, i.e., angina pectoris, arrhythmias, or even myocardial infarction 
following extreme lowering of blood sugars, usually to concentrations below 50 mg/dl (35). 
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Few authorities still believe that the onset of manifestations of exaggerated sympathetic 
activity may be dependent on the rapidity of rate of fall in blood glucose irrespective of the 
exact concentration, although several studies have refuted this hypothesis.  
Therefore, in subjects with diabetes, hypoglycemia is deemed to occur with the onset of 
symptoms even when the blood sugar is between 50 and 70 mg/dl. Moreover, blood sugars 
lower than 70 mg/dl in the absence of manifestations of sympathetic overactivity are also 
defined as hypoglycemia and the subject is deemed to manifest hypoglycemia unawareness 
(36-38). Finally, all efforts are made to prevent ‘hypoglycemia’ in both these circumstances 
frequently by altering the treatment plan. In contrast, several authorities promote that the 
diagnosis of hypoglycemia should be made in the presence of blood sugar <50 mg/dl and 
that too only if criteria for Whipple’s triad are fulfilled (39). The triad consists of 
documentation of a blood sugar <50 mg/dl accompanied by symptoms of hypoglycemia, 
and resolution of symptoms by inducing a rise in blood sugar by either ingestion of sugar or 
a meal, or iv administration of glucose. 
Thus, according to these authors, subjects with documentation of a blood sugar < 50 mg/dl, 
after an overnight fast, postprandially, or randomly, deserve evaluation in the absence of 
diabetes mellitus only if the low blood sugar is accompanied by symptoms (21,26,29),. The 
recommendation is totally different in the presence of diabetes. In subjects with diabetes, a 
thorough assessment of hypoglycemic symptoms and even asymptomatic low blood sugar 
is recommended. Therefore, in the absence of symptoms, in non-diabetic subjects, a blood 
sugar < 50 mg/dl is not defined as a syndrome of ‘hypoglycemia’ by these authors. 
However, this concept is in stark contrast to the tenet of ethical medical practice to define 
and treat disorders with definite documentation of metabolic abnormalities despite the 
absence of  symptoms, e.g., hyperglycemia, hypercalcemia, changes in sodium and 
potassium concentrations, and many other medical disorders, including subclinical hypo 
and hyperthyroidism. This practice is obviously prudent in the light of clear documentation 
of increased morbidity and even mortality of subclinical disorders, especially with lack of 
restoration of the normal state. Furthermore, restoring and preserving the normal state with 
appropriate treatment is also documented to improve the quality of life in these subjects 
manifesting subclinical disorders. Therefore, it is difficult to fathom why the same principle 
is not applied in the management of well documented postprandial hypoglycemia in the 
absence of typical symptoms or frequently even in the presence of characteristic 
manifestations. 
We firmly believe that postprandial hypoglycemia is a ‘true’ disorder with a distinct 
deterioration in quality of life, including attention deficit and loss of productivity (1,9 -
14,40),. Moreover, a cause of the abnormality is easily determined by a detailed history, a 
thorough physical examination, and simple laboratory testing. A history of upper 
gastrointestinal surgery for esophageal and gastric diseases, bariatric procedures, symptoms 
of hyperthyroidism, the timing of the occurrence of symptoms following a meal, i.e., ‘early’ 
or ‘late’ onset, dietary pattern provoking symptoms, i.e., high carbohydrate content or 
ingestion of simple sugars, changes in body weight, use of certain drugs, history of 
gestational diabetes; all provide clues to indicate a specific diagnosis. Family history of type 
2 diabetes mellitus is important information as well. Similarly, a thorough physical 
examination may indicate the presence of a specific disorder. Finally, the determination of 
appropriate laboratory tests after an overnight fast and at frequent (30 minute) intervals, up 
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to 5 hours or at the onset of symptoms of hypoglycemia following ingestion of a mixed meal 
or glucose (OGGT) often clinches the diagnosis. 
The occurrence of postprandial hypoglycemia within 2 hours is attributed to an exaggerated 
insulin response to markedly elevated plasma glucose levels within 15-30 minutes caused by 
a prompt absorption of carbohydrate content, especially the simple variety due to a super 
fast transit of  an ingested meal across the  stomach as initially documented in subjects 
undergoing gastric surgery e.g. partial or total gastrectomy for several decades and more 
recently in morbidly obese subjects undergoing gastric bypass surgery(1,54,8,20,21,26) In 
fact ,we believe that persistent occurrence of hypoglycemia irrespective of timing of the 
meal during the later years following gastric bypass surgery may attributed to repeated 
frequent postprandial stimulation of pancreatic beta cells ultimately leading to autonomous 
beta cell hyperplasia requiring excision (26) .Surgery may be prevented by appropriate 
dietary changes as well as a prompt therapy with medications during the initial period 
following a bariatric procedure (42-47)  
In the absence of documentation of a known disorder, early postprandial hypoglycemia is 
also termed ‘Idiopathic reactive hypoglycemia’ by some and ‘postprandial syndrome’ by 
others. We firmly believe that ‘Idiopathic reactive hypoglycemia’ is a genuine disorder, 
since several pathophysiologic mechanisms have been implicated (2-14).The occurrence of 
hypoglycemia in this disorder has been attributed to rapid gastric emptying secondary to 
lack of rise in Gastric Inhibitory Polypeptide following an ingestion of a meal or altered 
secretion of other gastrointestinal motility factors,e.g.Motilin, Bombesin etc(1-4) Remission 
of hypoglycemia by inhibition of gastric emptying by use of drugs with ability to induce 
cholinergic blockade enhances this hypothesis. Alternatively, altered function of both 
pancreatic alpha and beta cells has also been invoked. We have documented enhanced 1st or 
early phase insulin secretion within 30-60  minutes in response to   glucose ingestion as well 
as aberrant  pancreatic alpha cell function in this syndrome (Table 1).   plasma glucagon is 
elevated after an overnight fast in comparison to normal subjects despite presence of normal 
glucose concentration indicating glucagon insensitivity (Table1). However,  inhibited 
glucagon decline with initial hyperglycemia and a blunted rise following onset of 
hypoglycemia documents altered glucagon secretion in this syndrome.(Figure1) Impaired 
regulation of glucagon in this syndrome is further confirmed by decline in glucagon 
response  following oral administration of a protein meal (figure 2), a well established  
stimulus for facilitating glucagon secretion and release by pancreatic alpha cells(41).This 
altered pancreatic alpha and beta cell function is also documented in several other studies 
(7,9,1,33,40). Finally, the presence of the disorder is further enhanced by documentation of 
remission of symptoms and hypoglycemia by appropriate intervention with several 
protocols, including lifestyle changes with use of a diet with tolerated amount of fiber as 
well as high protein, low carbohydrate contents, avoidance of ingestion of simple or free 
sugars, and frequent small feedings (1,5,14 ). Moreover, in the absence of total remission 
with these lifestyle changes, several drugs have been successfully used. These include 
agents, e.g. atropine derivatives which delay gastric emptying by cholinergic blockade as 
mentioned earlier, drugs inhibiting conversion of complex to simple 
carbohydrates,e.g.alpha-glucosidase inhibitors, medications altering insulin secretion 
e.g.calcium channel blockers, or drugs possessing all of these properties, e.g. octreotide 
(3,42-47). In contrast, ‘late reactive or postrprandial  hypoglycemia’documented in ‘impaired 
glucose tolerance’, a prediabetic state is induced by exaggerated 2nd or late phase insulin 
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Few authorities still believe that the onset of manifestations of exaggerated sympathetic 
activity may be dependent on the rapidity of rate of fall in blood glucose irrespective of the 
exact concentration, although several studies have refuted this hypothesis.  
Therefore, in subjects with diabetes, hypoglycemia is deemed to occur with the onset of 
symptoms even when the blood sugar is between 50 and 70 mg/dl. Moreover, blood sugars 
lower than 70 mg/dl in the absence of manifestations of sympathetic overactivity are also 
defined as hypoglycemia and the subject is deemed to manifest hypoglycemia unawareness 
(36-38). Finally, all efforts are made to prevent ‘hypoglycemia’ in both these circumstances 
frequently by altering the treatment plan. In contrast, several authorities promote that the 
diagnosis of hypoglycemia should be made in the presence of blood sugar <50 mg/dl and 
that too only if criteria for Whipple’s triad are fulfilled (39). The triad consists of 
documentation of a blood sugar <50 mg/dl accompanied by symptoms of hypoglycemia, 
and resolution of symptoms by inducing a rise in blood sugar by either ingestion of sugar or 
a meal, or iv administration of glucose. 
Thus, according to these authors, subjects with documentation of a blood sugar < 50 mg/dl, 
after an overnight fast, postprandially, or randomly, deserve evaluation in the absence of 
diabetes mellitus only if the low blood sugar is accompanied by symptoms (21,26,29),. The 
recommendation is totally different in the presence of diabetes. In subjects with diabetes, a 
thorough assessment of hypoglycemic symptoms and even asymptomatic low blood sugar 
is recommended. Therefore, in the absence of symptoms, in non-diabetic subjects, a blood 
sugar < 50 mg/dl is not defined as a syndrome of ‘hypoglycemia’ by these authors. 
However, this concept is in stark contrast to the tenet of ethical medical practice to define 
and treat disorders with definite documentation of metabolic abnormalities despite the 
absence of  symptoms, e.g., hyperglycemia, hypercalcemia, changes in sodium and 
potassium concentrations, and many other medical disorders, including subclinical hypo 
and hyperthyroidism. This practice is obviously prudent in the light of clear documentation 
of increased morbidity and even mortality of subclinical disorders, especially with lack of 
restoration of the normal state. Furthermore, restoring and preserving the normal state with 
appropriate treatment is also documented to improve the quality of life in these subjects 
manifesting subclinical disorders. Therefore, it is difficult to fathom why the same principle 
is not applied in the management of well documented postprandial hypoglycemia in the 
absence of typical symptoms or frequently even in the presence of characteristic 
manifestations. 
We firmly believe that postprandial hypoglycemia is a ‘true’ disorder with a distinct 
deterioration in quality of life, including attention deficit and loss of productivity (1,9 -
14,40),. Moreover, a cause of the abnormality is easily determined by a detailed history, a 
thorough physical examination, and simple laboratory testing. A history of upper 
gastrointestinal surgery for esophageal and gastric diseases, bariatric procedures, symptoms 
of hyperthyroidism, the timing of the occurrence of symptoms following a meal, i.e., ‘early’ 
or ‘late’ onset, dietary pattern provoking symptoms, i.e., high carbohydrate content or 
ingestion of simple sugars, changes in body weight, use of certain drugs, history of 
gestational diabetes; all provide clues to indicate a specific diagnosis. Family history of type 
2 diabetes mellitus is important information as well. Similarly, a thorough physical 
examination may indicate the presence of a specific disorder. Finally, the determination of 
appropriate laboratory tests after an overnight fast and at frequent (30 minute) intervals, up 
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to 5 hours or at the onset of symptoms of hypoglycemia following ingestion of a mixed meal 
or glucose (OGGT) often clinches the diagnosis. 
The occurrence of postprandial hypoglycemia within 2 hours is attributed to an exaggerated 
insulin response to markedly elevated plasma glucose levels within 15-30 minutes caused by 
a prompt absorption of carbohydrate content, especially the simple variety due to a super 
fast transit of  an ingested meal across the  stomach as initially documented in subjects 
undergoing gastric surgery e.g. partial or total gastrectomy for several decades and more 
recently in morbidly obese subjects undergoing gastric bypass surgery(1,54,8,20,21,26) In 
fact ,we believe that persistent occurrence of hypoglycemia irrespective of timing of the 
meal during the later years following gastric bypass surgery may attributed to repeated 
frequent postprandial stimulation of pancreatic beta cells ultimately leading to autonomous 
beta cell hyperplasia requiring excision (26) .Surgery may be prevented by appropriate 
dietary changes as well as a prompt therapy with medications during the initial period 
following a bariatric procedure (42-47)  
In the absence of documentation of a known disorder, early postprandial hypoglycemia is 
also termed ‘Idiopathic reactive hypoglycemia’ by some and ‘postprandial syndrome’ by 
others. We firmly believe that ‘Idiopathic reactive hypoglycemia’ is a genuine disorder, 
since several pathophysiologic mechanisms have been implicated (2-14).The occurrence of 
hypoglycemia in this disorder has been attributed to rapid gastric emptying secondary to 
lack of rise in Gastric Inhibitory Polypeptide following an ingestion of a meal or altered 
secretion of other gastrointestinal motility factors,e.g.Motilin, Bombesin etc(1-4) Remission 
of hypoglycemia by inhibition of gastric emptying by use of drugs with ability to induce 
cholinergic blockade enhances this hypothesis. Alternatively, altered function of both 
pancreatic alpha and beta cells has also been invoked. We have documented enhanced 1st or 
early phase insulin secretion within 30-60  minutes in response to   glucose ingestion as well 
as aberrant  pancreatic alpha cell function in this syndrome (Table 1).   plasma glucagon is 
elevated after an overnight fast in comparison to normal subjects despite presence of normal 
glucose concentration indicating glucagon insensitivity (Table1). However,  inhibited 
glucagon decline with initial hyperglycemia and a blunted rise following onset of 
hypoglycemia documents altered glucagon secretion in this syndrome.(Figure1) Impaired 
regulation of glucagon in this syndrome is further confirmed by decline in glucagon 
response  following oral administration of a protein meal (figure 2), a well established  
stimulus for facilitating glucagon secretion and release by pancreatic alpha cells(41).This 
altered pancreatic alpha and beta cell function is also documented in several other studies 
(7,9,1,33,40). Finally, the presence of the disorder is further enhanced by documentation of 
remission of symptoms and hypoglycemia by appropriate intervention with several 
protocols, including lifestyle changes with use of a diet with tolerated amount of fiber as 
well as high protein, low carbohydrate contents, avoidance of ingestion of simple or free 
sugars, and frequent small feedings (1,5,14 ). Moreover, in the absence of total remission 
with these lifestyle changes, several drugs have been successfully used. These include 
agents, e.g. atropine derivatives which delay gastric emptying by cholinergic blockade as 
mentioned earlier, drugs inhibiting conversion of complex to simple 
carbohydrates,e.g.alpha-glucosidase inhibitors, medications altering insulin secretion 
e.g.calcium channel blockers, or drugs possessing all of these properties, e.g. octreotide 
(3,42-47). In contrast, ‘late reactive or postrprandial  hypoglycemia’documented in ‘impaired 
glucose tolerance’, a prediabetic state is induced by exaggerated 2nd or late phase insulin 
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secretion occurring between 90 -120 minutes induced by marked elevated  plasma glucose 
concentration at 60-90 minutes due to inhibition of 1`st phase insulin secretion following a 
meal or oral administration of glucose (48-52)).Moreover, hypoglycemia in this disorder also 
is remediable by appropriate lifestyle changes and certain drugs (53). 
Therefore, A subject manifesting symptoms of hypoglycemia following a meal must be 
evaluated by a detailed history, a thorough physical examination and appropriate 
laboratory testing. First and foremost, the presence of low blood sugar level, e.g < 6O mg/dl 
must be documented with accompanying hypoglycemic symptoms. The diagnosis could be 
further established by assessment of blood sugars following ingestion of a mixed meal or 
oral administration of glucose. Once the diagnosis is confirmed, the appropriate treatment 
should be provided as it distinctly improves quality of life. Early postprandial 
hypoglycemia with onset within 2 hours may be treated with life style dietary changes 
initially. The drugs may be used  later as an adjunctive therapy if dietary manipulations fail 
to attain  and maintain remission. The documentation  of late  reactive hypoglycemia 
indicates a presence of ‘Prediabetes’ which also may be managed with lifestyle changes, e.g. 
diet and exercise, to achieve weight loss especially in the obese subjects as well as with 
drugs, e.g. Metformin in subjects with increased risk for progression to Diabetes as 
recommended by American Diabetes Association(48),  
Therefore, in the final analysis, it is imperative to consider the presence of postprandial 
hypoglycemia as a disorder and conduct an appropriate evaluation and provide suitable 
therapeutic strategies.  
 
 
 
 
 

Group Age 
(yr) 

Body 
Weight 

(kg) 

Fasting 
Plasma 
Glucose 

(mmol/L)* 

Fasting 
Plasma 
Insulin 

(mU/L)* 

Fasting 
Plasma 

Glucagon 
(ng/L)* 

IHR 37±6 59±8 4.9±0.2 7±2 347±83† 

Normal 34±5 62±7 5.2±0.1 6±1 135±20 

 
 
* The average of 2 values in individual subjects, 1 during the OGTT and the other during the protein 
meal study, was used for calculation. 

† P< .025, IRH v normal. 

Reprinted from reference 12, with permission  

 
 

Table 1. Fasting Plasma Glucose, Insulin,and Glucagon Levels in Five Subjects With IRH and 
Six Normal Subjects. 
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Fig. 1. Glucose, insulin, and glucagon responses to oral ingestion of 100 g glucose(OGTT) in 
5 subjects with IRH (▲) and 6 normal subjects () * P< .01 v normal. Reprinted from 
reference 12, with permission 
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Fig. 2. Glucose, insulin, and glucagon responses to oral ingestion of a protein meal in 5 
subjects with IRH (▲) and 6 normal subjects (). * < .05 v normal. † P< .01 IRH. Reprinted 
from reference 12, with permission  
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1. Introduction 
Hypoglycemia results when either carbohydrate intake is low, tissue use is high (glycolysis 
or glucagons synthesis), or endogenous production of glucose is low (glycogenolysis and 
glyuconeogenesis)(Berry, Nathan et al. 2009). Glucose levels are controlled by the hormone 
insulin, and also by the counterregulatory hormones glucagons, cortisol, growth hormone 
(GH), epinephrine, and norepinephrine. The counterregulatory hormones stimulate 
production and release of glucose. Hypoglycemia is the most common metabolic problem in 
neonates, and is also seen in children and adults. 

2. The pituitary-growth hormone-IGF axis 
2.1 Embryology of the pituitary gland 
The pituitary gland develops from invagination of the oral ectoderm (Rathke’s 
pouch)(Frohnert and Miller 2009). Nearby neuroectoderm becomes the posterior pituitary, 
which secretes the hormones oxytocin and vasopressin. Signalling factors involved in the 
initial differentiation of the anterior pituitary (thickening of the oral ectoderm) include the 
transcription factors HESX1, PITX1, LHX3, and LHX4. Under the influence of the 
transcription factor TPIT some of the cells develop into corticotrophs which secrete ACTH. 
When influenced by transcription factors PROP1, PIT1 (now called POU1F1), PITX1 and 
PITX2 the remaining cells differentiate into gonadotrophs  (which secrete FSH and LH), 
thyrotrophs (which secrete TSH), somatotrophs (which secrete GH), and lactotrophs (which 
secrete PRL). During this process the oral ectoderm and the neuroectoderm remain in 
contact with each other, and both migrate together to form the pituitary with distinct 
anterior and posterior lobes. All of the hormones of the anterior pituitary are influenced by 
secretions from the hypothalamus and are regulated through specific feedback loops. Two 
hormones of the anterior pituitary protect against hypoglycemia— GH and ACTH. ACTH 
stimulates secretion of cortisol by the adrenal gland. Both GH and cortisol protect against 
hypoglycemia by countering the effects of insulin. 

2.2 The GH-IGF system 
The GH/IGF axis is shown in Figure 1. It is regulated by three peptides, two from the 
hypothalamus (that part of the brain closest to the pituitary gland) (Growth Hormone 
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Transcription Factor Function 
HESX1 Involved in formation of Rathke’s pouch 

PITX1 
Formation of pituitary. Involved in differentiation of pituitary 
cell into a corticotroph (secreting ACTH) or a gonadotroph 
(LH/FSH) 

PITX2 Formation  of pituitary. Differentiation of pituitary cell into a 
somatotroph (GH) or a lactotroph (PRL) 

LHX3 
Formation of pituitary. Differentiation of pituitary cell into 
precursor for gonadotrophs, thyrotrophs, samatotrophs, and 
lactotrophs. 

LHX4 
Formation of pituitary. Differentiation of pituitary cell into 
precursor for gonadotrophs, thyrotrophs, samatotrophs, and 
lactotrophs. 

SF1 Differentiation of gonadotrophs. 
TPIT Differentiation of corticotrophs. 
NEUROD1 Differentiation of corticotrophs 

POU1F1 (PIT1) Differentiation of cells into precursors of thyrotrophs, 
somatotrophs, and lactotrophs. 

PROP1 Differentiation of cells into precursors of gonadotrophs, 
thyrotrophs, somatotrophs, and lactotrophs. 

Table 1. Transcription factors involved in the differentiation of the anterior pituitary. 
 

 
Fig. 1. The Hypothalamic-GH-IGF system 1. The hypothalamus secretes GHRH and 
somatostatin. 2. GH is secreted into the general circulation. 3. GH circulates bound to its 
binding protein, GHBP. 4. GH binds to the GH receptor. 5. ALS, 6. IGFBP-3, and 7. IGF-I 
circulate together in a 140 kDa complex. 8. IGF-I acts at the growth plate. 
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Releasing Hormone (GHRH) and somatostatin), and one from the gastrointestinal tract 
(ghrelin). Growth hormone releasing hormone (GHRH), signals the pituitary to secrete GH 
into the general circulation. The other hypothalamic signal is somatostatin, which inhibits 
GH secretion. These two signals alternate in their expression, so that when GHRH is high, 
somatostatin is low, and vice versa. The third factor, ghrelin, also stimulates GH secretion. 
GH is secreted in discrete bursts, and, once secreted, remains in circulation for about 20 
mintues.  
GH circulates bound to GH binding protein (GHBP), which in humans is identical to the 
extracellular portion of the GH receptor. GHBP is produced as a result of cleavage of the 
extracellular portion of the GH receptor. In order for GH to act two GH molecules bind to 
adjacent GH receptors, resulting in a conformational shift in the GH receptor, which 
activates the JAK-STAT pathway in the cell. Activation of the JAK-STAT pathway initiates a 
cascade of intracellular events, ultimately increasing production of Insulin-like Growth 
Factor I (IGF-I). GH stimulates statural growth by action directly at the growth plate and 
indirectly through the production of IGF-I. The name growth hormone is somewhat 
unfortunate, in that it suggests that its only function is to stimulate growth. In addition to its 
involvement in the growth process, GH has many metabolic functions, such as increasing 
muscle mass and bone mineral density. Generally, the effects of GH are anabolic.  
There are two GH genes, located on chromosome 17 in the human, GH-1 and GH-2. The 
GH-1 (or GH-N) gene encodes for GH. It consists of five exons separated by four introns 
(Parks, Nielson et al. 1985). The most abundant hormone of the pituitary gland, GH is a 
single chain α-helical non-glycosylated polypeptide consisting of 191 amino acids with two 
intramolecular disulphide bonds between amino acid 52-165 and 282-189. Different forms of 
GH exist with the most common form of GH being the one with a molecular weight of 22-
kD, which accounts for about 75% of the GH produced in the pituitary gland. Alternative 
splicing of the second codon results in a 20-kD form that make up about 5-10% of the total 
GH. There is structural homology between the GH molecule and prolactin and human 
placental lactogen (human chorionic somatotropin), suggesting that they may all have 
descended from a common ancestral gene. 
GH acts by binding to its receptor primarily at two sites, the liver and the growth plate. In the 
liver activation of the GH receptor stimulates production of IGF-I, its binding protein IGFBP-3, 
and the acid labile subunit (ALS). Growth hormone circulates at least 50% bound to its binding 
protein, GHBP (Rosenfeld 2005). It binds specifically with high affinity and low capacity. In 
humans the circulating GHBP is actually the extracellular domain of the GH receptor; it is 
thought that GHBP is shed or cleaved from intact receptors. The physiological significance of 
GH binding by GHBP is not completely understood; it may act to prolong the half-life of GH 
in the serum or it may compete with the GH receptor for binding. 
Insulin-like growth factors (IGF-I and IGF-II) are small peptide hormones (~7.5 kDa) which 
share a high degree of homology with proinsulin (Rinderknecht and Humbel 1978; 
Rinderknecht and Humbel 1978). Almost ubiquitously produced, they circulate at high 
concentrations in serum. Beyond their insulin-like effects, these growth-promoting peptides 
influence cellular proliferation and differentiation in numerous tissues, including at the 
growth plate (Nilsson, Marino et al. 2005). For IGFs to exert their effects at the cell surface, 
they  must first bind specific, high affinity cell-surface receptors, principally the type I IGF 
receptor. The interaction of IGFs with cell-surface receptors, however, is tightly regulated by 
at least six distinct high affinity carrier proteins, the IGF- binding proteins (IGFBPs). 
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IGF-I is the IGF most directly under GH control. It circulates in serum as part of a 140-kDa 
complex consisting of IGF-I, IGFBP3, and a third 85 KDa factor named acid-labile subunit 
(ALS)  (Baxter 1994). It is probably binding of free (unbound) IGF-I to receptors on 
chondrocytes in the epiphyseal growth plates that stimulates linear  growth. Although the 
primary site of synthesis of IGF binding proteins is the liver, it has been shown that most 
tissues produce IGFBPs locally. They may act as part of paracrine and autocrine functions of 
the IGFs. Functions that the IGFBPs may perform include; 1) increasing the half-life of IGF-I 
in serum; 2) decreasing binding of IGF-I  with the insulin receptor reducing the risk of IGF-
induced hypoglycemia; 3) being involved in the transport of IGF-I between the intravascular 
and the extravascular space ; 4) blocking the local effects of IGF-I; 5) enhancing IGF-I action 
by keeping the IGF-I in a slowly-releasing pool and 6) modulating cellular proliferation and 
apoptosis through interaction with receptors other than the IGF-I receptor. Disruption of the 
IGF:IGFBP:ALS complex is probably a prerequisite for IGFs to exert  mitogenic and 
metabolic effects through the type I  IGF receptor.  
IGF-I, IGFBP3 and ALS all appear to be regulated by GH, since they are all low in GH 
deficiency and are restored with GH treatment (Jorgensen, Blum et al. 1991). About 80% of 
circulating IGF-I is produced the in the liver (IGF-I and ALS are produced by hepatocytes, 
while ALS is produced by Kupffer cells and sinusoidal endothelial cells), although locally 
produced IGF-I may be important for skeletal growth (Sjogren, Liu et al. 1999; Yakar, J. et al. 
2002). It is not clear whether GH regulates all components of the 140-kDa complex directly, 
or whether one of the components may be regulated by GH, which, in turn, regulates 
synthesis of the others (Binoux 1997). Transcription of the rat ALS gene and ALS promoter 
activity has been shown to be stimulated by GH  (Ooi, Cohen et al. 1997). In Growth 
Hormone Insensitivity Syndrome (GHIS) the patient is unresponsive to growth hormone; 
that is, the GHIS patient has high circulating levels of growth hormone, but low circulating 
levels of IGF-I and IGFBP3. In the case of a patient described with the IGF-I gene deletion 
(Woods, Camacho-Hubner et al. 1996), there are high circulating levels of growth hormone 
and low circulating levels of IGF-I, but normal circulating levels of IGFBP3. 

2.3 GH receptor/signaling 
The GH receptor is a member of the cytokine family of receptors. The gene for the human 
growth hormone receptor is located on chromosome 5p13.1-p12, and spans a region that is 
greater than 87 kb. The receptor consists of 620 amino acids (molecular weight 70 kD before 
glycosylation). It is highly homologous with the prolactin receptor, as well as receptors for 
interleukins 2,3,4,6, and 7, erythropoietin, granulocyte-macrophage colony-stimulating 
factor, and interferon. The GH receptor has extracellular, transmembrane, and intracellular 
domains, but it lacks intrinsic tyrosine kinase activity. Similar to other members of the 
cytokine family of receptors, it uses the JAK-STAT pathway for signal transduction (see 
Figure 2). Initially GH binds one GH receptor and then recruits a second GH receptor. This 
dimerization is followed by a conformational shift, which initiates the JAK-STAT cascade. 
Janus kinase (JAK2) is activated (it is a receptor-associated kinase which both 
autophosphorylates and phosphorylates the GH receptor). Once phosphorylated, these sites 
act as docking sites for molecules which undergo phosphorylation by JAK2, resulting in 
activation of STAT1, STAT3, and STAT5 (STAT stands for Signal Transducers and 
Activators of Transcription proteins). Once phosphorylated, cytoplasmic proteins form 
homodimers and heterodimers, travel to the nucleus, and bind specific DNA sequences, 
which activate gene transcription.  
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Fig. 2. The JAK-STAT Signalling System: The GH Receptor 

3. GH action 
3.1 IGF-I 
In 1957 Salmon and Daughaday (Salmon and Daughaday 1957) described a “sulfation 
factor” to explain the observation that while normal serum stimulated sulfate incorporation 
into cartilage tissue (a marker for synthesis of glycosaminoglycan, a component of cartilage), 
this effect was reduced using serum from growth hormone deficient patients, and could not 
be restored by treating cartilage directly with GH. Sulfation factor was re-named 
somatomedin, and became the basis of the classical somatomedin hypothesis (Rosenfeld 
2005); namely, that most of the actions of growth hormone are carried out by factors 
originally named somatomedins. At the same time others were studying a compound in the 
serum which they called “non-suppressible insulin-like activity” (NSILA), whose insulin-
like action persisted even after removing insulin by the addition of anti-insulin antibodies. 
Rinderknecht and Humbel (Rinderknecht and Humbel 1978; Rinderknecht and Humbel 
1978)  identified and sequenced two proteins, NSILA-I and NSILA-II, which were 
structurally similar to proinsulin. In the early 1980’s it became apparent that NSILA-I and 
somatomedin C were identical, which led to the renaming of NSILA-I and NSILA-II to the 
insulin-like growth factors IGF-I and IGF-II. Of these two proteins IGF-I is the most growth 
hormone dependent. It is also now apparent that there are distinct cell membrane receptors 
for insulin, IGF-I and IGF-II. Even though each receptor binds most strongly to its own 
ligand, there is cross-reactivity among these ligands for all the receptors (see 3.3, below) .  

3.2 IGF proteins 
There are three peptide hormones in the IGF family—insulin, IGF-I and IGF-II (Rosenfeld 
2005). Insulin-like growth factors (IGF-I and IGF-II) are small peptide hormones (~7.5 kDa) 
which share a high degree of homology with proinsulin. As with insulin, the IGFs have A and 
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Hormone Insensitivity Syndrome (GHIS) the patient is unresponsive to growth hormone; 
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factor, and interferon. The GH receptor has extracellular, transmembrane, and intracellular 
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Fig. 2. The JAK-STAT Signalling System: The GH Receptor 

3. GH action 
3.1 IGF-I 
In 1957 Salmon and Daughaday (Salmon and Daughaday 1957) described a “sulfation 
factor” to explain the observation that while normal serum stimulated sulfate incorporation 
into cartilage tissue (a marker for synthesis of glycosaminoglycan, a component of cartilage), 
this effect was reduced using serum from growth hormone deficient patients, and could not 
be restored by treating cartilage directly with GH. Sulfation factor was re-named 
somatomedin, and became the basis of the classical somatomedin hypothesis (Rosenfeld 
2005); namely, that most of the actions of growth hormone are carried out by factors 
originally named somatomedins. At the same time others were studying a compound in the 
serum which they called “non-suppressible insulin-like activity” (NSILA), whose insulin-
like action persisted even after removing insulin by the addition of anti-insulin antibodies. 
Rinderknecht and Humbel (Rinderknecht and Humbel 1978; Rinderknecht and Humbel 
1978)  identified and sequenced two proteins, NSILA-I and NSILA-II, which were 
structurally similar to proinsulin. In the early 1980’s it became apparent that NSILA-I and 
somatomedin C were identical, which led to the renaming of NSILA-I and NSILA-II to the 
insulin-like growth factors IGF-I and IGF-II. Of these two proteins IGF-I is the most growth 
hormone dependent. It is also now apparent that there are distinct cell membrane receptors 
for insulin, IGF-I and IGF-II. Even though each receptor binds most strongly to its own 
ligand, there is cross-reactivity among these ligands for all the receptors (see 3.3, below) .  

3.2 IGF proteins 
There are three peptide hormones in the IGF family—insulin, IGF-I and IGF-II (Rosenfeld 
2005). Insulin-like growth factors (IGF-I and IGF-II) are small peptide hormones (~7.5 kDa) 
which share a high degree of homology with proinsulin. As with insulin, the IGFs have A and 
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B chains connected by disulfide bonds, and a C-peptide region that bears no homology with 
that of proinsulin. IGF-I and IGF-II have a carboxy-terminal extension of variable amino acid 
lengths. Almost ubiquitously produced, compared with insulin which circulates at picomolar 
concentrations and has a half-life of minutes, IGF-I and IGF-II circulate at much higher (i. e., 
nanomolar)  concentrations in serum and have much longer half-lives, primarily because they 
are part of a complex with IGF binding proteins. Beyond their insulin-like effects, these 
growth-promoting peptides influence cellular proliferation and differentiation in numerous 
tissues. For IGFs to exert their effects at the cell surface, they first must bind specific, high 
affinity cell-surface receptors, principally the type I IGF receptor. The interaction of IGFs with 
cell-surface receptors, however, is tightly regulated by at least six distinct high affinity carrier 
proteins, the IGF- binding proteins (IGFBPs), and possibly by several low-affinity IGFBP-like 
molecules. IGFBPs 1-6, which are present in serum and many biologic fluids, have similar or 
higher affinities for IGF-I and IGF-II than does the type I IGF receptor. Therefore, the 
interaction of IGFs with IGFBPs can prevent untoward IGF effects, such as uncontrolled 
cellular proliferation or hypoglycemia. Conversely, disruption of the IGF;IGFBP complex is 
probably a prerequisite for IGFs to exert their mitogenic and metabolic effects through the type 
I IGF receptor. It is probably binding of unbound IGF-I to receptors on chondrocytes in the 
epiphyseal growth plate that stimulates linear growth. 

3.3 IGF receptors 
The IGF-I receptor is similar in molecular structure to the insulin receptor (Rosenfeld 2005); 
in fact, it has approximately 60% homology in amino acid composition. There are two 
membrane-spanning alpha subunits connected by disulfide bonds, which form a pocket that 
mediates binding of IGF-I. There are two intracellular beta subunits which contain a 
transmembrane domain, an ATP binding site, and a tyrosine kinase domain that accounts 
for the presumed signal transduction mechanism for the receptor. The type I IGF receptor 
binds IGF-I, IGF-II, and insulin with high affinity and mediates the actions of IGF on all 
tissue specific cell types. Likewise, the insulin receptor can also be bound by IGF-I and IGF-
II, which means that if either of these growth factors is in abundance in the serum without 
being part of a larger complex, it can bind the insulin receptor and cause hypoglycemia. 
IGF-II also binds to a second receptor that has neither an intrinsic tyrosine kinase domain 
nor a known signal transduction mechanism. This receptor was first called the mannose-6-
phosphate receptor that binds lysomal enzymes at binding sites distinct from that of IGF-II. 
Given that this receptor binds mannose-6-phosphate-containing enzymes and to transport 
them between intracellular compartments, it may serve as a biological sink which would 
remove IGF-II as well as enzymes such as cathepsin and urokinase from the cellular 
environment. 

4. Disorders of the pituitary-growth hormone-IGF axis 
4.1 Congenital hypopituitarism 
Children who are born with lack of pituitary function are at risk for hypoglycemia because 
they lack ACTH  (and, thus, do not produce adequate cortisol) and GH. Male infants with 
hypopituitarism often present in the newborn period with hypoglycemia and micropenis 
(because of the inability to secrete the gonadotropins LH and FSH; LH is necessary for 
testosterone production, which is required for penile growth). In an analysis of a large GH 
registry  (all patients in the registry were being treated with growth hormone)  169 infants 
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were identified who presented with hypoglycemia. Of these 148 had hypopituitarism. There 
were 12 patients with isolated GH deficiency (GHD), and 9 were without hypothalamic or 
pituitary pathology. Structural central nervous system (CNS)  lesions and/or midline facial 
defects were present in 39%. Of the males 55% had micropenis. Eighty-nine percent of the 
infants required multiple hormone replacement therapy (Bell, August et al. 2004). 
A number of developmental occurrences may cause hypopituitarism. These include failure 
of LHX3 or LHX4. In mice the absence of LHX3 results in Rathke’s pouch not growing or 
differentiating. Three patients were studied from a family with a mutation in LHX3. In 
humans LHX3 deletion has presented with severe growth failure. Other clinical features 
have included elevated and anteverted shoulders and a severe restriction of neck rotation, 
although vertebrae were not abnormal on MRI. The neck conformation appeared to be 
muscular in origin.  One patient with an LHX3 deletion had severe pituitary hypoplasia, one 
had an enlarged anterior pituitary on MRI, and the third had a pituitary adenoma  
(Netchine, Sobrier et al. 2000). Individuals with LHX4 deficiency have been shown to be 
deficient in GH, TSH, and ACTH, and therefore, had short stature at the time of 
investigation. MRI findings include a small sella turcica with a hypoplastic anterior 
pituitary, a persistant craniopharyngeal canal, and a Chiari I malformation, as well as an 
ectopic posterior pituitary  (“ectopic bright spot”)  on MRI. Deletions of LHX4 appear to be 
transmitted in an autosomal dominant fashion (Machinis, Pantel et al. 2001). Deficiencies in 
PROP1 (“Prophet of PIT1”) may have a small pituitary on MRI, they can present with a large 
pituitary. They usually have deficiencies in GH, TSH, prolactin, FSH, and LH (Deladoëy, Flück 
et al. 1999). Mutations in the POU1F1 (formerly PIT1) gene result in deficiencies in GH, 
prolactin, and the β-subunit of TSH, but ACTH, FSH, and LH are not affected (Hendriks-
Stegeman, Augustijn et al. 2001). At least 14 distinct mutations (some dominant and some 
recessive)  in POU1F1 have been described (Dattani and C. 2000; Hendriks-Stegeman, 
Augustijn et al. 2001; Malvagia, Poggi et al. 2003; Salemi, Besson et al. 2003) . Both dominant 
and recessive mutations have been reported. A mutation in the gene HESX1 is associated with 
hypopituitarism as part of a De Morsier syndrome, also known as Septo-optic Dysplasia 
(Dattani, Martinez-Barbera et al. 1999). Septo-optic Dysplasia includes optic nerve hypoplasia, 
midline anomolies (especially absence of the septum pellucidum and occasionally the corpus 
collosum), and varying degrees of hypopituitarism (usually of the anterior pituitary, but may 
also include the posterior pituitary) (Brickman, Clements et al. 2001). 
Even children born with severe isolated GH deficiency also frequently have hypoglycemia, 
which usually resolves with GH therapy. A part of the work-up of hypoglycemia is to 
measure insulin, ketones, free fatty acids, GH, and cortisol levels on a specimen when the 
blood sugar is hypoglycemic (in children and adults, usually a specimen with a glucose < 50 
mg/dl) (Berry, Nathan et al. 2009). A normal GH response should be a GH level >10 ng/ml, 
and a normal cortisol response should be >15 mg/dl. Elevated free fatty acids and ketones, 
along with a normal GH and cortisol response suggests hyperinsulinism, which can be 
further suspected if the insulin level is high. Either low GH or low cortisol alone suggests 
isolated GH deficiency or cortisol (or ACTH) deficiency. If GH and cortisol are both low, 
hypopituitarism is suspected. Binder et al.(G., Weidenkeller et al. 2010) have recently 
suggested that it is possible to diagnose severe congenital GH deficiency in neonates using a 
random blood sample in which the GH level is less than 7 mg/L. This test identified infants 
with GHD with 100% sensitivity and 98% specificity.    
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were identified who presented with hypoglycemia. Of these 148 had hypopituitarism. There 
were 12 patients with isolated GH deficiency (GHD), and 9 were without hypothalamic or 
pituitary pathology. Structural central nervous system (CNS)  lesions and/or midline facial 
defects were present in 39%. Of the males 55% had micropenis. Eighty-nine percent of the 
infants required multiple hormone replacement therapy (Bell, August et al. 2004). 
A number of developmental occurrences may cause hypopituitarism. These include failure 
of LHX3 or LHX4. In mice the absence of LHX3 results in Rathke’s pouch not growing or 
differentiating. Three patients were studied from a family with a mutation in LHX3. In 
humans LHX3 deletion has presented with severe growth failure. Other clinical features 
have included elevated and anteverted shoulders and a severe restriction of neck rotation, 
although vertebrae were not abnormal on MRI. The neck conformation appeared to be 
muscular in origin.  One patient with an LHX3 deletion had severe pituitary hypoplasia, one 
had an enlarged anterior pituitary on MRI, and the third had a pituitary adenoma  
(Netchine, Sobrier et al. 2000). Individuals with LHX4 deficiency have been shown to be 
deficient in GH, TSH, and ACTH, and therefore, had short stature at the time of 
investigation. MRI findings include a small sella turcica with a hypoplastic anterior 
pituitary, a persistant craniopharyngeal canal, and a Chiari I malformation, as well as an 
ectopic posterior pituitary  (“ectopic bright spot”)  on MRI. Deletions of LHX4 appear to be 
transmitted in an autosomal dominant fashion (Machinis, Pantel et al. 2001). Deficiencies in 
PROP1 (“Prophet of PIT1”) may have a small pituitary on MRI, they can present with a large 
pituitary. They usually have deficiencies in GH, TSH, prolactin, FSH, and LH (Deladoëy, Flück 
et al. 1999). Mutations in the POU1F1 (formerly PIT1) gene result in deficiencies in GH, 
prolactin, and the β-subunit of TSH, but ACTH, FSH, and LH are not affected (Hendriks-
Stegeman, Augustijn et al. 2001). At least 14 distinct mutations (some dominant and some 
recessive)  in POU1F1 have been described (Dattani and C. 2000; Hendriks-Stegeman, 
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and recessive mutations have been reported. A mutation in the gene HESX1 is associated with 
hypopituitarism as part of a De Morsier syndrome, also known as Septo-optic Dysplasia 
(Dattani, Martinez-Barbera et al. 1999). Septo-optic Dysplasia includes optic nerve hypoplasia, 
midline anomolies (especially absence of the septum pellucidum and occasionally the corpus 
collosum), and varying degrees of hypopituitarism (usually of the anterior pituitary, but may 
also include the posterior pituitary) (Brickman, Clements et al. 2001). 
Even children born with severe isolated GH deficiency also frequently have hypoglycemia, 
which usually resolves with GH therapy. A part of the work-up of hypoglycemia is to 
measure insulin, ketones, free fatty acids, GH, and cortisol levels on a specimen when the 
blood sugar is hypoglycemic (in children and adults, usually a specimen with a glucose < 50 
mg/dl) (Berry, Nathan et al. 2009). A normal GH response should be a GH level >10 ng/ml, 
and a normal cortisol response should be >15 mg/dl. Elevated free fatty acids and ketones, 
along with a normal GH and cortisol response suggests hyperinsulinism, which can be 
further suspected if the insulin level is high. Either low GH or low cortisol alone suggests 
isolated GH deficiency or cortisol (or ACTH) deficiency. If GH and cortisol are both low, 
hypopituitarism is suspected. Binder et al.(G., Weidenkeller et al. 2010) have recently 
suggested that it is possible to diagnose severe congenital GH deficiency in neonates using a 
random blood sample in which the GH level is less than 7 mg/L. This test identified infants 
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4.2 Idiopathic isolated GH deficiency 
Idiopathic isolated GH deficiency is the most common form of GH deficiency, accounting for 
as many as 44% of patients treated with growth hormone (Root, Kemp et al. 1998). Because GH 
is secreted episodically and GH is present in the serum for only about 20 minutes after it is 
secreted, random assessment of serum GH levels is rarely helpful. In addition to measuring 
serum IGF-I and IGFBP3 levels, provocative testing of the GH axis is a means of evaluating a 
patient suspected of having GH deficiency. Provocative agents which stimulate GH secretion 
include dopaminergic agents (L-dOPA and clonidine), glucagon, the amino acid arginine, and 
insulin-induced hypoglycemia. When the pituitary gland was visualized using MRI, as many 
as 15% of patients diagnosed as having idiopathic isolated GH deficiency had abnormal 
findings (Frindik 2001). These abnormalities included small pituitary glands, empty sella 
tursicas and ectopic posterior pituitaries (i.e., the posterior pituitary had never descended into 
the sella tursica, but remained near its origin in the brain). 

4.3 Growth hormone insensitivity syndrome 
Growth hormone insensitivity syndrome (GHIS) is a rare autosomal recessive condition 
characterized by a failure to synthesize insulin-like growth factor-I (IGF-I) in spite of 
elevated levels of growth hormone. It was first described in 1966 (Laron, Pertzelan et al. 
1966), and there have been a variety of different mutations described which account for this 
condition (Rosenfeld, Rosenbloom et al. 1994), most involving mutations in the growth 
hormone receptor.  GHIS is characterized by growth failure starting in infancy which is 
unresponsive to GH administration, associated with elevated levels of GH and decreased 
levels of IGF-I and IGFBP3  (Laron, Lillos et al. 1993; Rosenbloom 2000; Savage, Burren et al. 
2001).   There has been a patient described who had a normal GH receptor, but a mutation in 
STAT5  (Kofoed, Hwa et al. 2003). A patient has also been described with a similar 
presentation who has a deletion of the gene for IGF-I  (Woods, Camacho-Hubner et al. 1996). 
Patients with GHIS have frequently reported hypoglycemia without being treated with IGF-
I. Because there is a GH receptor which is not fully functional, it may be that the 
hypoglycemia in this condition results from an inability of GH to function as a glucose 
counterregulatory hormone, independent of its function in stimulating production of IGF-I. 

5. Treatment of disorders of the pituitary-growth hormone-IGF axis 
5.1 Treatment of GH deficiency 
Therapy for GH deficiency dates to 1958 when Rabin (Raben 1958) reported using growth 
hormone isolated from human pituitary glands to treat a patient who was growth hormone 
deficient. Between 1960 and 1985 human-derived growth hormone was available to treat 
this population. Because of limited supply, treatment was limited to the most GH deficient 
patients; in fact, as the supply became more plentiful the criteria for growth hormone 
deficiency gradually rose from peak GH responses to provocative stimuli of 5 ng/ml to 
allow treatment of patients who had peak GH responses to provocative stimuli of 10 ng/ml 
in the early 1980’s. In 1985 the distribution of human-derived growth hormone was abruptly 
stopped with the discovery of Creutzfeld-Jacob disease in recipients of these preparations 
(Brown 1988; Hintz 1995), with the exception of GH deficient patients who experienced 
hypoglycemia in the absence of GH therapy. At about the same time a recombinant source 
of growth hormone was approved for use by the FDA, which allowed an almost limitless 
supply, albeit at a rather expensive cost. Since that time the use of growth hormone in 
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treating growth hormone deficiency has expanded and at the same time the number of 
approved indications for growth hormone therapy has also increased. When GH therapy is 
used in a patient with GH deficiency who has hypoglycemia, the hypoglycemia usually 
resolves as soon as treatment is started. The etiology of this effect is somewhat complicated; 
GH administration reduces insulin sensitivity, which corrects the hypoglycemia. GH also 
increases insulin secretion. With GH excess these effects can lead to carbohydrate 
intolerance, and with GH deficiency they may result in hypoglycemia(Allen, Johanson et al. 
1996). 

5.2 Administration of IGF-I 
For populations where treatment with growth hormone is not possible, such as in the case of 
GH Insenstivity Syndrome, STAT5b deficiency, or IGF-I Deficiency (Woods, Camacho-
Hübner et al. 2000), treatment with IGF-I is now possible. Patents with GHIS or (Laron 
Syndrome) also frequently report problems with hypoglycemia. Because GH cannot activate 
the receptor, these individuals have very low concentrations of GH, GHBP-3, and ALS. It is 
not clear why this situation leads to hypoglycemia. There have been two compounds which 
have IGF-I as the major component. One, mecasermin, which is rhIGF-I alone (IncrelexTM, 
Tercica, Inc., Brisbane, CA), received approval from the FDA for treatment of severe growth 
hormone resistance in August, 2005 and approval from the European Agency for the 
Evaluation of Medical Products (EMEA) in 2007 (Collett-Solberg and Misra 2008). The 
second compound is mecasermin rinfabate (iPlexTM, Insmed, Richmond, VA). It is a complex 
of equimolar amounts of rhIGF-I and its most abundant binding protein Insulin-like Growth 
Factor I binding protein 3 (rhIGFBP-3). The combination of IGF-I and IGFBP-3 was 
postulated to have the advantage and an increased serum half-life and protection against 
hypoglycemia, although there was never a head-to-head comparison of the two 
preparations which compared the propensity for hypoglycemia. Mecaserin rinfabate 
received approval from the FDA in December 2005, but is no longer available for the 
treatment of short stature due to a legal agreement (Collett-Solberg and Misra 2008).  
Since hypoglycemia risk appears to be dose dependent, hypoglycemia risk has been reduced 
by dividing the IGF-I dose into two daily injections, twelve hours apart, and it is 
recommended to give the injection of IGF-I along with a meal. In a recent report, 
hypoglycemia was reported by 49% of subjects treated with recombinant IGF-I (Chernausek, 
Backeljauw et al. 2007). Most hypoglycemic events occurred during the first month of 
treatment. Seven of the events were reported as severe, and four resulted in seizures. Of the 
subjects reporting hypoglycemia, 32% had a history of hypoglycemia before starting 
treatment with IGF-I. It seemed to occur in younger, shorter subjects who had already had 
problems with hypoglycemia. This observation seems to be consistent with an earlier report, 
in which hypoglycemia occurred in some of the patients receiving IGF-I, but at the same rate 
as in those receiving placebo injections (Guevara-Aguirre, Vasconez et al. 1995), only rarely 
resulting in seizures (Backeljauw, Underwood et al. 2001). Hypoglycemia was lessened by 
giving the IGF-I dose with meals, and hypoglycemia was usually a problem when there was 
an intercurrent illness resulting in loss of appetite. 

6. Summary 
The GH-IGF axis plays an import role in glucose homeostasis, which is somewhat 
complicated. Growth hormone decreases insulin sensitivity and stimulates insulin secretion. 
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treating growth hormone deficiency has expanded and at the same time the number of 
approved indications for growth hormone therapy has also increased. When GH therapy is 
used in a patient with GH deficiency who has hypoglycemia, the hypoglycemia usually 
resolves as soon as treatment is started. The etiology of this effect is somewhat complicated; 
GH administration reduces insulin sensitivity, which corrects the hypoglycemia. GH also 
increases insulin secretion. With GH excess these effects can lead to carbohydrate 
intolerance, and with GH deficiency they may result in hypoglycemia(Allen, Johanson et al. 
1996). 

5.2 Administration of IGF-I 
For populations where treatment with growth hormone is not possible, such as in the case of 
GH Insenstivity Syndrome, STAT5b deficiency, or IGF-I Deficiency (Woods, Camacho-
Hübner et al. 2000), treatment with IGF-I is now possible. Patents with GHIS or (Laron 
Syndrome) also frequently report problems with hypoglycemia. Because GH cannot activate 
the receptor, these individuals have very low concentrations of GH, GHBP-3, and ALS. It is 
not clear why this situation leads to hypoglycemia. There have been two compounds which 
have IGF-I as the major component. One, mecasermin, which is rhIGF-I alone (IncrelexTM, 
Tercica, Inc., Brisbane, CA), received approval from the FDA for treatment of severe growth 
hormone resistance in August, 2005 and approval from the European Agency for the 
Evaluation of Medical Products (EMEA) in 2007 (Collett-Solberg and Misra 2008). The 
second compound is mecasermin rinfabate (iPlexTM, Insmed, Richmond, VA). It is a complex 
of equimolar amounts of rhIGF-I and its most abundant binding protein Insulin-like Growth 
Factor I binding protein 3 (rhIGFBP-3). The combination of IGF-I and IGFBP-3 was 
postulated to have the advantage and an increased serum half-life and protection against 
hypoglycemia, although there was never a head-to-head comparison of the two 
preparations which compared the propensity for hypoglycemia. Mecaserin rinfabate 
received approval from the FDA in December 2005, but is no longer available for the 
treatment of short stature due to a legal agreement (Collett-Solberg and Misra 2008).  
Since hypoglycemia risk appears to be dose dependent, hypoglycemia risk has been reduced 
by dividing the IGF-I dose into two daily injections, twelve hours apart, and it is 
recommended to give the injection of IGF-I along with a meal. In a recent report, 
hypoglycemia was reported by 49% of subjects treated with recombinant IGF-I (Chernausek, 
Backeljauw et al. 2007). Most hypoglycemic events occurred during the first month of 
treatment. Seven of the events were reported as severe, and four resulted in seizures. Of the 
subjects reporting hypoglycemia, 32% had a history of hypoglycemia before starting 
treatment with IGF-I. It seemed to occur in younger, shorter subjects who had already had 
problems with hypoglycemia. This observation seems to be consistent with an earlier report, 
in which hypoglycemia occurred in some of the patients receiving IGF-I, but at the same rate 
as in those receiving placebo injections (Guevara-Aguirre, Vasconez et al. 1995), only rarely 
resulting in seizures (Backeljauw, Underwood et al. 2001). Hypoglycemia was lessened by 
giving the IGF-I dose with meals, and hypoglycemia was usually a problem when there was 
an intercurrent illness resulting in loss of appetite. 

6. Summary 
The GH-IGF axis plays an import role in glucose homeostasis, which is somewhat 
complicated. Growth hormone decreases insulin sensitivity and stimulates insulin secretion. 
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Most of the actions of growth hormone take place through Insulin-like Growth Factor-I. 
IGF-I can bind with the insulin receptor, but under normal circumstances is protected from 
direct contact insulin receptors, since this 6000 Kda protein circulates bound to Binding 
Protein 3 and acid labile subunit in a 140,000 Kda complex. With GH deficiency many 
patients experience hypoglycemia, which is corrected with GH treatment. Growth hormone 
resistant states also may present with hypoglycemia, but are not sensitive to growth 
hormone. Treatment of GH resistant states with IGF-I does cause an increase in the linear 
growth velocity, but IGF-I treatment carries a risk for hypoglycemia, presumably because its 
similarity to proinsulin allows it to bind the insulin receptor, and it is not protected by its 
binding protein or ALS.  
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1. Introduction 
Glucagon secreted from pancreatic α-cells plays central roles for counteracting 
hypoglycemia by modulating hepatic glucose metabolism (Gromada et al., 2007). In 
addition, glucagon also contributes to the maintenance of glucose homeostasis together with 
insulin from β-cells. During hyperglycemia such as post-prandial state, insulin secretion 
from β-cells is stimulated while glucagon secretion from α-cells is suppressed, leading to a 
lowering of blood glucose levels due to enhanced hepatic- and adipo- glucose uptake and 
suppressed hepatic glucose output. In contrast, in hypoglycemia such as starvation, 
glucagon secretion is promoted while insulin secretion is reduced, causing elevated blood 
glucose levels via the effects of glucagon, including enhanced hepatic glucose output and 
breakdown of lipids and proteins to provide glucose that is critical to the central nervous 
system. Thus, both glucagon and insulin are pivotal in systemic energy homeostasis, and the 
balance between these two hormones determines the metabolic state of various organs in 
response to changes in energy status. 
In both type 1 and type 2 diabetes, both of which exhibit a global increase in incidence, an 
imbalance between the two hormones appears to significantly impact glucose homeostasis 
(Unger, 1978). Insufficient insulin secretion and systemic insulin resistance both contribute 
to hyperglycemia due to quantitative and qualitative insulin shortage. In addition, abnormal 
elevations in circulating glucagon, due to lack of normal suppression mechanisms, worsens 
the hyperglycemia via enhanced hepatic glucose output. On the other hand, in patients 
undergoing treatment for diabetes, an increased incidence of hypoglycemia likely occurs 
due to a poor glucagon response. Whether this poor glucagon response is a consequence of 
impaired effects of insulin due to repeated treatment with exogenous insulin or other factors 
is not fully understood (Gerich et al., 1973). Therefore, diabetes can be recognized as “state 
where adequate hormones cannot work appropriately” when intra-islet hormone balance is 
focused on. These observations have prompted consideration of glucagon in the overall 
therapeutic approach to treat patients with both type 1 and type 2 diabetes. Furthermore, 
novel therapeutic approaches targeting Glucagon-like peptide (GLP)-1 action in α-cells 
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Diabetes – Damages and Treatments 

 

140 

(GLP-1 analogues and DPP-4 inhibitors) are also being considered given the potential for 
GLP-1 to have direct suppressive effects on α-cells, thus these enabled comprehensive 
control of islet hormone balance including improvement of both insulin and glucagon 
secretion. 
Therefore, it becomes more important to understand the underlying molecular mechanisms 
for the regulation of glucagon secretion to apply new therapeutic approaches to diabetes 
targeting α-cell dysfunction. 

2. Functions of glucagon 
2.1 Functions of glucagon 
Glucagon is a 29 amino acid peptide hormone, secreted by pancreatic α-cells mainly in 
hypoglycemic state, and exerts multiple biological effects on a wide range of organs 
(Kawamori et al., 2010). Glucagon has important functions in vivo for sustaining appropriate 
blood glucose level. In physiological states, glucagon is released into the bloodstream in 
response to hypoglycemia to oppose the action of insulin in peripheral tissues, and works as 
a counter-regulatory hormone to restore normoglycemia. Secreted glucagon works 
predominantly on the liver, and promotes hepatic gluconeogenesis, glycogenolysis, and 
simultaneously inhibits glycolysis and glycogenesis (Exton et al., 1966; Unger and Orci, 
1977), thus contributing to restoring glucose homeostasis by counteracting the action of 
insulin. In contrast, insulin suppresses hepatic glucose output while enhancing hepatic 
glucose uptake and glycogenesis, indicating that a balance between these two hormones ath 
the hepatocyte determines hepatic glucose metabolism, thus systemic glycemic homeostasis. 
In addition to countering hypoglycemia and opposing the effects of insulin in the liver, 
glucagon has impacts the function of several metabolic organs together favoring the 
maintenance of glucose homeostasis. For example, in the adipose tissue, glucagon enhances 
lipid decomposition, while, in contrast, the lack of detectable glucagon receptors in skeletal 
muscle indicates glucagon has little effect in regulating systemic glucose metabolism by 
acting on skeletal muscle (Christophe, 1996). Glucagon can also stimulate insulin secretion 
from pancreatic β-cells (Scheen et al., 1996) and indirectly impact hepatic glucose output. 
Taken together, these actions indicate an important role for glucagon in maintaining glucose 
homeostasis. 

2.2 Molecular mechanism underlying glucagon action 
The glucagon receptor is a G-protein (Gs/Gq) coupled type receptor (Jelinek et al., 1993) and 
is widely expressed in insulin target organs, such as liver, adipose, β-cells and brain, with 
the exception of skeletal muscle (Burcelin et al., 1995). Following binding and 
conformational changes of the receptor the activation of Gs leads to recruitment of adenylate 
cyclase to the cellular membrane, causing an increase in intracellular cyclic adenosine 
monophosphate (cAMP) levels and subsequent activation of protein kinase A (PKA) 
(Weinstein et al., 2001). On the other hand, activation of Gq induces activation of 
phospholipase C, upregulation of inositol 1,4,5-triphosphate, and the subsequent release of 
intracellular calcium (Ca2+) (Wakelam et al., 1986). The action of glucagon is relatively 
complex and involves the coordinate regulation of transcription factors and signal 
transduction networks which converge to regulate amino acid, lipid and carbohydrate 
metabolism. For example, in the liver, elevated PKA activity activates various downstream 
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targets leading to the suppression of glycolysis and glycogenesis, and the enhancement of 
gluconeogenesis and glycogenolysis (Jiang and Zhang, 2003). In islet cells, the elevation of 
cAMP by glucagon has been reported to stimulate insulin and glucagon secretion from β- 
and α-cells respectively (Huypens et al., 2000; Ma et al., 2005) by PKA dependent and 
independent mechanisms. Upregulation of cAMP activates cAMP-regulated guanine 
nucleotide exchange factors (cAMPGEFs / Epac), which modulates intracellular Ca2+-ion 
mobilization, enhancing exocytosis (Holz et al., 2006; Ma et al., 2005). 

2.3 Anatomical characteristics of pancreatic islets and α-cells 
Pancreatic islets possess unique anatomical characteristics and are composed of five 
different endocrine cell types distributed as islands randomly within the exocrine pancreas. 
Among these five endocrine cells in islets, the α-cells account for approximately 20% of islet 
cells. 
In adult rodents, β-cells are restricted mostly to the islet core, while α-cells, somatostatin-
secreting δ-cells, pancreatic polypeptide-secreting PP-cells, and ghrelin-secreting ε-cells, are 
scattered along the periphery of the islet and surrounding β-cells. It is likely that this 
distribution and arrangement of different islet cell types is teleologically important for 
physiological regulation between the cells since the blood flows from the center of the islets 
toward periphery; i.e.β-cells to non-β-cells in the islet microcirculation system (Bonner-Weir 
and Orci, 1982; Stagner and Samols, 1986), suggesting that secreted insulin regulates 
hormone secretion from other islet cell types. This architecture is typically preserved in 
rodent islets, while in humans, non-β-cells are often observed both at the periphery and also 
seemingly in clusters within the center of islets (Cabrera et al., 2006). This implies several 
possibilities; 1) rodent cellular hierarchy in the islets does not apply to human islets, or 2) 
human islets consist of several clover-leaf like ‘rosettes’, with each rosette resembling the 
basic islet architecture observed in rodent islets (Bonner-Weir and O'Brien, 2008) suggesting 
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the arrangement and interaction of the different cell types in human islets is similar to that 
in rodents. Recent studies report that in large human islets blood vessels penetrate and 
branch inside islets, and α-cells located within the core of islets are placed along these 
vessels and surrounded by β-cells (Bosco et al.). Thus, according to this report, in human 
islets, α-cells which appear to be placed in the islet core are still ‘peripheral’ in the islets 
since blood vessels are usually considered to be placed outside the islets. Given the direction 
of intraislet microcirculation described above, intraislet auto-/paracrine effects between islet 
cells especially from β- to non-β-cells can be applied to human islets. 

2.4 Excessive glucagon secretion in diabetes 
Glucagon plays critical roles in glucose homeostasis largely by regulating hepatic glucose 
metabolism. However, circulating glucagon levels are often elevated in both type 1 and type 
2 diabetes, thus are suggested to contribute to the development of insulin resistance (e.g. 
hepatic insulin resistance) and exacerbation of diabetes (Ahren and Larsson, 2001; Dinneen 
et al., 1995; Larsson and Ahren, 2000; Unger, 1978). In addition, the absence of postprandial 
glucagon suppression in diabetes patients also contributes to postprandial hyperglycemia 
(Mitrakou et al., 1992; Raskin and Unger, 1978; Sherwin et al., 1976). Another potential 
contributor to the excess glucagon levels is a relative increase in α-cells compared to -cells 
in pancreatic islets in both type 1 (Orci et al., 1976) and type 2 diabetes (Rahier et al., 1983; 
Yoon et al., 2003). Moreover, in type 1 diabetic islets, an increase in α-cell area and number, 
and dysregulated cell-type distribution in islets is due to specific -cell destruction. 
Although the precise mechanism(s) of relative hyperglucagonemia in the diabetic state is 
still obscure, -cell dysfunction is a possible candidate since -cell secretory products, 
including insulin, are known to suppress glucagon secretion (see section 4.1.). Thus altered 
(impaired) -cell function in diabetes can potentially induce inappropriately elevated 
glucagon in hyperglycemic states by impairing the intraislet influence of -cells on glucagon 
regulation (Meier et al., 2006a). 

2.5 Defective glucagon response to hypoglycemia in diabetes 
Diabetes patients (both type 1 and type 2) frequently develop defective counter-regulatory 
responses to hypoglycemia that is associated with reduced or absent glucagon secretory 
responses. A defective glucagon secretory response to hypoglycemia in hyperinsulinemic 
states frequently exacerbates a hypoglycemic attack, and limits intensive glucose control 
by insulin therapy (Amiel et al., 1988; Gerich et al., 1973). Moreover, hypoglycemia 
associated autonomic failure is induced especially in patients with frequent exposure to 
hypoglycemia leading to a worsening phenotype (Cryer, 1994). This defective response to 
hypoglycemia includes sympathoadrenal and neurohormonal responses against 
hypoglycemia such as epinephrine, cortisol and growth hormone that act to decrease 
blood glucose further, finally leading to sudden states of hypoglycemia and hypoglycemia 
unawareness (Amiel et al., 1988; Gerich et al., 1973). How diabetes induces these defective 
responses to hypoglycemia is still under investigation and suggested theories include 
alteration in brain glucose transport and metabolism by frequent exposure to 
hypoglycemia (Criego et al., 2005) and/or defective intraislet -cell effects on α-cell 
function, such as the “switch-off” of insulin (Hope et al., 2004; Zhou et al., 2004) or Zinc 
iron (Zhou et al., 2007) (see section 4.). 
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3. Regulation of glucagon secretion 
3.1 Factors involved in glucagon secretion 
The secretion of glucagon from α-cells is stimulated in response to hypoglycemia, and 
suppressed by hyperglycemia in vivo. However, the regulation of glucagon secretion is not 
simply determined only by glucose concentration, but is complex and finely controlled by 
additional contribution of neural, hormonal, and intra-islet interactions (Gromada et al., 
2007). While it is still not conclusive whether α-cells can directly sense glucose concentration 
outside the cells and subsequently respond in glucagon secretion (section 3.2.), additional 
mechanisms which contribute to the secretion of glucagon have recently been revealed. For 
example, the central nervous system is reported to sense glucose concentration largely 
through the hypothalamus, and to modulate secretion of islet hormones via the autonomic 
nervous system (section 3.3.). In addition, circulating autonomic neurotransmitters such as 
γ-amino-butyric acid (GABA), epinephrine and norepinephrine can stimulate glucagon 
secretion from α-cells. As described above, various regulatory mechanisms for the glucagon 
secretion than glucose were uncovered. Among them, it is recently revealed that intra-islet 
regulation by neighboring β-cells plays critical roles in the physiology of glucagon secretion 
from α-cells (see section 4). 

3.2 Regulation of glucagon secretion by glucose and other nutrients 
The secretion of glucagon from α-cells is elevated in response to hypoglycemia and 
suppressed by hyperglycemia in vivo. While some studies suggest a direct suppressive effect 
of glucose on α-cell secretory function (Ravier and Rutter, 2005; Vieira et al., 2007), the 
paradoxical stimulation of glucagon secretion by high glucose in isolated islets and α-cell 
lines (Franklin et al., 2005; Olsen et al., 2005; Salehi et al., 2006) suggests that additional 
mechanisms contribute to the secretion of glucagon in response to glucose. Also, it is still not 
conclusive whether α-cells can directly sense glucose concentration outside the cells then 
respond in glucagon secretion or not. 
Amino acids such as L-arginine are potent stimulators of glucagon secretion (Gerich et al., 
1974). This is physiologically relevant to prevent hypoglycemia after protein intake since 
amino acids also stimulate insulin secretion. L-glutamate is produced, secreted by various 
cell types including neural cells, and acts as a neurotransmitter. In islet α-cells, glutamate is 
contained in glucagon secretory vesicles (Yamada et al., 2001). Interestingly, a recent study 
shows that glutamate secreted by α-cells functions as an autocrine positive feedback signal 
for glucagon secretion (Cabrera et al., 2008), as α-cells express glutamate transporters and 
receptors (Hayashi et al., 2001). Low glucose stimulates glutamate release from α-cells, 
which in turn acts on α-cells in an autocrine manner leading to membrane depolarization 
and glucagon secretion (Cabrera et al., 2008). 

3.3 Involvement of nervous system and neurotransmitters 
While glycemia might modulate glucagon secretion directly, several reports indicate the 
involvement of the central and/or autonomic nervous systems in the regulation of glucagon 
secretion (Ahren, 2000; Bloom et al., 1978; Evans et al., 2004; Marty et al., 2005). 
Hypoglycemia is a critical condition for body especially since glucose is an essential fuel for 
the central nervous system. Thus in response to hypoglycemia, the nervous response 
immediately triggers various counterregulatory mechanisms to protect the brain from 
energy deprivation, including the stimulation of glucagon secretion. 
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The dense innervations of the islets suggests that both α- and β-cells are regulated by the 
nervous system (Ahren, 2000). The autonomic nervous system (ANS) transmits stimuli to 
promote glucagon secretion especially under hypoglycemia when blood glucose must be 
increased to supply fuel for the body. The ANS can modulate all islet cells and regulate 
glucagon secretion directly via the parasympathetic pathway or indirectly by pathways that 
can modulate islet paracrine factors (see section 4.) (Ahren, 2000). In addition, circulating 
autonomic neurotransmitters epinephrine and norepinephrine have been reported to 
stimulate glucagon secretion from α-cells through adrenergic receptors (Schuit and 
Pipeleers, 1986; Vieira et al., 2004). Glucagon secretion is also modulated by other 
neurotransmitters including GABA (see section 4.2.) and glutamate (see section 3.2.). 
The precise mechanism by which the central nervous system (CNS) senses blood glucose 
and affects glucagon secretion is not fully understood, although several possibilities have 
been suggested. Glucose sensing in the CNS is suggested to be an interaction between 
neurons and glial cells. For example, neurons in the ventro-medial hypothalamus (VMH) 
have been reported to play a role in sensing hypoglycemia in the brain and triggering the 
responses of counter-regulatory hormones to impact hypoglycemia (Borg et al., 1995), 
through AMPK (McCrimmon et al., 2004), K+ATP channels (Evans et al., 2004), and 
corticoptrophin releasing factor receptors (Cheng et al., 2007) in rat models. Moreover, it has 
also been reported that GLUT2 in cerebral astrocytes acts as a central glucose sensor in the 
modulation of glucagon secretion in mice (Marty et al., 2005). 

4. Intra-islet regulation of glucagon secretion 
In addition to glucose, various regulatory mechanisms for glucagon secretion have been 
detected. Among these mechanisms is the emerging concept that intra-islet regulation by 
secretory products from neighboring β-cells plays a critical role in determining α-cell 
function. This concept is supported, at least in the rodent, by the direction of the intraislet 
microcirculation which occurs from the core to the periphery and implicates α-cells as 
potential direct targets of β-cell secretory products such as insulin, (Asplin et al., 1981; 
Kawamori et al., 2009; Maruyama et al., 1984; Weir et al., 1976), GABA (Rorsman et al., 1989; 
Xu et al., 2006) and Zinc ions (Ishihara et al., 2003). In addition, another islet hormone 
somatostatin is reported to modulate glucagon secretion. Interestingly, glucagon itself is 
reported to regulate glucagon secretion. GLP-1 can suppress glucagon secretion directly and 
possibly indirectly by enhancing insulin secretion. 

4.1 Insulin 
Insulin, the major secretory product of β-cells, has been proposed as one of the intra-islet 
paracrine factors that can modulate the secretion of glucagon from neighboring α-cells 
(Asplin et al., 1981; Kawamori et al., 2009; Maruyama et al., 1984; Weir et al., 1976). 
Furthermore, proteins in the insulin signaling pathway are abundantly expressed in α-cells 
supporting an important role for insulin signaling in α-cells(Bhathena et al., 1982; Franklin 
et al., 2005; Patel et al., 1982). 

4.1.1 Modulation of glucagon secretion by insulin 
In clinical studies in human type 1 diabetes patients whose β-cell function is considered to 
be extinct (Asplin et al., 1981; Gerich et al., 1975), along with basic studies in insulinopenic 
animal models (Maruyama et al., 1984; Stagner and Samols, 1986; Weir et al., 1976), indicate 
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Schematic image for the β-cell-mediated suppression of glucagon secretion from α-cells via a 
paracrine mechanism. The β-cell secretes insulin, γ-amino-butyric acid (GABA), and zinc 
irons (Zn) which suppress glucagon secretion. High glucose/hyperglycaemia suppresses 
glucagon secretion through the nervous system and by stimulation of β-cell secretion. 
Somatostatin also suppresses glucagon secretion. GLP-1 suppresses glucagon secretion 
through β-cell mediated and direct pathways. 

that insulin suppresses glucagon secretion in vivo. In insulinopenic animal models, 
exogenous insulin suppressed glucagon secretion (Greenbaum et al., 1991; Stagner and 
Samols, 1986; Weir et al., 1976). Conversely, suppression of insulin action by infusion of an 
anti-insulin antibody increased glucagon release (Maruyama et al., 1984). These studies 
clearly indicate the suppressive effect of insulin on glucagon secretion. Thus, it is 
conceivable that chronic and post-prandial hyperglucagonemia seen in diabetes patients 
(see section 2.4) is due to a lack of the direct suppression of insulin on glucagon secretion 
induced either by an absolute lack of insulin and/or α-cell insulin resistance(Meier et al., 
2006a; Raju and Cryer, 2005). 
In addition, insulin is reported to stimulate glucagon secretion through a “switch-off” 
mechanism (Hope et al., 2004; Zhou et al., 2004). During hypoglycemia, a decrease in 
intraislet insulin may act as a trigger for glucagon secretion as α-cells can sense the decrease 
in ambient insulin. This concept is proposed by studies wherein cessation of insulin 
administration in in vivo pancreas perfusion experiments in insulinopenic diabetic rats 
induces glucagon secretion in response to hypoglycemia (Hope et al., 2004; Zhou et al., 
2004). It is also possible that the defective secretory response of glucagon to hypoglycemia in 
diabetes patients occurs secondary to a defect in insulin sensing in -cells (see section 2.5). 
Thus, insulin is a center player not only in the suppression of glucagon secretion but also the 
stimulation of glucagon secretion. 
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The dense innervations of the islets suggests that both α- and β-cells are regulated by the 
nervous system (Ahren, 2000). The autonomic nervous system (ANS) transmits stimuli to 
promote glucagon secretion especially under hypoglycemia when blood glucose must be 
increased to supply fuel for the body. The ANS can modulate all islet cells and regulate 
glucagon secretion directly via the parasympathetic pathway or indirectly by pathways that 
can modulate islet paracrine factors (see section 4.) (Ahren, 2000). In addition, circulating 
autonomic neurotransmitters epinephrine and norepinephrine have been reported to 
stimulate glucagon secretion from α-cells through adrenergic receptors (Schuit and 
Pipeleers, 1986; Vieira et al., 2004). Glucagon secretion is also modulated by other 
neurotransmitters including GABA (see section 4.2.) and glutamate (see section 3.2.). 
The precise mechanism by which the central nervous system (CNS) senses blood glucose 
and affects glucagon secretion is not fully understood, although several possibilities have 
been suggested. Glucose sensing in the CNS is suggested to be an interaction between 
neurons and glial cells. For example, neurons in the ventro-medial hypothalamus (VMH) 
have been reported to play a role in sensing hypoglycemia in the brain and triggering the 
responses of counter-regulatory hormones to impact hypoglycemia (Borg et al., 1995), 
through AMPK (McCrimmon et al., 2004), K+ATP channels (Evans et al., 2004), and 
corticoptrophin releasing factor receptors (Cheng et al., 2007) in rat models. Moreover, it has 
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4. Intra-islet regulation of glucagon secretion 
In addition to glucose, various regulatory mechanisms for glucagon secretion have been 
detected. Among these mechanisms is the emerging concept that intra-islet regulation by 
secretory products from neighboring β-cells plays a critical role in determining α-cell 
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Kawamori et al., 2009; Maruyama et al., 1984; Weir et al., 1976), GABA (Rorsman et al., 1989; 
Xu et al., 2006) and Zinc ions (Ishihara et al., 2003). In addition, another islet hormone 
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supporting an important role for insulin signaling in α-cells(Bhathena et al., 1982; Franklin 
et al., 2005; Patel et al., 1982). 
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In clinical studies in human type 1 diabetes patients whose β-cell function is considered to 
be extinct (Asplin et al., 1981; Gerich et al., 1975), along with basic studies in insulinopenic 
animal models (Maruyama et al., 1984; Stagner and Samols, 1986; Weir et al., 1976), indicate 
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Schematic image for the β-cell-mediated suppression of glucagon secretion from α-cells via a 
paracrine mechanism. The β-cell secretes insulin, γ-amino-butyric acid (GABA), and zinc 
irons (Zn) which suppress glucagon secretion. High glucose/hyperglycaemia suppresses 
glucagon secretion through the nervous system and by stimulation of β-cell secretion. 
Somatostatin also suppresses glucagon secretion. GLP-1 suppresses glucagon secretion 
through β-cell mediated and direct pathways. 

that insulin suppresses glucagon secretion in vivo. In insulinopenic animal models, 
exogenous insulin suppressed glucagon secretion (Greenbaum et al., 1991; Stagner and 
Samols, 1986; Weir et al., 1976). Conversely, suppression of insulin action by infusion of an 
anti-insulin antibody increased glucagon release (Maruyama et al., 1984). These studies 
clearly indicate the suppressive effect of insulin on glucagon secretion. Thus, it is 
conceivable that chronic and post-prandial hyperglucagonemia seen in diabetes patients 
(see section 2.4) is due to a lack of the direct suppression of insulin on glucagon secretion 
induced either by an absolute lack of insulin and/or α-cell insulin resistance(Meier et al., 
2006a; Raju and Cryer, 2005). 
In addition, insulin is reported to stimulate glucagon secretion through a “switch-off” 
mechanism (Hope et al., 2004; Zhou et al., 2004). During hypoglycemia, a decrease in 
intraislet insulin may act as a trigger for glucagon secretion as α-cells can sense the decrease 
in ambient insulin. This concept is proposed by studies wherein cessation of insulin 
administration in in vivo pancreas perfusion experiments in insulinopenic diabetic rats 
induces glucagon secretion in response to hypoglycemia (Hope et al., 2004; Zhou et al., 
2004). It is also possible that the defective secretory response of glucagon to hypoglycemia in 
diabetes patients occurs secondary to a defect in insulin sensing in -cells (see section 2.5). 
Thus, insulin is a center player not only in the suppression of glucagon secretion but also the 
stimulation of glucagon secretion. 
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4.1.2 Molecular mechanisms underlying the modulation of glucagon secretion by 
insulin signaling 
These in vivo reports suggest a direct effect of insulin in modulating glucagon secretion. On 
the other hand, recent in vitro studies in α-cell lines using gene knock-down techniques 
indicate a role for the insulin receptor and its signaling pathway in suppressing glucagon 
secretion by high glucose (Ravier and Rutter, 2005), as well as in stimulating glucagon 
secretion by low glucose concentration (Diao et al., 2005). 
The direct inhibitory effects of insulin to suppress glucagon secretion has been reported to 
occur either by 1) reducing the sensitivity of K+ATP channels (Franklin et al., 2005) which 
regulate glucagon secretion machinery via phosphatidyl inositol 3-kinase (PI3K) (Leung et 
al., 2006), or by 2) modulating Akt, a critical downstream effector of PI3K, leading to 
recruitment of the GABA-A receptor to the cellular membrane to allow its ligand, GABA, to 
inhibit glucagon secretion (see section 4.2) (Rorsman et al., 1989; Xu et al., 2006).  

4.1.3 The α-cell specific insulin receptor knockout mouse model 
While numerous reports indicate a pivotal role for insulin in the regulation of glucagon 
secretion, direct molecular evidence for the importance of insulin signaling in α-cells in vivo 
has been lacking until recently. The significance of systemic insulin signaling in glucose 
homeostasis is well known as insulin resistance is induced in insulin target organs including 
the liver, the skeletal muscle and the adipose tissues under diabetic state, and impacts on 
glycemic metabolism in these organs. Eventually, the genetic evidence of the in vivo 
significance of insulin signaling in α-cells in the regulation of glucagon secretion was 
provided by investigation of the α-cell specific insulin receptor knockout (αIRKO) mice 
(Kawamori et al., 2009). 
The αIRKO mice exhibited glucose intolerance, hyperglycemia and hyperglucagonemia in 
the fed state together with enhanced glucagon secretion in response to L-arginine. These 
results indicate that disruption of insulin receptor in α-cells enhanced glucagon secretion by 
diminishing the glucagonostatic effect of insulin, and provided direct in vivo evidence for 
the suppression of glucagon secretion by insulin from β-cells through intra-islet paracrine 
manner. Interestingly, the mutant mice also displayed blunted glucagon response to 
hypoglycemia indicating a defective glucagon response through insulin “switch-off” 
mechanism (Hope et al., 2004; Zhou et al., 2004) by disruption of insulin signaling in α-cells. 
The results using αIRKO mice clearly demonstrate a critical role for insulin in the regulation 
of α-cell function in both normo- and hypoglycemic states in vivo. 

4.1.4 Model for the intraislet regulation of glucagon secretion from α-cells by insulin 
From these findings, a possible model for the intraislet regulation of glucagon secretion by 
insulin can be proposed. In states of hyperglycemia, the greater insulin secretion from β-
cells is stimulated and would activate insulin signaling in α-cells via paracrine manner, and 
represses glucagon secretion. On the other hand, in hypoglycemic state, the consequent 
levels of low insulin would allow the α-cells to sense the reduction in ambient insulin 
leading to a lack of activation of insulin signaling that in turn leads to the stimulation of 
glucagon secretion. This would occur in addition to possible direct stimulation by low 
glucose itself. Indeed, a recent clinical study reported that this proposed mechanism is 
actually feasible in humans (Cooperberg and Cryer, 2010). In this report, patients with type 
1 diabetes were subjected to normo- and hypoglycemic clamps and the effects of insulin 
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analogue glulisine were evaluated. Continuous glulisine infusion suppressed glucagon 
secretion both under normo- and hypoglycemic states, while discontinuation of glulisine 
infusion stimulated glucagon secretion in hypoglycemic state. From these studies, it is 
proposed that insulin overrides the effects of glucose and suppresses glucagon secretion in 
the hyperglycemic state, and decreasing insulin levels triggers glucagon response to 
hypoglycemia and precedes the direct effect of low glucose. 
 

 
In high glucose state, stimulated insulin secretion from β-cells acts on insulin receptor on the 
surface of α-cells then suppresses glucagon secretion by paracrine manner. In low glucose 
state, decreased insulin secretion from β-cells is recognized by α-cells as a reduction of 
insulin signaling in α-cells through insulin receptor, then α-cells increase glucagon secretion 
in response. 

4.2 GABA 
γ-amino-butyric acid (GABA) is produced from the excitatory amino acid glutamate by 
glutamic acid decarboxylase (GAD) and works as an important inhibitory neurotransmitter 
in neural synapses, mainly in the central nervous system (Kittler and Moss, 2003). In 
neurons, GABA is released by the presynaptic terminal into synaptic junctions and binds to 
GABA receptors on the postsynaptic membrane, inhibiting cellular electrical firing through 
modulation of ion channels and consequent membrane hyperpolarization (Kittler and Moss, 
2003). Islets are also innerved by GABA-ergic neurons (Sorenson et al., 1991), suggesting 
that GABA is a potential inhibitor of -cell function. 
In addition, GABA has also been reported to be secreted from β-cells and suppress glucagon 
secretion from α-cells in an intraislet paracrine manner (Rorsman et al., 1989; Wendt et al., 
2004; Xu et al., 2006). High glucose or glutamate levels stimulate secretion of GABA from β-
cells and the secreted GABA then binds to its receptor expressed on α-cells, inhibiting 
glucagon secretion through cellular membrane hyperpoloarization. Importantly, the GABA-
A receptor is recruited to the cellular membrane by insulin-Akt signaling (Xu et al., 2006), 
and its activation suppresses glucagon secretion through desensitization of K+ATP channels. 
These observations suggest a cooperative role between insulin and GABA in the inhibition 
of glucagon secretion. 
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4.1.2 Molecular mechanisms underlying the modulation of glucagon secretion by 
insulin signaling 
These in vivo reports suggest a direct effect of insulin in modulating glucagon secretion. On 
the other hand, recent in vitro studies in α-cell lines using gene knock-down techniques 
indicate a role for the insulin receptor and its signaling pathway in suppressing glucagon 
secretion by high glucose (Ravier and Rutter, 2005), as well as in stimulating glucagon 
secretion by low glucose concentration (Diao et al., 2005). 
The direct inhibitory effects of insulin to suppress glucagon secretion has been reported to 
occur either by 1) reducing the sensitivity of K+ATP channels (Franklin et al., 2005) which 
regulate glucagon secretion machinery via phosphatidyl inositol 3-kinase (PI3K) (Leung et 
al., 2006), or by 2) modulating Akt, a critical downstream effector of PI3K, leading to 
recruitment of the GABA-A receptor to the cellular membrane to allow its ligand, GABA, to 
inhibit glucagon secretion (see section 4.2) (Rorsman et al., 1989; Xu et al., 2006).  

4.1.3 The α-cell specific insulin receptor knockout mouse model 
While numerous reports indicate a pivotal role for insulin in the regulation of glucagon 
secretion, direct molecular evidence for the importance of insulin signaling in α-cells in vivo 
has been lacking until recently. The significance of systemic insulin signaling in glucose 
homeostasis is well known as insulin resistance is induced in insulin target organs including 
the liver, the skeletal muscle and the adipose tissues under diabetic state, and impacts on 
glycemic metabolism in these organs. Eventually, the genetic evidence of the in vivo 
significance of insulin signaling in α-cells in the regulation of glucagon secretion was 
provided by investigation of the α-cell specific insulin receptor knockout (αIRKO) mice 
(Kawamori et al., 2009). 
The αIRKO mice exhibited glucose intolerance, hyperglycemia and hyperglucagonemia in 
the fed state together with enhanced glucagon secretion in response to L-arginine. These 
results indicate that disruption of insulin receptor in α-cells enhanced glucagon secretion by 
diminishing the glucagonostatic effect of insulin, and provided direct in vivo evidence for 
the suppression of glucagon secretion by insulin from β-cells through intra-islet paracrine 
manner. Interestingly, the mutant mice also displayed blunted glucagon response to 
hypoglycemia indicating a defective glucagon response through insulin “switch-off” 
mechanism (Hope et al., 2004; Zhou et al., 2004) by disruption of insulin signaling in α-cells. 
The results using αIRKO mice clearly demonstrate a critical role for insulin in the regulation 
of α-cell function in both normo- and hypoglycemic states in vivo. 

4.1.4 Model for the intraislet regulation of glucagon secretion from α-cells by insulin 
From these findings, a possible model for the intraislet regulation of glucagon secretion by 
insulin can be proposed. In states of hyperglycemia, the greater insulin secretion from β-
cells is stimulated and would activate insulin signaling in α-cells via paracrine manner, and 
represses glucagon secretion. On the other hand, in hypoglycemic state, the consequent 
levels of low insulin would allow the α-cells to sense the reduction in ambient insulin 
leading to a lack of activation of insulin signaling that in turn leads to the stimulation of 
glucagon secretion. This would occur in addition to possible direct stimulation by low 
glucose itself. Indeed, a recent clinical study reported that this proposed mechanism is 
actually feasible in humans (Cooperberg and Cryer, 2010). In this report, patients with type 
1 diabetes were subjected to normo- and hypoglycemic clamps and the effects of insulin 
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analogue glulisine were evaluated. Continuous glulisine infusion suppressed glucagon 
secretion both under normo- and hypoglycemic states, while discontinuation of glulisine 
infusion stimulated glucagon secretion in hypoglycemic state. From these studies, it is 
proposed that insulin overrides the effects of glucose and suppresses glucagon secretion in 
the hyperglycemic state, and decreasing insulin levels triggers glucagon response to 
hypoglycemia and precedes the direct effect of low glucose. 
 

 
In high glucose state, stimulated insulin secretion from β-cells acts on insulin receptor on the 
surface of α-cells then suppresses glucagon secretion by paracrine manner. In low glucose 
state, decreased insulin secretion from β-cells is recognized by α-cells as a reduction of 
insulin signaling in α-cells through insulin receptor, then α-cells increase glucagon secretion 
in response. 

4.2 GABA 
γ-amino-butyric acid (GABA) is produced from the excitatory amino acid glutamate by 
glutamic acid decarboxylase (GAD) and works as an important inhibitory neurotransmitter 
in neural synapses, mainly in the central nervous system (Kittler and Moss, 2003). In 
neurons, GABA is released by the presynaptic terminal into synaptic junctions and binds to 
GABA receptors on the postsynaptic membrane, inhibiting cellular electrical firing through 
modulation of ion channels and consequent membrane hyperpolarization (Kittler and Moss, 
2003). Islets are also innerved by GABA-ergic neurons (Sorenson et al., 1991), suggesting 
that GABA is a potential inhibitor of -cell function. 
In addition, GABA has also been reported to be secreted from β-cells and suppress glucagon 
secretion from α-cells in an intraislet paracrine manner (Rorsman et al., 1989; Wendt et al., 
2004; Xu et al., 2006). High glucose or glutamate levels stimulate secretion of GABA from β-
cells and the secreted GABA then binds to its receptor expressed on α-cells, inhibiting 
glucagon secretion through cellular membrane hyperpoloarization. Importantly, the GABA-
A receptor is recruited to the cellular membrane by insulin-Akt signaling (Xu et al., 2006), 
and its activation suppresses glucagon secretion through desensitization of K+ATP channels. 
These observations suggest a cooperative role between insulin and GABA in the inhibition 
of glucagon secretion. 
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4.3 Zinc 
Zinc ions (Zn2+), co-released with insulin by β-cells in response to high glucose levels, have 
been reported to activate K+ATP channels on α-cells, desensitize the channels and suppress 
glucagon secretion (Ishihara et al., 2003). Zn2+ is also reported to stimulate glucagon 
secretion from α-cells when its concentration falls as part of a “switch-off” mechanism 
(Zhou et al., 2007). However, another study reports a lack of inhibitory effect of exogenous 
Zn2+ on glucagon secretion (Ravier and Rutter, 2005), indicating that the effects of Zn2+ on 
glucagon secretion are complex and require further investigation. 

4.4 Somatostatin 
Somatostatin, an inhibitory hormone, secreted by neuronal and pancreatic δ-cells in islets 
inhibits both insulin and glucagon in a paracrine manner in the islet (Barden et al., 1977; 
Gerich et al., 1974; Starke et al., 1987). Somatostatin is considered to exert its suppressive 
effect on glucagon secretion largely through interstitial communication between α- and δ-
cells (Stagner and Samols, 1986). Following binding to its receptors on α-cells somatostatin 
inhibits glucagon secretion by inducing plasma membrane hyperpolarization (Yoshimoto et 
al., 1999), suppression of cAMP elevation (Schuit et al., 1989) and direct inhibition of the 
exocytotic machinery via a G-protein-dependent mechanism (Gromada et al., 2001). 
Somatostatin secretion from islet -cells is stimulated by glucose (Gerber et al., 1981; Honey 
et al., 1980), consistent with the report that the suppressive effect of high glucose on 
glucagon secretion may be mediated by glucose-induced secretion of somatostatin (Hauge-
Evans et al., 2009). Interestingly, global somatostatin knockout mice exhibit enhanced 
insulin and glucagon secretion in vivo and ex vivo. In addition the ability of exogenous 
glucose to suppress glucagon secretion is lost in islets isolated from somatostatin knockout 
mice (Hauge-Evans et al., 2009) and highlights the intra-islet interactions between 
somatostatin, glucagon, and insulin. These observations from a global knockout of 
somatostatin should be interpreted with caution since extra-pancreatic neuronal effects 
cannot be ruled out. It should also be noted that somatostatin involvement in glucagon 
suppression during hyperglycemia might be less important than the effects of β-cell 
secretion in vivo according to the direction of intraislet microcirculation, β-α-δ (Gerich, 1990; 
Stagner and Samols, 1986). Interestingly, somatostatin is also reported to be involved in 
GLP-1 mediated suppression of glucagon secretion (see section 4.6). Further investigation is 
thus necessary to clarify the intra-islet relationship of islet hormones. 

4.5 Glucagon 
Interestingly, glucagon which is secreted by α-cells is reported to stimulate glucagon 
secretion (Ma et al., 2005). Upregulation of cAMP by glucagon signaling is suggested to 
stimulate glucagon exocytosis via a mechanism that is similar to the stimulatory effects of 
glucagon on insulin and somatostatin secretion (Huypens et al., 2000; Stagner et al., 1989). 

4.6 Glucagon like-peptide-1 (GLP-1) 
The incretin hormone, glucagon-like peptide-1 (GLP-1), is secreted by intestinal L-cells in 
response to food intake and is a strong stimulator of insulin secretion and also regulates β-
cell mass through modulation of cellular proliferation and death (Drucker, 2006). Therefore, 
GLP-1 contributes to glucose homeostasis acutely by enhancing β-cell secretory function and 
chronically by maintaining β-cell mass. In addition to these effects on β-cells, GLP-1 is 
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reported to suppress glucagon secretion by directly acting on α-cells or indirectly by 
stimulating insulin secretion or modulating other non-β-cell hormones (e.g. somatostatin) 
which can in turn suppress glucagon secretion. However, the defects in GLP-1 secretion and 
action in type 2 diabetes likely impact the pathophysiology of the disease via abnormal 
regulation of both insulin and glucagon secretion (Holst et al., 2009). 
Paradoxically, another incretin hormone, glucose-dependent insulinotropic polypeptide 
(GIP), can stimulate glucagon secretion despite stimulating insulin secretion from β-cells in 
a manner similar to GLP-1 (de Heer et al., 2008; Meier et al., 2003; Pederson and Brown, 
1978). On the other hand, GLP-2, although derived from the same proglucagon gene as 
GLP-1, in intestinal L-cells, has not been reported to affect the secretory properties of -cells 
but stimulates glucagon secretion in human subjects (Meier et al., 2006b), by activation of 
GLP-2 receptors on α-cells (de Heer et al., 2007). 

4.6.1 Indirect suppression of glucagon secretion by GLP-1 
GLP-1 is reported to suppress glucagon secretion directly and/or indirectly through other 
cell-types; β- and δ-cells. In this point, many studies were conducted and displayed pros 
and cons to both theories. However, considering these reports comprehensively, it is less 
possible that only one mechanism is working in the suppressive effect of GLP-1 on 
glucagon, and it is conceivable that these direct and indirect manners are both regulating 
glucagon secretion with interacting each other. 
There are conflicting reports concerning the expression of GLP-1 receptors in α-cells (Heller 
et al., 1997; Moens et al., 1996). Previous studies investigating GLP-1 receptor expression in 
α-cells by RNA expression and immunohistochemical analyses indicate that GLP-1 
receptors are not expressed in α-cells or if present are expressed at low levels (Tornehave et 
al., 2008), or by only a few α-cells (Heller et al., 1997). A recent study using in situ 
hybridization and immunofluorescence microscopy in mouse, rat, and human pancreas 
identified the islet cell types that express GLP-1 receptors (Tornehave et al., 2008) and 
concluded that GLP-1 receptors are not expressed in α-cells. Thus, it is unlikely that GLP-1 
can exert its direct effects on α-cells to impact glucagon secretion. On the other hand, GLP-1 
is a strong secretagogue for insulin from β-cells, and considering the central role for insulin 
in the regulation of glucagon secretion, it is reasonable to suggest that GLP-1 suppresses 
glucagon secretion by secreted insulin. GLP-1 is also reported to stimulate somatostatin 
secretion from δ-cells in response to high glucose (Orskov et al., 1988), and it is possible that 
the secreted somatostatin suppresses glucagon secretion (de Heer and Holst, 2007; Hauge-
Evans et al., 2009). This suggestion is supported by the observation that expression of a 
highly specific somatostatin receptor subtype 2 (SSTR2) antagonist completely abolished the 
GLP-1 effect on glucagon secretion in isolated perfused rat pancreas (de Heer et al., 2008). 
However, considering that the direction of intra-islet microcirculation occurs from the core 
of islets to the mantle; from β-α-δ at least in rodents (Stagner and Samols, 1986), additional 
studies are necessary to explore these possibilities. 

4.6.2 Direct suppression of glucagon secretion by GLP-1 
In contrast, reports that GLP-1 (Creutzfeldt et al., 1996) and DPP-4 inhibitor (Foley et al., 
2008) treatment suppressed excessive glucagon secretion in type 1 diabetes patients even in 
the absence of secretory products from β-cells, suggest a potential direct effect of GLP-1 on 
glucagon suppression. A recent study by De Marinis et al reported that the expression of 
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4.3 Zinc 
Zinc ions (Zn2+), co-released with insulin by β-cells in response to high glucose levels, have 
been reported to activate K+ATP channels on α-cells, desensitize the channels and suppress 
glucagon secretion (Ishihara et al., 2003). Zn2+ is also reported to stimulate glucagon 
secretion from α-cells when its concentration falls as part of a “switch-off” mechanism 
(Zhou et al., 2007). However, another study reports a lack of inhibitory effect of exogenous 
Zn2+ on glucagon secretion (Ravier and Rutter, 2005), indicating that the effects of Zn2+ on 
glucagon secretion are complex and require further investigation. 

4.4 Somatostatin 
Somatostatin, an inhibitory hormone, secreted by neuronal and pancreatic δ-cells in islets 
inhibits both insulin and glucagon in a paracrine manner in the islet (Barden et al., 1977; 
Gerich et al., 1974; Starke et al., 1987). Somatostatin is considered to exert its suppressive 
effect on glucagon secretion largely through interstitial communication between α- and δ-
cells (Stagner and Samols, 1986). Following binding to its receptors on α-cells somatostatin 
inhibits glucagon secretion by inducing plasma membrane hyperpolarization (Yoshimoto et 
al., 1999), suppression of cAMP elevation (Schuit et al., 1989) and direct inhibition of the 
exocytotic machinery via a G-protein-dependent mechanism (Gromada et al., 2001). 
Somatostatin secretion from islet -cells is stimulated by glucose (Gerber et al., 1981; Honey 
et al., 1980), consistent with the report that the suppressive effect of high glucose on 
glucagon secretion may be mediated by glucose-induced secretion of somatostatin (Hauge-
Evans et al., 2009). Interestingly, global somatostatin knockout mice exhibit enhanced 
insulin and glucagon secretion in vivo and ex vivo. In addition the ability of exogenous 
glucose to suppress glucagon secretion is lost in islets isolated from somatostatin knockout 
mice (Hauge-Evans et al., 2009) and highlights the intra-islet interactions between 
somatostatin, glucagon, and insulin. These observations from a global knockout of 
somatostatin should be interpreted with caution since extra-pancreatic neuronal effects 
cannot be ruled out. It should also be noted that somatostatin involvement in glucagon 
suppression during hyperglycemia might be less important than the effects of β-cell 
secretion in vivo according to the direction of intraislet microcirculation, β-α-δ (Gerich, 1990; 
Stagner and Samols, 1986). Interestingly, somatostatin is also reported to be involved in 
GLP-1 mediated suppression of glucagon secretion (see section 4.6). Further investigation is 
thus necessary to clarify the intra-islet relationship of islet hormones. 

4.5 Glucagon 
Interestingly, glucagon which is secreted by α-cells is reported to stimulate glucagon 
secretion (Ma et al., 2005). Upregulation of cAMP by glucagon signaling is suggested to 
stimulate glucagon exocytosis via a mechanism that is similar to the stimulatory effects of 
glucagon on insulin and somatostatin secretion (Huypens et al., 2000; Stagner et al., 1989). 

4.6 Glucagon like-peptide-1 (GLP-1) 
The incretin hormone, glucagon-like peptide-1 (GLP-1), is secreted by intestinal L-cells in 
response to food intake and is a strong stimulator of insulin secretion and also regulates β-
cell mass through modulation of cellular proliferation and death (Drucker, 2006). Therefore, 
GLP-1 contributes to glucose homeostasis acutely by enhancing β-cell secretory function and 
chronically by maintaining β-cell mass. In addition to these effects on β-cells, GLP-1 is 
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reported to suppress glucagon secretion by directly acting on α-cells or indirectly by 
stimulating insulin secretion or modulating other non-β-cell hormones (e.g. somatostatin) 
which can in turn suppress glucagon secretion. However, the defects in GLP-1 secretion and 
action in type 2 diabetes likely impact the pathophysiology of the disease via abnormal 
regulation of both insulin and glucagon secretion (Holst et al., 2009). 
Paradoxically, another incretin hormone, glucose-dependent insulinotropic polypeptide 
(GIP), can stimulate glucagon secretion despite stimulating insulin secretion from β-cells in 
a manner similar to GLP-1 (de Heer et al., 2008; Meier et al., 2003; Pederson and Brown, 
1978). On the other hand, GLP-2, although derived from the same proglucagon gene as 
GLP-1, in intestinal L-cells, has not been reported to affect the secretory properties of -cells 
but stimulates glucagon secretion in human subjects (Meier et al., 2006b), by activation of 
GLP-2 receptors on α-cells (de Heer et al., 2007). 

4.6.1 Indirect suppression of glucagon secretion by GLP-1 
GLP-1 is reported to suppress glucagon secretion directly and/or indirectly through other 
cell-types; β- and δ-cells. In this point, many studies were conducted and displayed pros 
and cons to both theories. However, considering these reports comprehensively, it is less 
possible that only one mechanism is working in the suppressive effect of GLP-1 on 
glucagon, and it is conceivable that these direct and indirect manners are both regulating 
glucagon secretion with interacting each other. 
There are conflicting reports concerning the expression of GLP-1 receptors in α-cells (Heller 
et al., 1997; Moens et al., 1996). Previous studies investigating GLP-1 receptor expression in 
α-cells by RNA expression and immunohistochemical analyses indicate that GLP-1 
receptors are not expressed in α-cells or if present are expressed at low levels (Tornehave et 
al., 2008), or by only a few α-cells (Heller et al., 1997). A recent study using in situ 
hybridization and immunofluorescence microscopy in mouse, rat, and human pancreas 
identified the islet cell types that express GLP-1 receptors (Tornehave et al., 2008) and 
concluded that GLP-1 receptors are not expressed in α-cells. Thus, it is unlikely that GLP-1 
can exert its direct effects on α-cells to impact glucagon secretion. On the other hand, GLP-1 
is a strong secretagogue for insulin from β-cells, and considering the central role for insulin 
in the regulation of glucagon secretion, it is reasonable to suggest that GLP-1 suppresses 
glucagon secretion by secreted insulin. GLP-1 is also reported to stimulate somatostatin 
secretion from δ-cells in response to high glucose (Orskov et al., 1988), and it is possible that 
the secreted somatostatin suppresses glucagon secretion (de Heer and Holst, 2007; Hauge-
Evans et al., 2009). This suggestion is supported by the observation that expression of a 
highly specific somatostatin receptor subtype 2 (SSTR2) antagonist completely abolished the 
GLP-1 effect on glucagon secretion in isolated perfused rat pancreas (de Heer et al., 2008). 
However, considering that the direction of intra-islet microcirculation occurs from the core 
of islets to the mantle; from β-α-δ at least in rodents (Stagner and Samols, 1986), additional 
studies are necessary to explore these possibilities. 

4.6.2 Direct suppression of glucagon secretion by GLP-1 
In contrast, reports that GLP-1 (Creutzfeldt et al., 1996) and DPP-4 inhibitor (Foley et al., 
2008) treatment suppressed excessive glucagon secretion in type 1 diabetes patients even in 
the absence of secretory products from β-cells, suggest a potential direct effect of GLP-1 on 
glucagon suppression. A recent study by De Marinis et al reported that the expression of 
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GLP-1 receptors in α-cells is less than 0.2 % of its expression in β-cells, and consequently 
GLP-1 can induce a small elevation in cAMP activating PKA followed by selective inhibition 
of N-type Ca2+ ion channels, thus suppressing glucagon exocytosis (De Marinis et al.). In 
contrast, receptors for epinephrine or GIP are expressed abundantly in α-cells, and these 
molecules stimulate electrical activity significantly leading to an increase in Ca2+ in α-cells, 
causing glucagon exocytosis to accelerate through activation of L-type Ca2+ ion channels (De 
Marinis et al.). Studies using isolated islets indicated that GLP-1 effect on glucagon 
suppression is independent of insulin and intra-islet paracrine effect. 

4.6.3 Model for the GLP-1 mediated suppression of glucagon secretion 
Considering these reports together, it is possible that GLP-1 suppresses glucagon secretion 
directly, but in postprandial state, GLP-1 enhances insulin secretion from β-cells together 
with another incretin GIP, and subsequently exerts suppressive effects on glucagon 
secretion. Further urgent investigations are necessary to understand the effects of GLP-1 on 
α-cell function. However, reports of GLP-1 induced suppression of glucagon secretion, in 
addition to its beneficial role on β-cells including augmentation of glucose-stimulated 
insulin secretion, promotion of β-cell proliferation, and protection of β-cells from various 
cytotoxicities, emphasizes the potential of GLP-1 therapy for the treatment of diabetes. 
 
 

 
 

GLP-1 directly suppresses glucagon secretion from α-cells through slight increase of cAMP 
followed by inhibition of N-type Ca2+ channels (De Marinis, 2010) (57). GLP-1 also potentiates 
insulin secretion from β-cells then suppresses glucagon secretion through insulin effects on α-
cells. Glucose stimulates insulin secretion from β-cells and suppresses glucagon from α-cells 
through insulin effects, while glucose can stimulate glucagon secretion from α-cells. 
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5. Conclusion and future perspectives 
While glucagon was believed to elevate or decline simply in response to blood glucose 
levels, emerging work reveals a complex but sophisticated regulatory mechanism for the 
modulation of glucagon output from the α-cells with effects from pancreatic and endocrine 
hormones including insulin, somatostatin, epinephrine and incretins, nutrients and central 
and autonomic nervous pathways. The concept of intra-islet regulation of glucagon 
secretion that is mediated by insulin in a paracrine manner is now recognized as an 
important pathway that determines α-cell functions. Thus, disorder in intra-islet regulation 
of glucagon secretion is deeply involved in pathophysiology of diabetes. Considering that 
the diabetic state is characterized by systemic insulin resistance, that includes non-classical 
targets such as β-cells (Gunton et al., 2005; Kulkarni et al., 1999), it would be important to 
explore whether insulin resistance at the level of the α-cell underlies some of the early 
defects that lead to enhanced glucagon output and a consequent defect in glucose 
homeostasis. 
Recently, new therapeutic approaches targeting excessive glucagon by suppression of 
glucagon secretion or inhibition of glucagon receptors and their function were tried in the 
treatment of diabetes, but simple inhibition of glucagon effect does not result in 
improvement of glucose homeostasis because of hypoglycemia by lack of glucagon effect. In 
future therapy in diabetes, we need to aim glucagon to work appropriately and rest 
properly, then improve its effects on other organs and hormonal balance between glucagon 
and insulin. Further studies are necessary to explore whether cells in the central and/or 
autonomic nervous systems can be targeted to modulate glucagon secretion for therapeutic 
purposes. 
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1. Introduction 
Over the last few decades the prevalence of diabetes has dramatically grown in most regions 
of the world. In 2010, 285 million people had diabetes and it is estimated that the number 
will increase to 438 million in 2030 (1). About 5-10% of them have type 1 diabetes. 
Both types of diabetes are characterized by a progressive decline of pancreatic beta cell 
function and mass. In type 1 diabetes, the chronic autoimmune process causes the selective 
destruction of insulin-producing beta cells by the auto-reactive T cells in genetically 
predisposed individuals. There is a continuous loss of functional C-peptide responses and at 
the time of clinical presentation the beta cell mass is reduced by 70–90 %, as suggested by 
anatomic studies (2, 3). This results in an inability to secrete sufficient amounts of insulin 
and loss of metabolic control. As a consequence, exogenous insulin replacement in the form 
of multiple subcutaneous injections or continuous subcutaneous insulin infusions (CSII) is 
essential for patients with type 1 diabetes. It prevents death from acute metabolic 
complications and assures normal growth and development, maintenance of 
normoglycemia and prevention of end-organ complications. 
Type 2 diabetes results from an entirely different pathophysiological process. It is 
characterized by an increased resistance to insulin action in the peripheral tissues with 
decreased glucose uptake and enhanced hepatic glucose output associated with impaired 
insulin-secretory capacity caused by a progressive decline of beta cell function over time. 
Studies indicate a substantial loss of beta cell mass (of about 25-60 %) by the time of 
diagnosis, mainly secondary to increased apoptosis and impaired augmentation of cell mass 
through neogenesis (4, 5). The clinical onset is due to the reduction of beta cell mass per se 
and to a concomitant dysfunction of residual beta cells (6, 7). The beta cell failure, which 
seems to occur much earlier during the natural history of the disease than previously 
thought, results in significant insulin deficiency and by then, insulin administration is 
required in order to achieve glycemic control (8, 9). 
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2. Intensive insulin regimens: Evidence for benefit 
It is well established that in patients with both types of diabetes obtaining a good metabolic 
control is of paramount importance because the risk of developing chronic micro- and 
macrovascular complications is dependent on the degree of glycemic control (10). Current 
guidelines from professional organizations recommend achieving glycated hemoglobin 
(HbA1c) levels lower than 7% (and closer to normal values in selected individuals, if this 
could be achieved without significant increase in hypoglycemic events or other side effects) 
(11). Several landmark studies emphasize the importance of more physiologic insulin 
profiles in reaching these goals. 
The Diabetes Control and Complications Trial (DCCT) proved that tighter glycemic control 
after onset obtained with intensive insulin regimens can prevent / delay microvascular 
complications in patients with type 1 diabetes compared with conventional insulin regimens 
(12). The follow-up of the DCCT, the Epidemiology of Diabetes Interventions and 
Complications (EDIC) study provided evidence for the sustained benefit in subjects with 
prior intensive treatment, even if during the follow-up period the glycemic control was 
similar to that of subjects previously receiving conventional therapy (13-16). These studies 
demonstrated that the risk of developing long-term complications is determined both by the 
degree and the total duration of glycemic exposure. In addition, the DCCT established the 
relationship between glucose control and residual beta cell function as subjects with 
stimulated C-peptide concentrations > 0.2 pmol/ml had better outcomes (17, 18). The 
maintenance of endogenous beta cell function was associated with diminished disease 
progression, improved long term metabolic control and reduced chronic complications. 
These studies highlighted the role of insulin therapy over long-term. 
In patients with type 2 diabetes similar benefits of intensive insulin regimens have been 
shown. In the Kumamoto study, which included a smaller patient population, intensive 
glycemic control obtained by multiple insulin injection therapy delayed the onset and 
progression of the early stages of diabetic microvascular complications (19, 20). Likewise, 
the United Kingdom Prospective Diabetes Study (UKPDS) emphasized the role of glycemic 
control in reducing the incidence of chronic complications in patients with type 2 diabetes, 
although in this study the intensive treatments were not limited to insulin regimens (21-23). 
Similar to EDIC, the follow-up of the UKPDS cohort showed the persistence of 
microvascular benefits in patients formerly treated with intensive regimens (24). A more 
recent study in subjects with newly diagnosed type 2 diabetes demonstrated that transient 
intensive insulin therapy (with continuous subcutaneous insulin infusion or multiple daily 
insulin injections) resulted in favorable outcomes on glycemic control and beta cell function 
compared to oral hypoglycemic agents (25). Trials in patients with type 2 diabetes of longer 
duration have also supported the benefits (even if more modest) on the onset / progression 
of chronic complications (26-28). 

3. The importance of controlling postprandial hyperglycemia and 
hypoglycemic events 
To date, the therapeutic interventions have mainly been focused on lowering HbA1c with 
emphasis on fasting blood glucose levels. However, in order to obtain optimal glycemic 
control with HbA1c levels < 7%, controlling both fasting and post-meal glycemia is 
necessary (29, 30).  
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It is well established that poorly controlled diabetes is associated with development of 
chronic micro- and macrovascular complications. Experimental studies demonstrated the 
atherogenic role of postprandial glycemic peaks and the link between the post-meal or post-
challenge hyperglycemia (2hPG) and cardiovascular morbidity and mortality. Two meta-
analyses have shown an exponential relationship between incidence of cardiovascular 
events and fasting glucose or 2hPG (31, 32). The relationship was stronger and highly 
significant for 2hPG and there seemed to be no threshold for 2hPG. Several population-
based studies have basically confirmed this finding indicating an increased relative risk (in 
the range of 1.18 to 3.3) of cardiovascular or coronary heart disease mortality in patients 
with increased 2hPG (33). It has been reported that in individuals with type 2 diabetes, 
especially women, postprandial plasma glucose is a stronger predictor of cardiovascular 
events than fasting glucose levels (34). Another study indicated that both fasting and post-
meal glycemia were predictive for cardiovascular events after adjusting for other risk factors 
in type 2 diabetic subjects (35). 
A growing body of evidence shows that there is a relationship between postprandial 
hyperglycemia and markers of cardiovascular disease such as oxidative stress, carotid IMT 
and endothelial dysfunction. Oxidative stress has been implicated as a cause of both macro- 
and microvascular complications of diabetes. The proposed mechanism is that hyperglycemia, 
insulin resistance and free fatty acids feed into oxidative stress, activation of RAGE and PKC, 
which leads to vascular inflammation, thrombosis and vasoconstriction (36). Furthermore, 
increased risk of retinopathy, certain cancers and cognitive dysfunction in elderly was shown 
to be associated with postprandial hyperglycemia in type 2 diabetic patients (37-39).  
The Kumamoto study demonstrated that postprandial glycemia was strongly associated 
with onset of retinopathy and nephropathy (as were fasting blood glucose and HbA1c) and 
that control of both fasting glucose levels < 110 mg/dl and post-meal glucose levels < 180 
mg/dl prevented the onset and progression of diabetic microvascular complications (19, 20).  
On the other hand, the cost of strict glycemic control and intensive therapy is an increased 
risk of hypoglycemia, which per-se is a limiting factor in achieving long-term near-normal 
glucose control in patients with diabetes (40). Depending on its degree, hypoglycemia can 
affect physical and cognitive functions and can induce negative psychological and social 
consequences (41). Studies have consistently indicated a higher rate of hypoglycemia in 
patients with type 1 diabetes treated to lower HbA1c targets (40, 42). In the DCCT, the 
frequency of severe hypoglycemia was three times higher in subjects treated with intensive 
insulin therapy compared with those on conventional therapy, while in the Stockholm 
Diabetes Intervention Study - severe hypoglycemia occurred 2.5 times more frequently in 
the intensively treated group (43, 44). Insulin-treated subjects with type 2 diabetes 
experience severe hypoglycemia less frequently than patients with type 1 diabetes. This fact 
is explainable in part by the maintenance of some beta cell function (which allows a decrease 
of insulin secretion when blood glucose falls) and by insulin resistance (41). However, data 
from UKPDS provide evidence that the risk of hypoglycemia increases with longer duration 
of insulin treatment. Another study reported similar frequencies of severe hypoglycemia in 
patients with type 2 and type 1 diabetes after matching for duration of insulin therapy (45, 
46). It is plausible that in real life patients on intensive insulin regimens experience higher 
rates of hypoglycemia, but since there is relatively limited data on the actual frequency of 
asymptomatic and mild hypoglycemia, episodes of mild hypoglycemia may be 
underestimated and/or underreported (41).  



 
Diabetes – Damages and Treatments 

 

162 

2. Intensive insulin regimens: Evidence for benefit 
It is well established that in patients with both types of diabetes obtaining a good metabolic 
control is of paramount importance because the risk of developing chronic micro- and 
macrovascular complications is dependent on the degree of glycemic control (10). Current 
guidelines from professional organizations recommend achieving glycated hemoglobin 
(HbA1c) levels lower than 7% (and closer to normal values in selected individuals, if this 
could be achieved without significant increase in hypoglycemic events or other side effects) 
(11). Several landmark studies emphasize the importance of more physiologic insulin 
profiles in reaching these goals. 
The Diabetes Control and Complications Trial (DCCT) proved that tighter glycemic control 
after onset obtained with intensive insulin regimens can prevent / delay microvascular 
complications in patients with type 1 diabetes compared with conventional insulin regimens 
(12). The follow-up of the DCCT, the Epidemiology of Diabetes Interventions and 
Complications (EDIC) study provided evidence for the sustained benefit in subjects with 
prior intensive treatment, even if during the follow-up period the glycemic control was 
similar to that of subjects previously receiving conventional therapy (13-16). These studies 
demonstrated that the risk of developing long-term complications is determined both by the 
degree and the total duration of glycemic exposure. In addition, the DCCT established the 
relationship between glucose control and residual beta cell function as subjects with 
stimulated C-peptide concentrations > 0.2 pmol/ml had better outcomes (17, 18). The 
maintenance of endogenous beta cell function was associated with diminished disease 
progression, improved long term metabolic control and reduced chronic complications. 
These studies highlighted the role of insulin therapy over long-term. 
In patients with type 2 diabetes similar benefits of intensive insulin regimens have been 
shown. In the Kumamoto study, which included a smaller patient population, intensive 
glycemic control obtained by multiple insulin injection therapy delayed the onset and 
progression of the early stages of diabetic microvascular complications (19, 20). Likewise, 
the United Kingdom Prospective Diabetes Study (UKPDS) emphasized the role of glycemic 
control in reducing the incidence of chronic complications in patients with type 2 diabetes, 
although in this study the intensive treatments were not limited to insulin regimens (21-23). 
Similar to EDIC, the follow-up of the UKPDS cohort showed the persistence of 
microvascular benefits in patients formerly treated with intensive regimens (24). A more 
recent study in subjects with newly diagnosed type 2 diabetes demonstrated that transient 
intensive insulin therapy (with continuous subcutaneous insulin infusion or multiple daily 
insulin injections) resulted in favorable outcomes on glycemic control and beta cell function 
compared to oral hypoglycemic agents (25). Trials in patients with type 2 diabetes of longer 
duration have also supported the benefits (even if more modest) on the onset / progression 
of chronic complications (26-28). 

3. The importance of controlling postprandial hyperglycemia and 
hypoglycemic events 
To date, the therapeutic interventions have mainly been focused on lowering HbA1c with 
emphasis on fasting blood glucose levels. However, in order to obtain optimal glycemic 
control with HbA1c levels < 7%, controlling both fasting and post-meal glycemia is 
necessary (29, 30).  

 
Insulin Therapy and Hypoglycemia - Present and Future 

 

163 

It is well established that poorly controlled diabetes is associated with development of 
chronic micro- and macrovascular complications. Experimental studies demonstrated the 
atherogenic role of postprandial glycemic peaks and the link between the post-meal or post-
challenge hyperglycemia (2hPG) and cardiovascular morbidity and mortality. Two meta-
analyses have shown an exponential relationship between incidence of cardiovascular 
events and fasting glucose or 2hPG (31, 32). The relationship was stronger and highly 
significant for 2hPG and there seemed to be no threshold for 2hPG. Several population-
based studies have basically confirmed this finding indicating an increased relative risk (in 
the range of 1.18 to 3.3) of cardiovascular or coronary heart disease mortality in patients 
with increased 2hPG (33). It has been reported that in individuals with type 2 diabetes, 
especially women, postprandial plasma glucose is a stronger predictor of cardiovascular 
events than fasting glucose levels (34). Another study indicated that both fasting and post-
meal glycemia were predictive for cardiovascular events after adjusting for other risk factors 
in type 2 diabetic subjects (35). 
A growing body of evidence shows that there is a relationship between postprandial 
hyperglycemia and markers of cardiovascular disease such as oxidative stress, carotid IMT 
and endothelial dysfunction. Oxidative stress has been implicated as a cause of both macro- 
and microvascular complications of diabetes. The proposed mechanism is that hyperglycemia, 
insulin resistance and free fatty acids feed into oxidative stress, activation of RAGE and PKC, 
which leads to vascular inflammation, thrombosis and vasoconstriction (36). Furthermore, 
increased risk of retinopathy, certain cancers and cognitive dysfunction in elderly was shown 
to be associated with postprandial hyperglycemia in type 2 diabetic patients (37-39).  
The Kumamoto study demonstrated that postprandial glycemia was strongly associated 
with onset of retinopathy and nephropathy (as were fasting blood glucose and HbA1c) and 
that control of both fasting glucose levels < 110 mg/dl and post-meal glucose levels < 180 
mg/dl prevented the onset and progression of diabetic microvascular complications (19, 20).  
On the other hand, the cost of strict glycemic control and intensive therapy is an increased 
risk of hypoglycemia, which per-se is a limiting factor in achieving long-term near-normal 
glucose control in patients with diabetes (40). Depending on its degree, hypoglycemia can 
affect physical and cognitive functions and can induce negative psychological and social 
consequences (41). Studies have consistently indicated a higher rate of hypoglycemia in 
patients with type 1 diabetes treated to lower HbA1c targets (40, 42). In the DCCT, the 
frequency of severe hypoglycemia was three times higher in subjects treated with intensive 
insulin therapy compared with those on conventional therapy, while in the Stockholm 
Diabetes Intervention Study - severe hypoglycemia occurred 2.5 times more frequently in 
the intensively treated group (43, 44). Insulin-treated subjects with type 2 diabetes 
experience severe hypoglycemia less frequently than patients with type 1 diabetes. This fact 
is explainable in part by the maintenance of some beta cell function (which allows a decrease 
of insulin secretion when blood glucose falls) and by insulin resistance (41). However, data 
from UKPDS provide evidence that the risk of hypoglycemia increases with longer duration 
of insulin treatment. Another study reported similar frequencies of severe hypoglycemia in 
patients with type 2 and type 1 diabetes after matching for duration of insulin therapy (45, 
46). It is plausible that in real life patients on intensive insulin regimens experience higher 
rates of hypoglycemia, but since there is relatively limited data on the actual frequency of 
asymptomatic and mild hypoglycemia, episodes of mild hypoglycemia may be 
underestimated and/or underreported (41).  



 
Diabetes – Damages and Treatments 

 

164 

Hypoglycemia, even mild (especially if it occurs recurrently), can be associated with negative 
effects, such as impaired autonomic counter-regulation, compromised behavioral defenses 
against subsequent decreasing glucose concentrations and hypoglycemia unawareness, which 
causes a vicious cycle of recurrent hypoglycemia (41, 47). Severe hypoglycemia may exert even 
more serious side effects, such as seizures, unconsciousness (which may be particularly 
debilitating in the elderly), coma and even death (48). In older patients with type 2 diabetes 
and a history of severe hypoglycemia, an increased risk of dementia has been reported, 
particularly for patients who have a history of multiple episodes (49). In the UKPDS, recurrent 
hypoglycemia was associated with decreased quality of life in patients treated with insulin 
(50). Moreover, the unpleasant symptoms and negative consequences of hypoglycemia may 
result in fear and anxiety, lower treatment satisfaction, which in turn may negatively impact 
the diabetes management and adherence to therapy, precluding a full attainment of the 
benefits offered by improved glycemic control (48).  
Evidence exist that hypoglycemic episodes, especially severe ones, are associated with 
adverse cardiovascular events (such as prolongation of the QT interval, cardiac arrhythmias, 
sudden cardiac arrest, and acute myocardial infarction), which are triggered by the 
stimulation of the sympathetic nervous system and the catecholamine surge (51, 52). 
Hypoglycemia also has proinflammatory consequences that may augment the risk of plaque 
inflammation and rupture, causing subsequent cardiovascular events (51). Hypoglycemia, 
mainly the recurrent and severe episodes, and the presumed ensuing cardiovascular toxicity 
may increase the susceptibility to poor cardiovascular outcomes, especially in subjects with 
significant atherosclerosis and functional / structural heart abnormalities. The cause of 
excess mortality during intensive therapy seen in the ACCORD study is not entirely clear, 
but it is thought that the most plausible cause is iatrogenic hypoglycemia (51). 
Thus, it is equally important to avoid both hyperglycemic surges and hypoglycemic events 
while striving to obtain a tight metabolic control.  

4. Restoring physiological insulin secretory profiles 
In the normal, physiologic conditions there is a low basal insulin output that suppresses 
endogenous hepatic glucose production (overnight and between meals) as well as 
incremental responses of insulin secretion following food ingestion.  
After a meal, blood glucose concentrations start rising within 15 minutes, reach a peak at 
about 30-45 minutes and within 1-2 hours return to basal levels and remain stable until the 
next food ingestion (53, 54). The maximal amplitude of glucose excursion depends on the 
amount and type of carbohydrates ingested (53). These dynamics are mirrored by the 
prandial insulin secretion profile: there is an initial (first) phase, which peaks in 2-3 minutes 
and lasts about 10 minutes, then there is a second phase of insulin release that becomes 
apparent after 10 minutes and continues as long as the glucose concentrations remain 
elevated and is concordant with the amount of carbohydrates absorbed (54-56). Once the 
blood glucose levels decrease, insulin secretion returns to baseline values, in order to 
prevent hypoglycemia in the post-absorptive phase (56).  
It is believed that insulin regimens that best mimic the physiological pattern of insulin 
production are most likely to reach near-normal glycemic control by regulating both fasting 
and postprandial blood glucose levels (56, 57). These regimens require a sharp increase of 
insulin levels after meals and flat, nearly constant plasma insulin concentrations in the 
postabsorbtive / interprandial periods. They are known as basal-bolus therapy because they 
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attempt to replicate the normal insulin secretion by combining basal and meal-time insulin 
replacements (58).  
The “gold-standard” of insulin replacement is CSII by means of a pump, which delivers short-
acting insulin in a continuous manner at determined rates and assures a peakless insulin 
profile between meals and insulin surges at meal-time (56, 58). The short-acting insulin 
analogues are better suited for CSII because of their faster absorption from subcutaneous 
tissue (59). The basal insulin rates can be adjusted on an hourly basis according to blood 
glucose oscillations to meet the 24-hour requirements of each individual and should provide 
about half of the total daily dose. The prandial doses are calculated by the patients and 
delivered according to blood glucose monitoring results, target glucose levels, carbohydrate 
content of the meal, physical activity, insulin sensitivity and other factors (58). Several studies 
have shown that CSII offers more flexibility and provides better glycemic control with 
improved HbA1c levels and fewer hypoglycemic events due to lower variability and better 
reproducibility of insulin absorption (probably resulting from the fact that the subcutaneous 
insulin depot is smaller) (60, 61). However, the cost of such therapy is too high to be widely 
available and it also requires significant patient involvement, education and motivation. 
Alternatively the basal/bolus replacement can be supplied in the form of multiple daily 
injections. Traditionally, the regimens consisted of two injections of NPH (in the morning 
and at bedtime) plus 2-3 injections of regular insulin with meals. The problem with the 
intermediate-acting insulin preparations like NPH is that their pharmacokinetic profile does 
not provide a physiologic basal replacement: they have a peak at about 4-6 hours post 
subcutaneous injection and the action wanes rapidly at about 5-6 hours after the peak (56, 
58). This profile increases the risk of nocturnal hypoglycemia (even with a bedtime snack 
intake), because at the time of their highest concentration (which usually occurs between 
midnight and 2-3 a.m.) the insulin sensitivity is higher and patients would require less basal 
insulin (56). Nocturnal hypoglycemia is a serious concern because it causes morning 
hyperglycemia through the release of counter-regulatory hormones (glucagon, epinephrine, 
growth hormone, cortisol) and prolonged insulin resistance and influences different 
physical and psychological functions during the following day. In addition, undetected 
nocturnal hypoglycemic episodes contribute to hypoglycemia counter-regulatory failure 
and unawareness, which in turn predisposes to severe hypoglycemia and profoundly 
impacts on patients’ quality of life (62). On the other hand, the time-action profile of the 
intermediate-acting insulin poses another problem: during the morning hours (after 4 a.m.) 
the requirement for basal insulin is greater due to increased release of counter-regulatory 
hormones and by then the insulin action is waning, which results in morning 
hyperglycemia. An attempt to correct this by increasing the bedtime insulin dose may result 
in higher risk of nocturnal hypoglycemia.  
A different approach of multiple daily injections which attempts to alleviate these problems 
uses short-acting insulin analogues at meal-time with one or two injections of long-acting 
insulin analogues (glargine or detemir) and it is the preferred regimen in recent years (58). 
The long-acting analogues afford less glycemic fluctuations, less variability, reduced risk of 
hypoglycemic events and a significantly prolonged duration of action (17-24 hours) due to a 
steady absorption into the circulation and more stable serum concentrations (63, 64). Studies 
have indicated fewer overall, nocturnal and severe hypoglycemic episodes in both types of 
diabetes (especially in type 1), while providing similar or slightly improved metabolic 
control compared with NPH insulin (65-67). 
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The “gold-standard” of insulin replacement is CSII by means of a pump, which delivers short-
acting insulin in a continuous manner at determined rates and assures a peakless insulin 
profile between meals and insulin surges at meal-time (56, 58). The short-acting insulin 
analogues are better suited for CSII because of their faster absorption from subcutaneous 
tissue (59). The basal insulin rates can be adjusted on an hourly basis according to blood 
glucose oscillations to meet the 24-hour requirements of each individual and should provide 
about half of the total daily dose. The prandial doses are calculated by the patients and 
delivered according to blood glucose monitoring results, target glucose levels, carbohydrate 
content of the meal, physical activity, insulin sensitivity and other factors (58). Several studies 
have shown that CSII offers more flexibility and provides better glycemic control with 
improved HbA1c levels and fewer hypoglycemic events due to lower variability and better 
reproducibility of insulin absorption (probably resulting from the fact that the subcutaneous 
insulin depot is smaller) (60, 61). However, the cost of such therapy is too high to be widely 
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and at bedtime) plus 2-3 injections of regular insulin with meals. The problem with the 
intermediate-acting insulin preparations like NPH is that their pharmacokinetic profile does 
not provide a physiologic basal replacement: they have a peak at about 4-6 hours post 
subcutaneous injection and the action wanes rapidly at about 5-6 hours after the peak (56, 
58). This profile increases the risk of nocturnal hypoglycemia (even with a bedtime snack 
intake), because at the time of their highest concentration (which usually occurs between 
midnight and 2-3 a.m.) the insulin sensitivity is higher and patients would require less basal 
insulin (56). Nocturnal hypoglycemia is a serious concern because it causes morning 
hyperglycemia through the release of counter-regulatory hormones (glucagon, epinephrine, 
growth hormone, cortisol) and prolonged insulin resistance and influences different 
physical and psychological functions during the following day. In addition, undetected 
nocturnal hypoglycemic episodes contribute to hypoglycemia counter-regulatory failure 
and unawareness, which in turn predisposes to severe hypoglycemia and profoundly 
impacts on patients’ quality of life (62). On the other hand, the time-action profile of the 
intermediate-acting insulin poses another problem: during the morning hours (after 4 a.m.) 
the requirement for basal insulin is greater due to increased release of counter-regulatory 
hormones and by then the insulin action is waning, which results in morning 
hyperglycemia. An attempt to correct this by increasing the bedtime insulin dose may result 
in higher risk of nocturnal hypoglycemia.  
A different approach of multiple daily injections which attempts to alleviate these problems 
uses short-acting insulin analogues at meal-time with one or two injections of long-acting 
insulin analogues (glargine or detemir) and it is the preferred regimen in recent years (58). 
The long-acting analogues afford less glycemic fluctuations, less variability, reduced risk of 
hypoglycemic events and a significantly prolonged duration of action (17-24 hours) due to a 
steady absorption into the circulation and more stable serum concentrations (63, 64). Studies 
have indicated fewer overall, nocturnal and severe hypoglycemic episodes in both types of 
diabetes (especially in type 1), while providing similar or slightly improved metabolic 
control compared with NPH insulin (65-67). 
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5. The limitations of current prandial insulin treatment for type 1 and type 2 
diabetes  
Multiple daily insulin injections are the mainstay of insulin delivery for many patients with 
type 1 diabetes and patients with type 2 diabetes that cannot be controlled with other 
regimens, especially those with longer duration of the disease and severe insulin deficiency. 
Despite the evidence and increased awareness of the necessity to achieve strict glycemic 
control, current insulin therapy has some limitations that preclude reaching the goal of 
maintaining near-normal glycemia in the long-term, even in compliant patients. The major 
challenges are related to avoiding postprandial hyperglycemia and late hypoglycemia, 
which are mainly caused by the mismatch between the time-action profile of the 
administered insulin and postprandial glucose excursions.  
The “conventional” prandial insulin therapy with regular human insulin has its 
shortcomings in terms of the pharmacokinetic properties which limit their clinical efficacy: 
the onset of action is slow, the peak is reached in about 2-3 hours and the total duration of 
action lasts 5-8 hours (68). This is caused by the fact that the dissociation rate of human 
insulin from hexamers into monomers in the subcutaneous tissues is slow and the 
absorption into the bloodstream is gradual. Thus, the maximal insulin concentrations do not 
occur at the time when glucose levels are the highest, and so the short-acting insulin has to 
be administered 30-45 minutes before meals in order to minimize postprandial 
hyperglycemia. This is quite inconvenient for patients (and poses a risk of pre-meal 
hypoglycemia if the food intake is inadvertently delayed) and even so, the time-action 
profile is not optimal. Glycemic excursions are not properly covered and 4-5 hours post-
injection, after the food absorption is completed, there is still some insulin absorption from 
subcutaneous depot (58). This results in relative hyperinsulinemia, which increases the risk 
of late postprandial hypoglycemia and would require a snack intake to prevent it. 
Moreover, the regular human insulin preparations have important intra- and inter-
individual variations that result in unpredictable effects and makes it even more difficult to 
avoid hyper- and hypoglycemia (69). 
In order to overcome the problems of non-physiologic pharmacokinetics, the regular human 
insulins have been largely substituted with the newer insulin analogues that were 
developed by means of protein engineering and recombinant DNA technology to enable 
better glycemic control by faster action (70). The insulin analogues have been obtained by 
substitution or minimal alterations in the amino acid sequence in regions of the molecule 
not essential for binding to the insulin receptor but pivotal for dimer formation in order to 
diminish the tendency of self-association between insulin molecules and allow a faster 
absorption from injection site (70). There are three rapid-acting insulin analogues available 
at the moment: insulin lispro (based on amino-acid substitution of proline at position B28 
and lysine at position B29), insulin aspart (with aspartic acid substituted for proline at 
position B28) and insulin glulisine (that has an asparagine to lysine substitution at position 
B3, and a lysine to glutamine acid substitution at position B29) (71). Despite the differences 
in structure, the three analogues have similar pharmacokinetic and pharmacodynamic 
properties (70). Their onset of action is more rapid, which permits an administration within 
10-15 minutes before meals, the peak is greater and occurs at about 1-2 hours and the total 
duration of action is shorter (4-5 hours) compared to regular human insulin (Table 1) (58, 
68). This allows an improved replacement of mealtime insulin needs with regards to 
postprandial plasma glucose control and more flexibility than regular insulin. In addition, 
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the insulin analogues have a smaller intra- and inter-individual variability compared to 
regular insulin which could provide a somewhat improved glycemic control and potentially 
reduced risk of hypoglycemia (69).  
 

Insulin  Onset of action Peak action Total duration of action 
Short-acting 
Regular 30-45 min 2-3 h 5-8 h 
Rapid-acting 
Lispro 
Aspart  
Glulisine 

5-15 min 1-2 h 4 h 

Table 1. The pharmacodynamic profiles of currently available prandial insulin formulations 
(68) 

However, even with the insulin analogues the synchronization between insulin action and 
glucose absorption from a meal is still less than ideal, as they do not replicate normal 
physiology, and many patients still have suboptimal glucose control. Several meta-analyses 
have suggested that insulin analogues offer rather modest or inconsistent clinical advantages 
over conventional insulin in terms of lowering HbA1c and reducing hypoglycemia, in children 
and adults with type 1 diabetes (72-76). Data on the influence on hypoglycemia is particularly 
inconsistent. Some studies have shown that in fact the overall frequency of hypoglycemic 
episodes were similar with analogue insulin and regular insulin use in adults with type 1 
diabetes and were modestly decreased in children (72-77). Moreover, some reports indicated 
that the frequency of severe and nocturnal hypoglycemia seemed to be reduced with 
analogues in adults, but not in prepubertal children, while others found no difference in the 
frequency of severe or nocturnal hypoglycemia and no evidence for reduction in patient 
awareness for hypoglycemia with insulin analogues (72-78). It should be noted that  
hypoglycemia occurrence is not fully attributable to the pharmacokinetic profile of the insulin 
preparations, but may also result from a mismatch between insulin dose and the carbohydrate 
content of the meal, delayed food intake or other factors (79).  
On the other hand, postprandial hyperglycemia still occurs with the new insulin analogues 
(80, 81). Hyperglycemic postprandial glucose excursions were found to reach levels over 300 
mg/dl in about 50% and over 180 mg/dl in almost 90% of children with type 1 diabetes 
with good overall metabolic control (82). The findings were confirmed by other studies that 
indicated postprandial glucose levels higher than 300 mg/dl in subjects with type 1 diabetes 
receiving multiple insulin injection therapy (83). Targeting postprandial hyperglycemia is 
important in order to improve HbA1c levels and this has also been recently highlighted by 
the International Diabetes Federation guidelines (84, 85).  
In everyday life the control of postprandial hyperglycemia poses even more challenges due 
to variations in dietary intake and physical exercise or insulin dosage and timing changes 
(patients may modify the timing of insulin administration in the sense of dosing 
immediately before or even after meals in order to fit their lifestyle / daily activity 
requirements) (86). In addition, lack of predictable insulin response may occur with insulin 
analogues because their absorption can be affected by various factors such as: mechanics of 
injection, the injection site, and metabolic factors, similar to regular human insulin (87). 
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properties (70). Their onset of action is more rapid, which permits an administration within 
10-15 minutes before meals, the peak is greater and occurs at about 1-2 hours and the total 
duration of action is shorter (4-5 hours) compared to regular human insulin (Table 1) (58, 
68). This allows an improved replacement of mealtime insulin needs with regards to 
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the insulin analogues have a smaller intra- and inter-individual variability compared to 
regular insulin which could provide a somewhat improved glycemic control and potentially 
reduced risk of hypoglycemia (69).  
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Table 1. The pharmacodynamic profiles of currently available prandial insulin formulations 
(68) 

However, even with the insulin analogues the synchronization between insulin action and 
glucose absorption from a meal is still less than ideal, as they do not replicate normal 
physiology, and many patients still have suboptimal glucose control. Several meta-analyses 
have suggested that insulin analogues offer rather modest or inconsistent clinical advantages 
over conventional insulin in terms of lowering HbA1c and reducing hypoglycemia, in children 
and adults with type 1 diabetes (72-76). Data on the influence on hypoglycemia is particularly 
inconsistent. Some studies have shown that in fact the overall frequency of hypoglycemic 
episodes were similar with analogue insulin and regular insulin use in adults with type 1 
diabetes and were modestly decreased in children (72-77). Moreover, some reports indicated 
that the frequency of severe and nocturnal hypoglycemia seemed to be reduced with 
analogues in adults, but not in prepubertal children, while others found no difference in the 
frequency of severe or nocturnal hypoglycemia and no evidence for reduction in patient 
awareness for hypoglycemia with insulin analogues (72-78). It should be noted that  
hypoglycemia occurrence is not fully attributable to the pharmacokinetic profile of the insulin 
preparations, but may also result from a mismatch between insulin dose and the carbohydrate 
content of the meal, delayed food intake or other factors (79).  
On the other hand, postprandial hyperglycemia still occurs with the new insulin analogues 
(80, 81). Hyperglycemic postprandial glucose excursions were found to reach levels over 300 
mg/dl in about 50% and over 180 mg/dl in almost 90% of children with type 1 diabetes 
with good overall metabolic control (82). The findings were confirmed by other studies that 
indicated postprandial glucose levels higher than 300 mg/dl in subjects with type 1 diabetes 
receiving multiple insulin injection therapy (83). Targeting postprandial hyperglycemia is 
important in order to improve HbA1c levels and this has also been recently highlighted by 
the International Diabetes Federation guidelines (84, 85).  
In everyday life the control of postprandial hyperglycemia poses even more challenges due 
to variations in dietary intake and physical exercise or insulin dosage and timing changes 
(patients may modify the timing of insulin administration in the sense of dosing 
immediately before or even after meals in order to fit their lifestyle / daily activity 
requirements) (86). In addition, lack of predictable insulin response may occur with insulin 
analogues because their absorption can be affected by various factors such as: mechanics of 
injection, the injection site, and metabolic factors, similar to regular human insulin (87). 
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Two meta-analyses indicated that regular human insulin and rapid-acting analogues have 
comparable frequencies and types of adverse events (other than hypoglycemia), i.e. local site 
reactions, ketoacidosis and the discontinuation rates during the clinical studies were similar 
for the two types of insulin preparations (75, 77). 

6. Current ultrafast insulin formulations 
Thus, the limitations of current insulin formulations and the need for proper postprandial 
glycemic control have led to research of novel, ultrafast insulin formulations /delivery 
systems that could eventually better match post-prandial glucose excursions (by speeding 
the onset of insulin absorption and action coupled with a faster offset of action) and that 
would offer improved flexibility in terms of injection time relative to a meal (Table 2). By a 
closer approximation of the normal insulin release, several outcomes could be obtained, i.e. 
improvement of HbA1c through a better control of postprandial blood glucose, reduced 
incidence of late-phase hypoglycemia, lower intra-subject variability, and less weight gain.   
Recently, stainless steel microneedle syringe devices have been under investigation for 
intradermal delivery of insulin and their potential to improve postprandial glycemia has 
been evaluated. The microneedles (34-gauge; an external diameter of approximately 260 μm, 
1.25-1.75-mm long) penetrate the stratum corneum and epidermis to reach the dense beds of 
capillaries and lymphatic vessels of the dermis (88). The dermis layer can facilitate a faster 
insulin absorption compared to injection into the subcutaneous layer by an increased 
lymphatic absorption and reach blood circulation.  
 

Insulin  Onset  
(early T50%) 

Peak  
(T GIRmax) 

Offset  
(late T50%) 

Intradermal90 28-35 min 105-110 min 271-287 min 

rHUPH20+insulin93 43-44 min 72-114 min 119-275 min 

VIAject95 31-35 min 111-136 min 270-297 min 

InsuPatch101 NA 95 min NA 

Technosphere105,106 NA 42-79 min NA 

Oral-lyn119-121 23-35 min 40-50 min 56-101 min 

Table 2. The pharmacodynamic profiles of ultrafast insulin formulations / delivery systems 
under development 

In animal models the intradermal delivery of insulin by microneedles provided a unique 
pharmacokinetic profile more closely resembling the intravenous rather than the 
subcutaneous administration (89). The profile is characterized by an extremely rapid uptake 
and systemic distribution from the injection site: the time to maximum concentration was 
significantly reduced (with 64%) for insulin lispro administered intradermaly vs. 
subcutaneously. In addition, the maximum circulating peak concentrations were elevated 
several fold (349% for insulin lispro) compared to subcutaneous delivery. Moreover, both 
regular and analogue insulins, despite their differences in molecular weight, when delivered 
by microneedles showed a more rapid onset of action than subcutaneous delivery of insulin 
analogue (lispro) (89).  
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A clinical study in healthy volunteers that evaluated the pharmacokinetics and 
pharmacodynamics of intradermal administration of insulin lispro compared to 
subcutaneous injections under euglycemic clamp conditions, has basically confirmed these 
findings (90). Delivery via microneedles resulted in faster insulin uptake with decreased 
time to maximal insulin concentration (by approximately 24 minutes), higher relative 
bioavailability at early post-injection times and a more physiologic metabolic effect, with 
faster onset of action (shorter times to maximal and early half-maximal glucose infusion 
rates) and more rapid offset of action (shorter time to late half-maximal glucose infusion 
rates) (90). Another clinical study was conducted in patients with type 1 diabetes in order to 
determine if the more rapid absorption of insulin resulting from microneedle administration 
translates into a significant reduction in postprandial glucose levels under standardized 
meal conditions (91). The results indicated that postprandial glucose levels were improved 
when regular human insulin was delivered intradermaly vs. subcutaneously, but were 
similar for analogue insulin. In clinical studies the intradermal delivery was generally well 
tolerated (although some transient, localized wheal formation and redness were noticed at 
injection sites), but the potential effects of high level or repetitive exposure of protein drugs 
such as insulin on the lymphatics and immune system need full investigation (90, 91).  
Another area of research focuses on the combination of available insulin products with a 
human recombinant hyaluronidase, which facilitates the local dispersion and absorption of 
co-administered molecules (92, 93). The human recombinant hyaluronidase is a highly 
purified neutral pH-active enzyme that depolymerizes hyaluronan in the hypodermis under 
physiologic conditions. Thus, it decreases the resistance to fluid flow and further contributes 
to the drug dispersion for better exposure to a larger capillary network (92). Following this, 
concomitant injection with proteins / drugs such as insulin, is expected to lead to an 
enhanced absorption and improved bioavailability. Recombinant human hyaluronidase 
(rHuPH20) is a genetically engineered soluble hyaluronidase approved by the Food and 
Drug Administration as an adjuvant to enhance permeation of other injected drugs (94). 
Since rHuPH20 is rapidly metabolized locally, without systemic exposure and because 
hyaluronan has a fast turn-over, the permeation effects are transient (94).  
A phase 1 glucose clamp study in healthy volunteers evaluated the insulin time-
concentration curve and pharmacodynamic profiles of insulin analogue (lispro) and of 
regular human insulin combined with rHuPH20 and reported significantly faster systemic 
absorption, enhanced insulin plasma concentrations and faster metabolic effects compared 
with either insulin formulation alone (95). A rise in insulin concentration was observed 
within 3 minutes following the injection and the enhanced pharmacokinetic and 
glucodynamic effects early after injection were accompanied by reduced late effects. A 
second study in healthy subjects also reported a lower intra-subject variability with 
rHuPH20 coadministration (94). A phase 2 standardized meal-test study in patients with 
type 1 diabetes examined whether the accelerated insulin absorption has favorable 
consequences on the control of postprandial glycemic excursions (94). As in the phase 1 
studies, the coadministration of rHuPH20 with regular insulin or lispro yielded an 
accelerated insulin concentration profile that was accompanied by a significant reduction in 
both mean peak and total post-meal glucose concentrations compared to either insulin 
alone. Post-meal hypoglycemia was reported to be generally mild and the overall 
hypoglycemic risk comparable for lispro with or without rHuPH20 and reduced for regular 
insulin with rHuPH20 compared with regular insulin alone (94). Clinical studies reported a 
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similar for analogue insulin. In clinical studies the intradermal delivery was generally well 
tolerated (although some transient, localized wheal formation and redness were noticed at 
injection sites), but the potential effects of high level or repetitive exposure of protein drugs 
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Drug Administration as an adjuvant to enhance permeation of other injected drugs (94). 
Since rHuPH20 is rapidly metabolized locally, without systemic exposure and because 
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A phase 1 glucose clamp study in healthy volunteers evaluated the insulin time-
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regular human insulin combined with rHuPH20 and reported significantly faster systemic 
absorption, enhanced insulin plasma concentrations and faster metabolic effects compared 
with either insulin formulation alone (95). A rise in insulin concentration was observed 
within 3 minutes following the injection and the enhanced pharmacokinetic and 
glucodynamic effects early after injection were accompanied by reduced late effects. A 
second study in healthy subjects also reported a lower intra-subject variability with 
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type 1 diabetes examined whether the accelerated insulin absorption has favorable 
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studies, the coadministration of rHuPH20 with regular insulin or lispro yielded an 
accelerated insulin concentration profile that was accompanied by a significant reduction in 
both mean peak and total post-meal glucose concentrations compared to either insulin 
alone. Post-meal hypoglycemia was reported to be generally mild and the overall 
hypoglycemic risk comparable for lispro with or without rHuPH20 and reduced for regular 
insulin with rHuPH20 compared with regular insulin alone (94). Clinical studies reported a 



 
Diabetes – Damages and Treatments 

 

170 

good tolerability profile without severe adverse effects, but there is no safety data so far 
regarding the repeated or long term exposure to recombinant hyaluronidase. 
A third novel ultrafast insulin formulation, VIAjectTM, is currently under clinical 
development. The main concept of the approach is that instead of altering the structure of 
insulin molecule, the zinc ions are pulled away from human insulin hexamers and 
simultaneously charges on the surface of the insulin molecule are masked by the addition of 
ethylene diamine tetraacetic acid and citric acid (96). This results in destabilization and 
dissociation of the insulin hexamer and prevents re-association to the hexameric state after 
subcutaneous injection.  
A glucose clamp study in healthy volunteers evaluated the pharmacodynamic, 
pharmacokinetic and the dose-response properties of the VIAject in comparison with 
regular human insulin and insulin lispro (96). The results indicated a more rapid increase 
and decline in serum insulin concentrations after VIAject injection compared to regular 
human insulin and insulin lispro, but the difference between the later and VIAject failed to 
reach statistical significance (96). The three dose of ultrafast insulin used in the study 
showed a linear dose-response relationship. The time-action profile induced by VIAject was 
faster than either subcutaneously injected human insulin or lispro, with a more rapid onset 
of action and maximal metabolic activity, while the activity in the first 2 hours after injection 
was higher. A second glucose clamp study in patients with type 1 diabetes confirmed the 
faster absorption kinetics and the more rapid onset of insulin action compared to regular 
human insulin and showed that upon repeated administration, the within-subject variability 
is lower than that of human insulin (97). Moreover, a more recent meal-test study conducted 
in patients with type 2 diabetes indicated that treatment with VIAject determined a 
significant decrease of postprandial oxidative stress and improved endothelial function 
compared with regular insulin or insulin lispro, while all insulin formulations resulted in 
comparable improvements in central arterial elasticity (98).  
Another innovative approach developed in order to accelerate insulin absorption into the 
bloodstream is using a technology (InsuPatchTM) that heats the tissue locally around the 
injection site (99). Changes in temperature at injection site are partially responsible for 
variability in insulin absorption (87). Increased skin temperature results in vasodilatation 
and improved local perfusion, which enables accelerated and enhanced insulin absorption 
(100).  The InsuPatchTM device is an add-on to the insulin pump and is comprised of a 
heating pad attached to an insulin infusion set and a controller that monitors the 
temperature of the pad (99). The heating pad warms in a controlled manner the tissue 
surrounding the injection site for 30 minutes after insulin delivery, without heating the 
insulin itself. 
A study using a meal tolerance test in subjects with type 1 diabetes treated by CSII tested the 
effect of InsuPatchTM on rapid-acting insulin absorption and post-challenge glucose 
excursions. The study found a significant effect of the heating device on the 
pharmacokinetic parameters: the maximum insulin concentrations increased (by 38%), as 
well as the total insulin absorption during the first 30, 60 and 90 minutes, (by 57%, 45% and 
27%, respectively) as measured by area under the curve (AUC). The time to maximal 
concentration and time to half maximal concentration significantly decreased, indicating an 
accelerated insulin absorption. The changes were accompanied by significant reductions in 
post-challenge glucose levels (both 90 minutes post-meal glucose excursion and AUC 0-120 
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minutes of glucose concentrations were lowered” before by 39%) (99). The InsuPatchTM 
was also tested in youth with type 1 diabetes using a euglycemic clamp procedure. The use 
of the InsuPatchTM was found to decrease time to peak action by more than 40 minutes, 
whereas the bioavailability and peak responses remained unchanged (101, 102). Such 
improvements in time-action responses may provide a better control of post-meal glucose 
excursions (101). Another study that evaluated the effect of the InsuPatchTM heating device 
on postprandial blood glucose levels after different standardized meals in patients with type 
1 diabetes on CSII has confirmed that local heating of the skin around the infusion site 
significantly increases early post-delivery insulin levels (AUC 0-60 minutes for insulin 
concentrations above baseline) as well as significantly reduces post-prandial blood glucose 
(blood glucose at 90 minutes and AUC 0-120 minutes of blood glucose levels) without 
causing more hypoglycemia (103). Current efforts are being employed in order to optimize 
the effect of the device on the pharmacokinetic and pharmacodynamic parameters by 
improving the heating process. The InsuPatchTM device was well tolerated and no serious 
adverse effects were reported with its use to date (99). 
A different strategy that attempts to overcome the barriers and limitations of subcutaneous 
insulin administration is engaging a diverse route of delivery (i.e. pulmonary). After the 
discontinuation of the first inhaled insulin product (Exubera), the development of most of the 
pulmonary administration systems has ceased.  One of them though, TechnosphereTM insulin, 
is still being developed and it appears to overcome some of the barriers that contributed to the 
withdrawal of Exubera (104, 105). Technosphere™ insulin is an ordered lattice array 
containing recombinant human insulin, formulated as a crystalline dry powder. The 
TechnosphereTM carrier is created with microcrystallized plates of fumaryl diketopiperazine 
that undergo self-assembly into microparticles with a very large surface area and a high 
internal porosity which are then lyophilized into a dry powder (104). Insulin is absorbed onto 
the surface of the particles and is delivered by a high-impedance, low-flow, breath-powered 
inhaler with a powder de-agglomeration mechanism that allows for a high percentage of the 
administered insulin to be absorbed. At the neutral pH environment of the lungs, the 
microparticles dissolve rapidly and insulin is absorbed across the pulmonary epithelium into 
the systemic circulation, while the carrier is cleared unmetabolized (104, 106). 
The pharmacokinetic clamp studies performed in healthy volunteers and patients with type 
2 diabetes revealed a very rapid systemic insulin uptake (time to maximal insulin 
concentration around 15 minutes) with a subsequent fast onset of action (time to maximal 
metabolic effect of about 40-80 minutes) and a short duration of action (106-109). These 
characteristics had basically been confirmed by a meal-test study in patients with type 2 
diabetes, which demonstrated a more rapid absorption and higher peak insulin levels as 
well as markedly improved postprandial glycemic control with the inhaled insulin 
compared with subcutaneous regular human insulin (110). A linear systemic insulin uptake 
profile was noted in studies employing healthy volunteers inhaling three doses of insulin 
(106-108). In addition, the within-subject variability of insulin exposure following inhalation 
of Technosphere™ insulin was lower compared to regular insulin (109). The relative 
bioavailability was reported to be 26-50% in the first 3 hours after administration (111). 
Given that other inhaled insulin preparations have been associated with reduced absorption 
in patients with chronic obstructive pulmonary disease, a study assessing the 
pharmacokinetic profile and safety of Technosphere™ insulin in nondiabetic patients with 
chronic obstructive pulmonary disease has shown that insulin absorption was not 
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good tolerability profile without severe adverse effects, but there is no safety data so far 
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A third novel ultrafast insulin formulation, VIAjectTM, is currently under clinical 
development. The main concept of the approach is that instead of altering the structure of 
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surrounding the injection site for 30 minutes after insulin delivery, without heating the 
insulin itself. 
A study using a meal tolerance test in subjects with type 1 diabetes treated by CSII tested the 
effect of InsuPatchTM on rapid-acting insulin absorption and post-challenge glucose 
excursions. The study found a significant effect of the heating device on the 
pharmacokinetic parameters: the maximum insulin concentrations increased (by 38%), as 
well as the total insulin absorption during the first 30, 60 and 90 minutes, (by 57%, 45% and 
27%, respectively) as measured by area under the curve (AUC). The time to maximal 
concentration and time to half maximal concentration significantly decreased, indicating an 
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the surface of the particles and is delivered by a high-impedance, low-flow, breath-powered 
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significantly altered in this group (112). Similarly, the absorption of inhaled insulin 
appeared not to be altered in a clinically significant manner in smokers (105). 
The clinical efficacy of Technosphere™ insulin was assessed in studies of 11 or 12 week-
duration in patients with type 2 diabetes (either insulin-naive or treated with basal insulin 
glargine), which demonstrated significant reductions in postprandial glucose excursions as 
well as clinically meaningful improvement of glycemic control as evaluated by HbA1c (113, 
114). Moreover, a study of longer duration (52 weeks) in subjects with type 2 diabetes 
compared the inhaled insulin plus insulin glargine with twice daily biaspart insulin and 
indicated that changes in HbA1c determined by the treatment with inhaled insulin were 
similar and non-inferior to that with biaspart insulin (115). In addition, the weight gain and 
the incidence of both mild-to-moderate and severe hypoglycemic events were lower with 
inhaled insulin therapy.  
Considering the issues associated with Exubera in the past, patient satisfaction and 
acceptance has been evaluated with the new inhaled insulin product. Overall, significant 
improvements in attitudes toward insulin therapy, treatment satisfaction, and treatment 
preference were reported with Technosphere™ insulin (105, 116). The therapeutical 
approach using the new inhaled insulin was implemented without a negative impact on 
health-related quality of life (116). 
To date, Technosphere™ insulin has demonstrated a favorable safety and tolerability profile 
in clinical studies that collected data in healthy volunteers and patients with diabetes (105). 
The most frequent treatment-emergent adverse events associated with inhaled insulin in 
clinical studies were cough and hypoglycemia. Weight gain is commonly associated with 
insulin therapy. However, data so far indicated that with Technosphere™ insulin the weight 
gain was actually less compared with subcutaneous prandial insulins (105). While there are 
no reports of lung cancer or other serious side effects associated with Technosphere™ 
insulin to date, longer-term safety follow-up and evaluation should be done in subjects 
treated with this inhaled insulin formulation, especially in smokers and in subjects with 
respiratory disorders. 
Finally, another alternative approach of insulin delivery is through the oral (buccal) route, 
which offers some advantages: good accessibility, high level of vascularization, relatively large 
surface for absorption (100–200 cm²), avoidance of presystemic metabolism in the liver, 
robustness, direct contact of the drug with the mucosa, weak variations of pH (117, 118). Oral-
lyn is a liquid formulation of human regular insulin with very small amounts of generally 
regarded as safe (GRAS) ingredients, which is delivered to the buccal mucosa with a metered-
dose, slightly modified asthma-like spray and used for prandial insulin therapy (117). The 
device spray the uniform-sized insulin droplets with high speed (100 mph) into the mouth, 
which then penetrate the superficial layers of the mucosa and get absorbed into the 
bloodstream. 
The pharmacokinetic and pharmacodynamic properties of Oral-lyn have been evaluated in 
a number of glucose clamp studies, which have demonstrated a significantly more rapid 
absorption (about 25 minutes) to higher levels than subcutaneous injection of regular human 
insulin and a rapid return to baseline values (90 minutes after application) (118-121). The 
profile was paralleled by the glucose infusion rates that reached maximal levels significantly 
earlier (at about 45 minutes) and then returned back to baseline concentrations after 
approximately 120 minutes. Increasing doses of Oral-lyn determined a linear dose-response 
relationship with respect to maximal insulin concentrations, while time to maximal insulin 
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levels was similar across doses (118-121). Additional meal-test studies indicated that the 30- 
and 60-min glucose levels were significantly lower with oral insulin spray treatment (122, 
123). The metabolic effects of Oral-lyn were evaluated in subjects with type 2 diabetes 
suboptimally controlled with oral hypoglycemic agents and showed that oral insulin spray 
significantly decreased the 2-hour postprandial glucose increments in comparison with the 
oral agents alone and that the difference was more pronounced at the end of the 4-h period, 
due to the rapid onset and wane of action of oral insulin spray (124). In all of the studies 
Oral-lyn was generally well tolerated, although some individuals experienced transient (1–2 
min), mild and self-limited dizziness during dosing with both the oral insulin and placebo 
spray (122-124). No other significant side effects (including severe hypoglycemia) were 
noted in studies involving subjects with type 2 diabetes (122). 
It should be mentioned that although some of the ultrafast insulin formulations / insulin 
delivery systems are in early phases of development and/or have not specifically reported 
for hypoglycemic events, based on their pharmacokinetic properties it can be reasonably 
expected that they may benefit patients with diabetes by reducing post-meal hyperglycemia 
with decreasing (or at least without increasing) the risk of hypoglycemic events. 

7. Conclusions 
The main goal of insulin therapy is to obtain a near-normal glycemic control by mimicking 
the time-action profile of physiologic insulin secretion as close as possible and with minimal 
side effects. Management of both types of diabetes is continually evolving as new therapies, 
including new insulins / insulin delivery systems are still emerging. In real life, with all 
progress of the recent years, all the above mentioned objectives are difficult to be reached 
and successful implementation of intensive diabetes management poses true challenges. 
Ideally, an insulin-replacement therapeutic approach would keep in check both the fasting 
and the postprandial glucose concentrations while attaining target HbA1c values, without 
high glycemic variations and without causing hypoglycemia. Current rapid-acting insulin 
analogues have a faster pharmacokinetics and action compared with regular human insulin 
following subcutaneous administration (Table 1). This allows improved control of the post-
meal early hyperglycemic surge and late relative hyperinsulinemia, the cause of 
postprandial hypoglycemia. However, recent meta-analyses showed that in fact the use of 
insulin analogues had only a modest impact on overall glycemic control and on the rates of 
side effects, mainly hypoglycemia, compared to conventional insulins (72-76). This is 
because although improved, the time-action profile still does not exactly replicate normal 
insulin secretion and therefore there is a mismatch with the blood glucose concentrations 
curve. Both postprandial hyperglycemia and hypoglycemia have important health 
consequences as well as on quality of life and failure to address them both may compromise 
the success of treatment in the short- and long-term.  
The extent to which these goals can be met depends on many factors, including the type of 
diabetes, the stage in the progression of the disease and the pharmacokinetic profile of 
insulin formulation. If some of these factors are unmodifiable, others are, and efforts are 
being employed to develop new, improved ultrafast insulin products / delivery systems. 
They provide even more rapid pharmacokinetic and pharmacodynamic properties 
compared with current prandial insulin products, which may offer some advantages. The 
short interval between insulin administration and the appearance of the maximal serum 
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significantly altered in this group (112). Similarly, the absorption of inhaled insulin 
appeared not to be altered in a clinically significant manner in smokers (105). 
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indicated that changes in HbA1c determined by the treatment with inhaled insulin were 
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the incidence of both mild-to-moderate and severe hypoglycemic events were lower with 
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preference were reported with Technosphere™ insulin (105, 116). The therapeutical 
approach using the new inhaled insulin was implemented without a negative impact on 
health-related quality of life (116). 
To date, Technosphere™ insulin has demonstrated a favorable safety and tolerability profile 
in clinical studies that collected data in healthy volunteers and patients with diabetes (105). 
The most frequent treatment-emergent adverse events associated with inhaled insulin in 
clinical studies were cough and hypoglycemia. Weight gain is commonly associated with 
insulin therapy. However, data so far indicated that with Technosphere™ insulin the weight 
gain was actually less compared with subcutaneous prandial insulins (105). While there are 
no reports of lung cancer or other serious side effects associated with Technosphere™ 
insulin to date, longer-term safety follow-up and evaluation should be done in subjects 
treated with this inhaled insulin formulation, especially in smokers and in subjects with 
respiratory disorders. 
Finally, another alternative approach of insulin delivery is through the oral (buccal) route, 
which offers some advantages: good accessibility, high level of vascularization, relatively large 
surface for absorption (100–200 cm²), avoidance of presystemic metabolism in the liver, 
robustness, direct contact of the drug with the mucosa, weak variations of pH (117, 118). Oral-
lyn is a liquid formulation of human regular insulin with very small amounts of generally 
regarded as safe (GRAS) ingredients, which is delivered to the buccal mucosa with a metered-
dose, slightly modified asthma-like spray and used for prandial insulin therapy (117). The 
device spray the uniform-sized insulin droplets with high speed (100 mph) into the mouth, 
which then penetrate the superficial layers of the mucosa and get absorbed into the 
bloodstream. 
The pharmacokinetic and pharmacodynamic properties of Oral-lyn have been evaluated in 
a number of glucose clamp studies, which have demonstrated a significantly more rapid 
absorption (about 25 minutes) to higher levels than subcutaneous injection of regular human 
insulin and a rapid return to baseline values (90 minutes after application) (118-121). The 
profile was paralleled by the glucose infusion rates that reached maximal levels significantly 
earlier (at about 45 minutes) and then returned back to baseline concentrations after 
approximately 120 minutes. Increasing doses of Oral-lyn determined a linear dose-response 
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levels was similar across doses (118-121). Additional meal-test studies indicated that the 30- 
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significantly decreased the 2-hour postprandial glucose increments in comparison with the 
oral agents alone and that the difference was more pronounced at the end of the 4-h period, 
due to the rapid onset and wane of action of oral insulin spray (124). In all of the studies 
Oral-lyn was generally well tolerated, although some individuals experienced transient (1–2 
min), mild and self-limited dizziness during dosing with both the oral insulin and placebo 
spray (122-124). No other significant side effects (including severe hypoglycemia) were 
noted in studies involving subjects with type 2 diabetes (122). 
It should be mentioned that although some of the ultrafast insulin formulations / insulin 
delivery systems are in early phases of development and/or have not specifically reported 
for hypoglycemic events, based on their pharmacokinetic properties it can be reasonably 
expected that they may benefit patients with diabetes by reducing post-meal hyperglycemia 
with decreasing (or at least without increasing) the risk of hypoglycemic events. 
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analogues have a faster pharmacokinetics and action compared with regular human insulin 
following subcutaneous administration (Table 1). This allows improved control of the post-
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compared with current prandial insulin products, which may offer some advantages. The 
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insulin levels, and the rapid onset of action may have a beneficial effect on the control of 
post-meal glycemic excursions. Because their action wanes off more rapidly, the risk of 
postprandial hypoglycemia is decreased. Both requirements seem to be fulfilled by the 
ultrafast insulins, but their long-term safety and tolerability still remain a concern. Provided 
that larger clinical studies will confirm their positive safety and tolerability profile, these 
new technologies will become very attractive candidates for prandial insulin delivery. 
However, it should always be kept in mind that the insulin regimens need to be customized 
to each individual’s needs, in order to maximize compliance and optimize glycemic control, 
while reducing to a minimum the potential unwanted side effects like hypoglycemia and 
weight gain. Patients with diabetes need substantial psychosocial support, ongoing 
education and guidance from a diabetes team, in order to set and achieve appropriate, 
individualized management goals. 
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insulin levels, and the rapid onset of action may have a beneficial effect on the control of 
post-meal glycemic excursions. Because their action wanes off more rapidly, the risk of 
postprandial hypoglycemia is decreased. Both requirements seem to be fulfilled by the 
ultrafast insulins, but their long-term safety and tolerability still remain a concern. Provided 
that larger clinical studies will confirm their positive safety and tolerability profile, these 
new technologies will become very attractive candidates for prandial insulin delivery. 
However, it should always be kept in mind that the insulin regimens need to be customized 
to each individual’s needs, in order to maximize compliance and optimize glycemic control, 
while reducing to a minimum the potential unwanted side effects like hypoglycemia and 
weight gain. Patients with diabetes need substantial psychosocial support, ongoing 
education and guidance from a diabetes team, in order to set and achieve appropriate, 
individualized management goals. 
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1. Introduction  
Caregivers treating hospitalized patients are confronted with the necessity both to control 
hyperglycemia and also to avoid iatrogenic hypoglycemia. Despite controversy about 
optimal glycemic targets, a large body of evidence associates uncontrolled hyperglycemia 
with adverse outcomes, both in the intensive care unit and also on general hospital wards 
(American Diabetes Association, 2011; Moghissi et al., 2009). On general wards, glycemic 
control during use of scheduled subcutaneous insulin is superior to that seen during use of 
sliding scale regimens (Baldwin et al., 2005; Umpierrez  et al., 2007). When scheduled insulin 
was compared to sliding scale treatment among general surgical patients, glycemic control 
was improved (mean blood glucose 145 ± 32 mg/dL vs. 172 ± 47 mg/dL, p < 0.01), and a 
composite outcome of complications was reduced from 24.3 to 8.6%with odds ratio 3.39 
(95% CI 1.50-7.65), p = 0.003 (Umpierrez et al., 2011). Nevertheless, the problem of 
hypoglycemia is a barrier to successful control of hospital hyperglycemia. Among 1718 
adult patients admitted at academic medical centers and having hyperglycemia or receiving 
insulin therapy, hypoglycemia occurred on 2.8% of all hospital days (Boord et al., 2009). 
Predisposing factors and adverse outcomes associated with hypoglycemia have been 
examined in observational studies and in clinical trials studying the effect of glycemic 
control upon nonglycemic outcomes (Bagshaw et al., 2009; Fischer et al., 1986; Finfer et al., 
2009;  Kagansky et al., 2003; Krinsley et al., 2007; Maynard et al., 2008; Smith et al., 2005; 
Stagnaro-Green et al., 1995; Turchin et al., 2009; Van den Berghe et al., 2006; Varghese et al., 
2007; Vriesendorp et al., 2006; Wexler et al., 2007). Mortality of patients having myocardial 
infarction is higher at the lowest as well as the highest ranges glucose, such that the 
relationship between mortality and glucose is described by a J-shaped curve (Kosiborod et 
al., 2008). Outcomes of hospitalized patients that have been linked to hypoglycemia include 
increased ICU mortality or hospital mortality rates, adverse events such as seizures, and 
increased length of stay. In the intensive care unit and on general wards, associated factors 
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1. Introduction  
Caregivers treating hospitalized patients are confronted with the necessity both to control 
hyperglycemia and also to avoid iatrogenic hypoglycemia. Despite controversy about 
optimal glycemic targets, a large body of evidence associates uncontrolled hyperglycemia 
with adverse outcomes, both in the intensive care unit and also on general hospital wards 
(American Diabetes Association, 2011; Moghissi et al., 2009). On general wards, glycemic 
control during use of scheduled subcutaneous insulin is superior to that seen during use of 
sliding scale regimens (Baldwin et al., 2005; Umpierrez  et al., 2007). When scheduled insulin 
was compared to sliding scale treatment among general surgical patients, glycemic control 
was improved (mean blood glucose 145 ± 32 mg/dL vs. 172 ± 47 mg/dL, p < 0.01), and a 
composite outcome of complications was reduced from 24.3 to 8.6%with odds ratio 3.39 
(95% CI 1.50-7.65), p = 0.003 (Umpierrez et al., 2011). Nevertheless, the problem of 
hypoglycemia is a barrier to successful control of hospital hyperglycemia. Among 1718 
adult patients admitted at academic medical centers and having hyperglycemia or receiving 
insulin therapy, hypoglycemia occurred on 2.8% of all hospital days (Boord et al., 2009). 
Predisposing factors and adverse outcomes associated with hypoglycemia have been 
examined in observational studies and in clinical trials studying the effect of glycemic 
control upon nonglycemic outcomes (Bagshaw et al., 2009; Fischer et al., 1986; Finfer et al., 
2009;  Kagansky et al., 2003; Krinsley et al., 2007; Maynard et al., 2008; Smith et al., 2005; 
Stagnaro-Green et al., 1995; Turchin et al., 2009; Van den Berghe et al., 2006; Varghese et al., 
2007; Vriesendorp et al., 2006; Wexler et al., 2007). Mortality of patients having myocardial 
infarction is higher at the lowest as well as the highest ranges glucose, such that the 
relationship between mortality and glucose is described by a J-shaped curve (Kosiborod et 
al., 2008). Outcomes of hospitalized patients that have been linked to hypoglycemia include 
increased ICU mortality or hospital mortality rates, adverse events such as seizures, and 
increased length of stay. In the intensive care unit and on general wards, associated factors 
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identified among patients having hypoglycemia include use of bicarbonate-based 
substitution fluid during continuous venovenous hemofiltration, need for inotropic support, 
greater severity of illness, co-administration of octreotide with insulin, comorbidities 
including chronic kidney disease, sepsis, advanced age, history of diabetes or severe 
diabetes, and history of prior episodes of hypoglycemia. Of special importance, because of 
the implication for prevention, is the frequency with which the literature on hospital 
hypoglycemia describes interruption of normal feedings attributable to hospital routine, or 
episodes of reduced enteral intake without adjustment of insulin therapy, as a factors 
predisposing to hypoglycemia.    
Mechanisms of potential harm from hypoglycemia are partially understood, but the causal 
relationships between hypoglycemia or iatrogenic hypoglycemia and outcomes is unclear. 
Concerning the association of hypoglycemia with adverse outcomes, it remains a tenable 
explanation at least in part that severity of illness may predispose both to adverse outcomes 
and to hypoglycemia (Kosiborod et al., 2009;  van den Berghe et al., 2006). Proof of 
permanent injury ascribed to a hypoglycemic episode in the hospital setting sometimes is 
available, but the case ascertainment rate is low. Although proof of direct harm from 
identifiable hypoglycemic events within large studies may be not discerned by statistical 
analysis, yet the harm is uniquely damaging to the individual suffering the hypoglycemic 
event, so that the reporting of isolated cases remains important (Bhatia et al., 2006; Scalea et 
al., 2007). Life-changing morbidity or mortality may result from a severe hypoglycemic 
reaction. It is also suspected that some harms may result from hypoglycemia that are not 
directly traceable to immediate consequences of a specific hypoglycemic event. Since 
hospital patients will not be randomized to hypoglycemia or non-hypoglycemia, our 
understanding of the causes and clinical impact of hypoglycemia will be observational, 
resulting from analyses of hypoglycemia as a secondary outcome, within trials of 
therapeutic strategies or interventions aiming at targets other than hypoglycemia, or 
resulting from analysis of hypoglycemia within cohort studies. For the present, the 
association of hypoglycemia with adverse outcomes justifies development of strategies for 
prevention of hypoglycemia in the hospital.  
The goal of this chapter is to describe attributes of a programming pathway for 
computerized order entry that may incorporate the best elements of paper protocols for 
subcutaneous insulin and that may help prevent hospital hypoglycemia. In designing 
treatment for the hyperglycemic patient, it is necessary to anticipate events that create risk 
for hypoglycemia and to meet those events with appropriate revisions of nutritional therapy 
and scheduled insulin. When insulin orders are in place but patient risk for hypoglycemia is 
predicted to increase, the components of insulin therapy that might be withheld or reduced 
may differ, depending upon co-morbidities, anticipated disruption of carbohydrate 
exposure, alteration of other medical therapies, and classification of diabetes. By juxtaposing 
elements of care within a checklist of orders, paper protocols present reminders to the 
prescriber about strategies for hypoglycemia prevention. We believe the main opportunity 
for improvement within computerized order entry systems is the need to present several 
different packages of orders at the user interface that match differing patterns of 
carbohydrate exposure. For each pattern of carbohydrate exposure, the package must 
include default and acceptable alternative orders that encompass monitoring of blood 
glucose, scheduled and correction-dose insulin orders, and menus of additional directions 
associated with the insulin orders.  
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2. Algorithms for glycemic management in the hospital 
Any algorithm must identify a target blood glucose or a target range and define a safe and 
effective method for attainment and homeostatic maintenance of target range control. 
Provisions must be in place regardless of algorithm design to make anticipatory adjustments 
to prevent hypoglycemia in case of sudden change of any of the usual determinants of 
insulin requirement, such as carbohydrate exposure or concomitant medications. After 
making brief reference to an algorithmic method for protection against hypoglycemia 
during intravenous insulin infusion, the literature on electronic order entry of glycemic 
management plans is briefly referenced, and idealized examples of programmable 
branching pathways for patients who are eating and not eating will be presented. 

2.1 Intravenous insulin infusion 
Computerization of intravenous insulin algorithms may be successfully accomplished either 
through a free standing electronic decision support system or as part of a hospital computer 
system (Dortch et al, 2008;  Hermayer et al. 2007; Junega et al, 2007). The method of 
computerized order entry that we will use is under construction and will not be presented 
here, except to say that the algorithms are related to those previously published (Bellam and 
Braithwaite, 2010; Devi at al, in press 2011). The choice of intravenous insulin protocol 
depends upon the population treated. The protocols will be designed according to a 
mathematical rule having population-specific parameters. The protocols are related to 
column-based tabular protocols in which each column of the table is associated with an 
assumed maintenance rate of insulin infusion that is thought to be the rate necessary to 
maintain target range control. Each row of the table represents a range of blood glucose 
values. The assumed maintenance rate (column assignment) is determined with knowledge 
of the previous assumed maintenance rate (column assignment) together with the rate of 
change of blood glucose, at the previous insulin infusion rate. The next insulin infusion rate, 
at each nursing interaction, depends upon the blood glucose (the row) and the reassigned 
maintenance rate (column re-assignment, if any). The conservative protocol differs from the 
standard critical care protocol for intravenous insulin infusion not in the target range blood 
glucose values, but in the column change rules that result in changing from a lower to a 
higher maintenance rate (column), or from a higher to a lower assumed maintenance rate 
(column). That is to say, by analogy with a paper protocol, the column change rules based 
on rate-of-change of glucose are more conservative under the conservative protocol. We 
believe that two design features of the intravenous insulin infusion protocols will be shown 
to be protective against hypoglycemia, namely (1) the column change rules based on rate of 
change of blood glucose and (2) the near-sigmoidal relationship, at given maintenance rate 
(within-column), between the insulin infusion rate and the blood glucose. 
The protocols for diabetic ketoacidosis and hyperglycemic hyperosmolar state each differ 
from each other and from the critical care protocols for intravenous insulin infusion by 
having different column change rules and additionally different target ranges for blood 
glucose. The target range for blood glucose in treatment of diabetic ketoacidosis or 
hyperglycemia hyperosmolar coma is higher than for other patients likely to be treated with 
intravenous insulin infusion. An initially fixed-dose weight-based method for assigning 
insulin infusion rate during the initial hours of treatment is advocated in the consensus 
statement of the American Diabetes Association for use during the first several hours of 
treatment of DKA (Kitabchi et al., 2009). In contrast, a dynamic rule to assign the insulin 
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the implication for prevention, is the frequency with which the literature on hospital 
hypoglycemia describes interruption of normal feedings attributable to hospital routine, or 
episodes of reduced enteral intake without adjustment of insulin therapy, as a factors 
predisposing to hypoglycemia.    
Mechanisms of potential harm from hypoglycemia are partially understood, but the causal 
relationships between hypoglycemia or iatrogenic hypoglycemia and outcomes is unclear. 
Concerning the association of hypoglycemia with adverse outcomes, it remains a tenable 
explanation at least in part that severity of illness may predispose both to adverse outcomes 
and to hypoglycemia (Kosiborod et al., 2009;  van den Berghe et al., 2006). Proof of 
permanent injury ascribed to a hypoglycemic episode in the hospital setting sometimes is 
available, but the case ascertainment rate is low. Although proof of direct harm from 
identifiable hypoglycemic events within large studies may be not discerned by statistical 
analysis, yet the harm is uniquely damaging to the individual suffering the hypoglycemic 
event, so that the reporting of isolated cases remains important (Bhatia et al., 2006; Scalea et 
al., 2007). Life-changing morbidity or mortality may result from a severe hypoglycemic 
reaction. It is also suspected that some harms may result from hypoglycemia that are not 
directly traceable to immediate consequences of a specific hypoglycemic event. Since 
hospital patients will not be randomized to hypoglycemia or non-hypoglycemia, our 
understanding of the causes and clinical impact of hypoglycemia will be observational, 
resulting from analyses of hypoglycemia as a secondary outcome, within trials of 
therapeutic strategies or interventions aiming at targets other than hypoglycemia, or 
resulting from analysis of hypoglycemia within cohort studies. For the present, the 
association of hypoglycemia with adverse outcomes justifies development of strategies for 
prevention of hypoglycemia in the hospital.  
The goal of this chapter is to describe attributes of a programming pathway for 
computerized order entry that may incorporate the best elements of paper protocols for 
subcutaneous insulin and that may help prevent hospital hypoglycemia. In designing 
treatment for the hyperglycemic patient, it is necessary to anticipate events that create risk 
for hypoglycemia and to meet those events with appropriate revisions of nutritional therapy 
and scheduled insulin. When insulin orders are in place but patient risk for hypoglycemia is 
predicted to increase, the components of insulin therapy that might be withheld or reduced 
may differ, depending upon co-morbidities, anticipated disruption of carbohydrate 
exposure, alteration of other medical therapies, and classification of diabetes. By juxtaposing 
elements of care within a checklist of orders, paper protocols present reminders to the 
prescriber about strategies for hypoglycemia prevention. We believe the main opportunity 
for improvement within computerized order entry systems is the need to present several 
different packages of orders at the user interface that match differing patterns of 
carbohydrate exposure. For each pattern of carbohydrate exposure, the package must 
include default and acceptable alternative orders that encompass monitoring of blood 
glucose, scheduled and correction-dose insulin orders, and menus of additional directions 
associated with the insulin orders.  
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Provisions must be in place regardless of algorithm design to make anticipatory adjustments 
to prevent hypoglycemia in case of sudden change of any of the usual determinants of 
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branching pathways for patients who are eating and not eating will be presented. 
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through a free standing electronic decision support system or as part of a hospital computer 
system (Dortch et al, 2008;  Hermayer et al. 2007; Junega et al, 2007). The method of 
computerized order entry that we will use is under construction and will not be presented 
here, except to say that the algorithms are related to those previously published (Bellam and 
Braithwaite, 2010; Devi at al, in press 2011). The choice of intravenous insulin protocol 
depends upon the population treated. The protocols will be designed according to a 
mathematical rule having population-specific parameters. The protocols are related to 
column-based tabular protocols in which each column of the table is associated with an 
assumed maintenance rate of insulin infusion that is thought to be the rate necessary to 
maintain target range control. Each row of the table represents a range of blood glucose 
values. The assumed maintenance rate (column assignment) is determined with knowledge 
of the previous assumed maintenance rate (column assignment) together with the rate of 
change of blood glucose, at the previous insulin infusion rate. The next insulin infusion rate, 
at each nursing interaction, depends upon the blood glucose (the row) and the reassigned 
maintenance rate (column re-assignment, if any). The conservative protocol differs from the 
standard critical care protocol for intravenous insulin infusion not in the target range blood 
glucose values, but in the column change rules that result in changing from a lower to a 
higher maintenance rate (column), or from a higher to a lower assumed maintenance rate 
(column). That is to say, by analogy with a paper protocol, the column change rules based 
on rate-of-change of glucose are more conservative under the conservative protocol. We 
believe that two design features of the intravenous insulin infusion protocols will be shown 
to be protective against hypoglycemia, namely (1) the column change rules based on rate of 
change of blood glucose and (2) the near-sigmoidal relationship, at given maintenance rate 
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The protocols for diabetic ketoacidosis and hyperglycemic hyperosmolar state each differ 
from each other and from the critical care protocols for intravenous insulin infusion by 
having different column change rules and additionally different target ranges for blood 
glucose. The target range for blood glucose in treatment of diabetic ketoacidosis or 
hyperglycemia hyperosmolar coma is higher than for other patients likely to be treated with 
intravenous insulin infusion. An initially fixed-dose weight-based method for assigning 
insulin infusion rate during the initial hours of treatment is advocated in the consensus 
statement of the American Diabetes Association for use during the first several hours of 
treatment of DKA (Kitabchi et al., 2009). In contrast, a dynamic rule to assign the insulin 
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infusion rate during treatment of hyperglycemic crisis is employed at our institutions (Devi 
et al., 2011). The deactivation time for intravenous insulin infusion may be as long as 90 
minutes (Mudaliar et al., 2008). A rationale for a dynamic insulin infusion rate in the early 
hours of treatment for hyperglycemic emergency is that under conventional management 
late hypoglycemia sometimes complicates the treatment course.   

2.2 Algorithms for subcutaneous insulin 
Many protocols for hospital care were developed in the era of handwritten order entry. 
Order sets were developed that served as a checklist to prevent omissions of elements of 
care. For example, a reminder to have a standing "prn" order for intravenous dextrose under 
selected conditions or to order an A1C may be part of the order set. Order sets help integrate 
the components of care with each other. Timing of testing, insulin, and meals may be 
coordinated by justaposition of related orders on a paper order set. A lynchpin of successful 
order writing is the coordination of the patterns of glucose monitoring and insulin 
administration with carbohydrate exposure (Bellam and Braithwaite, 2010; Braithwaite et 
al., 2007; Campbell et al., 2004; Thompson et al., 2005). If an order set is well designed, by 
checking boxes and entering numbers the prescriber creates orders that are familiar to and 
readily interpreted by pharmacy and nursing staff. Lengthy narrative is reduced. 
Standardization of order entry protects patient safety. A well designed order set facilitates 
individualization of patient care. Guidelines may be appended to or embedded within order 
sets, together with references to supportive medical literature (Donaldson et al. 2006; 
Hermayer et al, 2009; Lee et al. 2008; Maynard et al., 2009; Schnipper et al., 2010; Trujillo et 
al., 2008; Wexler et al., 2010). Protocols executed through order sets were thought to reduce 
medical errors, improve safety, and increase adherence to those guidelines that were 
supported by medical evidence.  
As electronic order entry began to gain widespread use, a body of descriptive studies 
developed concerning the use of structured order sets for electronic order entry for 
subcutaneous insulin therapy in the hospital. Hermeyer and colleagues described a 
comprehensive program, including a web-based calculator for the intravenous insulin 
protocol (Hermeyer et al., 2009). Maynard and colleagues, in a published study of 
computerized order entry with paper guidelines used on the side, defined time periods 1, 2 
and 3 (TP1, TP2, and TP3) during rolling out of the program. Paper statements of guidelines 
adjunctive to computerized order entry were developed (Lee et al., 2008). The relative risk 
(RR) of an uncontrolled patient-stay was reduced from baseline to 0.91 (CI 0.85-0.96) in TP2, 
and to 0.84 (CI 0.77-0.89) in TP3, with more marked effects in the secondary analysis limited 
to patients with at least 8 point-of-care glucose values (Maynard et al., 2009). The percent of 
patient-days with hypoglycemia was 3.8%, 2.9%, and 2.6% in the 3 time periods, 
representing a RR for hypoglycemic day in TP3:TP1 of 0.68 (CI 0.59-0.78). Similar reductions 
were seen in risk for hypoglycemic patient-stays.  
Evidence from cluster randomized studies supports the use of structured order sets to 
improve glycemic outcomes. Schnipper and colleagues in several stages developed a 
computerized version of their order entry system for glycemic control (Schnipper et al.,  
2009;  Schnipper et al., 2010; Trujillo et al., 2008). In a cluster randomized design of 179 
patients at a single site, two of the four medical services were chosen randomly to receive 
the intervention using a computerized order set built into the proprietary computer at 
Brigham and Women’s Hospital. The mean percent of glucose readings between 60-180 was 
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75% in the intervention group and 71% in the usual care group [adjusted RR 1.36 (1.02-
1.80)]. With the intervention, there were a lower patient-day weighted mean glucose (148 vs 
158, p = 0.04); less use of sliding scale (25% vs 58%, p = 0.01); and no difference in 
hypoglycemia < 40 mg/dL (0.5% vs 0.3%, p = 0.58).   Wexler and colleagues at a single site 
randomized medical teams to availability of an electronic insulin order template versus 
usual insulin ordering. Intervention group patients (n=65) had mean glucose of 195 +/- 66 
mg/dl. Control group patients (n=63) had mean glucose of 224 +/- 57 mg/dl (P=0.004). In 
the intervention group, there was no increase in hypoglycemia (Wexler et al., 2010). 
With electronic order entry, there is a risk that some of the integration between the 
components of care might be lost that had been achievable with paper order sets. Under 
some electronic systems, juxtaposition of related orders is lost. Users might have to navigate 
between screens to complete a package of orders relating to diabetes encompassing such 
necessities as a nutrition plan, point-of-care tests, insulin doses, and a treatment plan for 
hypoglycemia. A plan for continuous enteral tube feedings might be entered on one screen, 
followed by insulin orders on another screen, and finally orders for point-of-care glucose 
monitoring and call parameters on a third screen. Orders that are preselected as the likeliest 
choice, based on absolute rate of utilization, could be programmed as defaults but might be 
misapplied to subgroups through user failure to deselect and replace the order for the 
patient at hand. As an example, if the choice “ACHS” appears at the top of a list of possible 
orders for glucose monitoring as the default (ante cibum and hora somni, before meals and 
at bedtime), then an order for ACHS timing could be accepted by default, rather than timing 
more appropriate to the carbohydrate exposure actually planned for a patient who might 
receive continuous enteral tube feedings. 

3. Programming pathway for glycemic management in the hospital 
In the United States, in coming years hospitals will strive to comply with "meaningful use" 
regulations for electronic health records, described in the Health Information Technology for 
Economic and Clinical Health Act (Blumenthal & Tavenner, 2010). Electronic order entry 
will gradually replace handwriting of orders. Some systems will sharply restrict the use of 
free-text entries, creating necessity for a system that will link orders to preprogrammed 
comments that may be selected by the user. A template similar to that of electronic order 
entry might be used to facilitate communication among caregivers at the time of patient 
transfers and discharge. The remainder of this chapter will describe the design of an 
idealized proposal for a programming pathway for electronic order entry for glycemic 
management of hospitalized patients. 
Within the figures showing the programming pathway, orders that are members of a category 
or subcategory have the same level of indentation. Pre-assignment of a default choice within-
category sometimes is justified either based on frequency of use or medical indications. The 
user may select or deselect an order by clicking on a button associated with an order at the 
user interface. In some cases, selection by a provider of one order results in de-selection of 
another order within the same subcategory or category. In other cases, choices within-category 
or within sub-category are not mutually exclusive;  selection of one order does not result in de-
selection of another order (Figure 1). It is envisioned that the user will move through a 
sequence of those screens within the programming pathway that are determined by having 
made an early commitment to one branch of the algorithm. When the provider is satisfied that 
no modifications are required, the provider enters an electronic signature.  
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Fig. 1. Instructions to programmer. Symbols signify the function of buttons at the user 
interface and define the structure of the program. 

3.1 Programming pathway as checklist 
Just as structured paper order sets for subcutaneous insulin therapy may protect the patient 
from omissions of needed elements of care by presenting a checklist, similarly a checklist of 
reminders for glycemic management may appear within a branching programming 
pathway. For example, the main trunk of the branching pathway may call for elements of 
care that are considered to be potentially universally appropriate, such as a standing "prn" 
order for concentrated intravenous dextrose for treatment of hypoglycemia, a nutrition 
consult, or an A1C (Figure 2). The programming pathway that we will present goes on to 
branch into 8 different treatment plans, each having preventive measures related to 
hypoglycemia that are specific to the components of the treatment plan, embedded as 
checklist options for selection, such as “reduce” orders for basal insulin for type 2 diabetes 
or “hold” parameters for prandial insulin (Figure 3).  

3.2 Individualization facilitated under the programming pathway 
It is necessary to specify precautions against hypoglycemia, but manual entry can be 
burdensome. Under the branches of the pathway, measures for hypoglycemia prevention 
could take different forms depending upon the carbohydrate exposure of the patient, 
including but not limited to the scheduling the monitoring of blood glucose, assignment of 
call parameters at alert levels of glucose, pattern of insulin administration, or use of the 
classification of hyperglycemia or diabetes to determine “hold” parameters for specific 
components of insulin therapy. We believe the ordering of these protective additional 
directions is more likely to occur when a complete menu of options is presented to the 
prescriber than when reliance is placed upon provider initiative and recall. To a large extent, 
manual entry of such safety provisions can be replaced by checking boxes and entering 
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numbers. The programming pathway accommodates the spectrum of reasonable provider 
treatment preferences. By offering a menu of treatment alternatives and additional 
directions to the insulin orders, the programming pathway facilitates individualization of 
care for each patient.  
 

 
Fig. 2. Opening screen.  

3.3 Intravenous insulin algorithm selection under the pathway 
The programming pathway specifies options for four different intravenous insulin infusion 
protocols. A full discussion of these pathways is beyond the scope of the present discussion. 
For critical care patients requiring an intravenous insulin infusion, to help the user decide 
whether to order the conservative critical care intravenous insulin infusion protocol or the 
standard one, the user may find a link to a drop-down guideline for indications for the 
conservative IV insulin protocol. This states that the conservative IV insulin protocol will be 
appropriate for patients with renal failure, malnutrition, hepatic failure, sepsis, severe 
congestive heart failure, adrenal insufficiency, and other conditions that the caregiver judges 
to create high-risk for hypoglycemia. The conservative protocol also is the protocol to which 
the prescriber might default, in case a patient already has demonstrated hypoglycemia 
while on the standard protocol but still requires intravenous insulin infusion therapy 
(Figure 3).  
An American Diabetes Association consensus statement provides a summary of diagnostic 
criteria for diabetic ketoacidosis or hyperosmolar hyperglycemic state (Kitabchi et al., 2009). 
The criteria for each can be summarized in a link to a drop-down guideline for diagnosis, 
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accessed from the opening menu (Figure 3). Classification as diabetic ketoacidosis (DKA) is 
suggested by plasma glucose > 250 mg/dL, arterial pH < 7.3, bicarbonate < 15, anion gap > 
12 meq/L, and moderate ketonuria or ketonemia. Classification as hyperglycemic 
hyperosmolar state (HHS) is suggested by plasma glucose > 600 mg/dl, serum osmolality > 
320 mosm/L, arterial pH > 7.3, bicarbonate > 15 meq/L, and minimal ketonuria and 
ketonemia.  

3.4 Subcutaneous insulin algorithm selection under the pathway 
For patients who will receive subcutaneous insulin, once the pattern of carbohydrate 
exposure is determined, then the prescriber can select the appropriate branch of the 
pathway (Figure 3). Selection of a single branch from the list will launch an appropriate 
submenu, dependent upon carbohydrate exposure, for the schedule of blood glucose 
monitoring and the selection and timing of components of insulin administration. One 
branch of the programming pathway presently under construction will provide for a 
diabetes hospital patient self-management program. Models for patient self-management in 
the hospital have been described (Braithwaite et al., 2007; Bailon et al., 2009). The focus of 
this chapter is on orders for subcutaneous insulin therapy for patients who are not 
candidates for hospital self-management.  
 

 
Fig. 3. Selection of branch of the pathway. 
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3.5 Subcutaneous insulin dose titration after pathway initiation  
A method for establishing starting doses of insulin is described in sections that will follow. 
An associated guideline might state that rewriting of the doses of scheduled insulin should 
be considered daily. Here, a guideline for revision of scheduled insulin is presented that is 
appropriate to each subcutaneous pathway.  
• review comorbidities and medications affecting insulin requirement and carbohydrate 

exposure or omission. 
• review the medication administration record for confirmation of insulin dosing over the 

preceding 24 hr. 
• add the total amount of scheduled and correction dose insulin delivered in the previous 

24 hr to determine total daily dose of insulin actually delivered. 
• if all blood glucose readings were > 180 mg/dL, add 10% to the total daily dose actually 

delivered in the previous 24 hr to determine the new total daily dose of scheduled 
insulin. 

• if any blood glucose was < 80 mg/dL, subtract 20% from the total daily dose actually 
delivered in the previous 24 hr to determine the new total daily dose of scheduled 
insulin. 

The new dose of scheduled insulin is reapportioned between the components of scheduled 
therapy. Once the treatment pattern has been entered, changing of dose or correction dose 
scale can be accomplished outside of the programming pathway. If there are no further 
specifications, any standing "additional directions" concerning scheduled insulin may be 
carried forward.  
Therapeutic inertia in changing established insulin regimens is a recognized problem in the 
care of hospitalized patients. In a study of 52 hospitalized patients treated with 50% 
dextrose for an episode of hypoglycemia, it was found that subsequent to withholding of 
insulin at the time of the hypoglycemia, 31% of the patients received no other change in 
treatment (Garg et al., 2004). The guideline above would give caregivers direction on 
trouble-shooting of the causes of hypoglycemia and making appropriate revisions of 
treatment. 

3.6 Integration of the components of care under the pathway during placement of 
orders for subcutaneous insulin    
A decision support system helps the prescriber to recognize the components of care under 
the pattern of treatment that is ordered and the relationship between these components. 
During widespread adoption of computerization of order entry, a distinct computer order is 
required separately for feedings, intravenous dextrose, glucose monitoring, each component 
of insulin therapy, treatment of hypoglycemia, and call parameters. The relationship of these 
elements of care to each other and their timing must be coordinated. The integration of the 
components of care, achieved by many paper protocols and order sets, must be preserved. 
The prescriber must be able to accomplish the goals of glycemic control and hypoglycemia 
prevention without navigation through multiple screens of an electronic order entry system. 
Whether patients are eating or not, interruption of carbohydrate exposure is a well verified 
risk factor for hospital hypoglycemia. The risk arises from hospital routine that interrupts 
feedings or patient factors that result in poor oral intake  (Fischer et al., 1986). Restrictions 
on free-text entries will necessitate preprogramming of additional directions. In each branch 
of the pathway that will be shown, in case of reduction of carbohydrate exposure, the 
insulin orders may be accompanied by standardized statements concerning hypoglycemia 
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prevention. Examples include additional directions to “hold” prandial insulin in case of 
meal omission, “hold” prandial insulin on the mornings of dialysis, or “reduce” insulin in 
case of poor oral intake.  
The order entry system should associate the pattern of blood glucose monitoring, the 
components of insulin administration together with additional directions, the "call" 
parameters, and the orders for "prn" oral or intravenous carbohydrate. If an order entry 
system is well designed, the user will encounter a comprehensive electronic menu for 
prescribing a glycemic management plan, having internally coordinated components, 
accessible through a single branch of the pathway of order entry. Under each of the first 
three branches of the pathway, nursing instructions include an assessment of patient needs, 
including early attention to patient education and eventual discharge planning.  

3.6.1 Subcutaneous Insulin for patients who are eating   
Basal-prandial-correction therapy is a prescribing pattern for insulin, described in previous 
reviews, that is especially well suited to insulin treatment of the hospitalized patient who is 
eating (Hirsch, 2005; Clement et al., 2004). The orders for monitoring and insulin are written 
in association with a meal plan, usually a consistent carbohydrate diet. Other specifications 
to the diet are preserved that may be required for care of comorbidities. The nursing orders 
for monitoring of blood glucose provide options for testing postprandially but recommend 
restriction of scheduled postprandial testing to conditions in which retrospective review of 
the results might be used to revise scheduled therapy for special populations or conditions, 
such as pregnancy or cystic fibrosis (Figure 4). Most patients require either testing with 
meals; with meals and at bedtime; or with meals, at bedtime, and midsleep.  
Prandial insulin coverage is the treatment given to cover meals, and basal insulin is the 
treatment necessary to prevent unchecked gluconeogenesis and ketogenesis, required 
whether or not nutrition is provided. The long-acting insulin analogs glargine and detemir 
are designed to provide basal coverage. Glargine may be given once daily for most patients, 
and detemir may be given once or twice daily. The rapid-acting insulin analogs lispro, 
aspart and glulisine are designed to provide prandial coverage and to provide rapid 
correction of hyperglycemia. Biphasic or premixed insulin therapy provides both basal and 
prandial insulin coverage. In the hospital, since there is a risk of interruption of meals, it is 
desirable to use an insulin treatment plan under which the prandial component of treatment 
can be interrupted without compromise to the basal insulin coverage. For patients eating 
discrete meals, biphasic insulin therapy in the hospital generally is replaced by treatment 
separately with basal coverage and prandial coverage. For correction of hyperglycemia, the 
rapid-acting insulin analogs are given with meals, sometimes for coverage of snacks, and 
sometimes at bedtime or midsleep.  
Some patients having type 2 diabetes who normally require insulin may experience 
reduction of insulin resistance during fasting and may produce endogenous insulin 
sufficient that under conditions of reduced oral intake the requirements for exogenous 
insulin may decline. Others, who normally are insulin independent, may experience stress-
related insulin resistance in the hospital sufficient to produce a requirement for exogenous 
insulin treatment. Dose initiation guidelines for insulin-requiring patients whose dose 
requirements are not known might be stated conservatively as follows (with 
reapportionment as indicated for special conditions, as described below):  
• daily basal requirement 0.15 units/kg for type 2 diabetes or for stress hyperglycemia, 

and 0.25 units/kg for type 1 diabetes  
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• daily prandial requirement 0.15 units/kg for type 2 diabetes or for stress 
hyperglycemia, and 0.25 units/kg for type 1 diabetes, apportioned between three meals. 

The total daily dose of scheduled insulin is apportioned between the scheduled basal and 
prandial insulin. A guideline concerning the initial percentage distribution of total daily 
dose of scheduled insulin between the components of therapy may suggest 50% basal and 
50% prandial for most patients, but reapportionment for special conditions: 
• 50%  basal insulin, 50%prandial insulin for many patients  
• > 50%  basal insulin, < 50%prandial insulin during immediate recovery following heart 

surgery  
• 33%  basal insulin ,  67%prandial insulin for renal or hepatic failure, malnutrition, or 

corticosteroid therapy 
 

 
Fig. 4. Nursing orders for patients who are eating. WMEALS = with meals. WMEALS, HS = 
with meals and at bedtime. Times of meals may differ according to institutional practices. 



 
Diabetes – Damages and Treatments 192 
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Under a treatment plan using basal-prandial-correction dose therapy, typically basal insulin 
is given once daily as long-acting insulin analog. Before development of insulin analogs, 
NPH insulin had been used to provide basal coverage, and regular insulin to provide 
prandial coverage and correction of hyperglycemia. In general, during the treatment of type 
2 diabetes, in comparison with NPH-based basal insulin regimens there is less 
hypoglycemia with use of long-acting insulin analog therapy for basal coverage (Rosenstock 
et al., 2005; Hermansen et al., 2006). However, some patients prefer to be treated with NPH. 
Morning dosing with NPH insulin may provide both basal and partial prandial insulin 
coverage. In the ambulatory setting, some patients use NPH insulin to achieve pattern 
correction; for example, an evening dose of NPH insulin may cover the dawn phenomenon, 
correcting a pattern of morning hyperglycemia by meeting predawn insulin resistance with 
increased insulin levels. Under the branch of the pathway for patients who are eating, 
prescribers are given the alternatives of using a long-acting insulin analog or NPH for basal 
insulin coverage (Figure 5).  
Not uncommonly, in order to correct fasting hyperglycemia, doses of intermediate or long 
acting insulin may have been increased during normal dietary intake to a dose higher than 
true basal requirements. If the basal insulin dose is unchanged during NPO status (nihil per 
os, nothing by mouth), patients having type 2 diabetes may experience hypoglycemia 
(Olson et al., 2009). It is important that the programming pathway should present options 
for basal insulin reduction or interruption in case of planned NPO status. On the other hand, 
if the basal insulin dose is established correctly in type 1 diabetes, the dose during NPO 
status usually may be preserved (Mucha et al., 2004). Omission of basal insulin during NPO 
status in type 1 diabetes may result in ketoacidosis. Therefore, the programming pathway 
provides options for prescribers to reduce basal insulin in type 2 diabetes but to continue 
basal insulin in type 1 diabetes, in anticipation of NPO status. A prescriber guideline 
embedded in the order entry screen warns against interruption of basal insulin for type 1 
diabetes (Figure 5). 
In the treatment of type 2 diabetes, rapid-acting analogs for prandial coverage may produce 
less hypoglycemia than regular insulin (Anderson et al., 1997; Raymann et al, 2006; Velussi 
at al. 2002). The provider may see the need to provide differing doses of prandial insulin at 
different times of day; the programming pathway permits flexibility in the prescribing of 
prandial doses, allowing either a fixed dose (best ordered usually with a consistent 
carbohydrate diet) or a variable dose (Figure 6). This programming pathway is designed for 
use on the assumption that not all nursing staff are trained on recognition of carbohydrate 
content of meals; therefore, insulin-to-carbohydrate ratios are not prescribed under the 
branch of the pathway for subcutaneous insulin for patients who are eating. A modification 
of the pathway might be used by hospitals that routinely train all nurses on advanced 
carbohydrate counting so that the provider might order and nurses might use an insulin to 
carbohydrate ratio to assign prandial insulin doses according to what is on the patient’s 
tray. Patients using the skills of advanced carbohydrate counting and already skilled in self 
management may best be treated under a different branch of the pathway, for diabetes 
hospital patient self management.  
Several additional directions may be selected in conjunction with orders for prandial use of 
rapid-acting insulin analog that provide protection against hypoglycemia. Most obviously, 
the direction “HOLD IF NPO” is intended to reduce the risk of administration of prandial 
insulin at times when meals might be omitted. The order to hold prandial insulin for  
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Fig. 5. Basal insulin orders for patients who are eating. The start time and duration for each 
recurring medication order are to be programmed, but will not shown. SC = 
subcutaneously; NPO = nihil per os (nothing by mouth). Abbreviations may differ 
according to institutional policy. 
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Under a treatment plan using basal-prandial-correction dose therapy, typically basal insulin 
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2 diabetes, in comparison with NPH-based basal insulin regimens there is less 
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coverage. In the ambulatory setting, some patients use NPH insulin to achieve pattern 
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acting insulin may have been increased during normal dietary intake to a dose higher than 
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os, nothing by mouth), patients having type 2 diabetes may experience hypoglycemia 
(Olson et al., 2009). It is important that the programming pathway should present options 
for basal insulin reduction or interruption in case of planned NPO status. On the other hand, 
if the basal insulin dose is established correctly in type 1 diabetes, the dose during NPO 
status usually may be preserved (Mucha et al., 2004). Omission of basal insulin during NPO 
status in type 1 diabetes may result in ketoacidosis. Therefore, the programming pathway 
provides options for prescribers to reduce basal insulin in type 2 diabetes but to continue 
basal insulin in type 1 diabetes, in anticipation of NPO status. A prescriber guideline 
embedded in the order entry screen warns against interruption of basal insulin for type 1 
diabetes (Figure 5). 
In the treatment of type 2 diabetes, rapid-acting analogs for prandial coverage may produce 
less hypoglycemia than regular insulin (Anderson et al., 1997; Raymann et al, 2006; Velussi 
at al. 2002). The provider may see the need to provide differing doses of prandial insulin at 
different times of day; the programming pathway permits flexibility in the prescribing of 
prandial doses, allowing either a fixed dose (best ordered usually with a consistent 
carbohydrate diet) or a variable dose (Figure 6). This programming pathway is designed for 
use on the assumption that not all nursing staff are trained on recognition of carbohydrate 
content of meals; therefore, insulin-to-carbohydrate ratios are not prescribed under the 
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carbohydrate ratio to assign prandial insulin doses according to what is on the patient’s 
tray. Patients using the skills of advanced carbohydrate counting and already skilled in self 
management may best be treated under a different branch of the pathway, for diabetes 
hospital patient self management.  
Several additional directions may be selected in conjunction with orders for prandial use of 
rapid-acting insulin analog that provide protection against hypoglycemia. Most obviously, 
the direction “HOLD IF NPO” is intended to reduce the risk of administration of prandial 
insulin at times when meals might be omitted. The order to hold prandial insulin for  
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recurring medication order are to be programmed, but will not shown. SC = 
subcutaneously; NPO = nihil per os (nothing by mouth). Abbreviations may differ 
according to institutional policy. 
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glucose below a given threshold replicates a conservative practice pattern that many users 
of multiple daily insulin injections employ at home. Acceptable control may be achieved by 
postprandial administration of rapid-acting insulin analog (Jungmann, 2005). For patients 
whose oral intake is uncertain, the programming pathway provides the option that the use 
of prandial insulin might be withheld until 50% of the tray has been taken. For patients with 
stage V chronic kidney disease having hemodialysis, there may be greater risk for 
hypoglycemia on hemodialysis days (Kazempour-Ardebili et al., 2009). To permit insulin 
dose reduction by dose omission of rapid-acting analog at breakfast and lunch on dialysis 
days, a checkbox is provided specifying that the nurse should withhold the scheduled rapid-
acting analog before breakfast and lunch on hemodialysis days (Figure 6).  
 

 
Fig. 6. Prandial insulin (nutritional insulin) for patients who are eating. BG = point-of-care 
blood glucose.  

Frequent dosing with rapid-acting analogs for correction of hyperglycemia creates the risk 
of “stacking” of effect. When a patient has had hyperglycemia prior to a meal, consideration 
of another correction dose may arise in the postprandial state. The effect of a previously 
administered correction dose may not have been fully exerted when the blood glucose is 
retested. Use of a fixed glucose-dependent correction dose rule, designed to meet specific 
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pre-meal targets, may result in hypoglycemia when applied postprandially, prior to full 
dissipation of the effects of any earlier correction dose. Therefore, orders for correction doses 
under the programming pathway are restricted to the following three time plans for 
administration:  with meals; HS (bedtime); 0200. The orders may provide a different scale 
for each of those three time plans (Figure 6). 
 

 
Fig. 7. Bridging doses of insulin for patients who are eating, at the time of transition from 
intravenous insulin infusion to subcutaneous insulin. 

Transitioning guidelines from intravenous insulin infusion to subcutaneous insulin 
recommend that the provider should order subcutaneous insulin before interruption of 
insulin infusion (Osburne et al., 2006). Infrequently small amounts of basal and prandial 
insulin (but not subcutaneous correction doses) may be started more than 2 - 4 hr prior to 
interruption of intravenous insulin infusion. In order to transition from intravenous insulin 
to subcutaneous insulin, the 24-hr requirement for scheduled subcutaneous basal insulin 
that is to be started or added may be about 80% of the 24-hr amount of  basal insulin, 
extrapolated from observation of insulin requirement during the last 6-8 hr of intravenous 
insulin infusion. To avoid overestimation of basal dose requirement, observation must be 
made during a timeframe of medical stability during which there have been no meals, such 
as midnight to 0800; there must be no change of carbohydrate-containing maintenance 
fluids, enteral feedings, or total parenteral nutritional at the time of transition to 
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extrapolated from observation of insulin requirement during the last 6-8 hr of intravenous 
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subcutaneous insulin therapy; there must have been independence from pressors and 
continuous veno-venous hemodialysis; and there must be no change of corticosteroid dose. 
If the time of transition occurs at a time of day that differs from the usual time of 
administration of long-acting insulin analog, then a bridging dose of regular or 
intermediate-acting insulin may be given (Figure 7). 

3.6.2 Subcutaneous insulin for patients who are not eating  
The patient receiving continuous exposure to carbohydrate as intravenous dextrose or 
enteral feedings, or the patient receiving no carbohydrate, generally should have glucose 
monitoring at time intervals that are equally spaced (Figure 8). The order “ACHS” for a 
patient who has been made “NPO” is meaningless. Therefore, the branch of the 
programming pathway for patients who are not eating starts with the default order for 
monitoring of point-of-care blood glucose every 6 hr. 
During NPO status, the dose of insulin required to cover dextrose-containing maintenance 
fluids, total parenteral nutrition (TPN), or enteral tube feedings is described as nutritional 
insulin. Outside of the programming pathway, the provider may include insulin among the 
TPN additives. long-acting insulin analog sometimes is used for coverage of continuous 
enteral feedings. Under such a regimen, safety precautions must be in place for dextrose 
infusion in case of interruption of enteral feedings. A barrier to creating a universal rule is 
that patient tolerance for intravenous fluids differs according to condition. Safety data about 
use of basal insulin during enteral feedings, conducted with careful definition of insulin 
dose, has been generated in the context of a clinical trial, such that close supervision of the 
patients can be assumed to have occurred (Koryotkoski et al., 2009).  
Personal observation of isolated cases of severe hypoglycemia outside of the research 
context has led to concern that safety of covering enteral feedings with long-acting analog, 
demonstrated under controlled research conditions, is not generalizable. In actual practice, 
use of long-acting analog to cover enteral feedings can be complicated by protracted 
hypoglycemia, a special risk in case of unforeseen interruption of enteral feedings.  When 
NPH and regular insulin are used every 6 hours, each insulin dose is smaller than under a 
once-daily glargine program, and the frequency of insulin administration provides 
deliberate stacking of effect. The use of more frequent and smaller doses of intermediate 
acting insulin achieves control superior to that of sliding scale insulin; such therapy is 
intended to reduce the risk of prolonged exposure to high doses of long-acting insulin in 
case of sudden interruption of enteral feedings, and to reduce the importance of reliance 
upon the antidote of intravenous dextrose, in case of feeding interruptions.  
A “sliding scale” regimen of NPH insulin every 4 hr or every 6 hr has been examined, 
compared to sliding scale aspart insulin alone for treatment of patients receiving enteral 
feedings (Cook, A. et al., 2009). Amber Cook and colleagues use a standardized rule for 
altering the NPH dose based on response of blood glucose. In our programming pathway, 
and on the antecedent paper order sets, in contrast to the closely related regimen of Amber 
Cook at al., we specify an option for use of mixtures of NPH and regular insulin every 6 
hours. The prescribing style is intended to achieve flat-line coverage of insulin effect. The 
method described in our guideline is to administer equal doses of insulin every 6 hours, 
apportioned as 2/3 NPH and 1/3 regular insulin, with instructions to withhold the regular 
insulin in case of glucose below a given threshold. 
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Fig. 8. Nursing orders and scheduled insulin orders for patients who are not eating, 
including patients receiving continuous dextrose-containing maintenance fluids, continuous 
enteral feedings, or no carbohydrate exposure. 

The algorithm we use does not provide a protocolized rule for changing the NPH dose 
based on glycemic  response, but rather alters insulin delivery below a given glucose 
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subcutaneous insulin therapy; there must have been independence from pressors and 
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During NPO status, the dose of insulin required to cover dextrose-containing maintenance 
fluids, total parenteral nutrition (TPN), or enteral tube feedings is described as nutritional 
insulin. Outside of the programming pathway, the provider may include insulin among the 
TPN additives. long-acting insulin analog sometimes is used for coverage of continuous 
enteral feedings. Under such a regimen, safety precautions must be in place for dextrose 
infusion in case of interruption of enteral feedings. A barrier to creating a universal rule is 
that patient tolerance for intravenous fluids differs according to condition. Safety data about 
use of basal insulin during enteral feedings, conducted with careful definition of insulin 
dose, has been generated in the context of a clinical trial, such that close supervision of the 
patients can be assumed to have occurred (Koryotkoski et al., 2009).  
Personal observation of isolated cases of severe hypoglycemia outside of the research 
context has led to concern that safety of covering enteral feedings with long-acting analog, 
demonstrated under controlled research conditions, is not generalizable. In actual practice, 
use of long-acting analog to cover enteral feedings can be complicated by protracted 
hypoglycemia, a special risk in case of unforeseen interruption of enteral feedings.  When 
NPH and regular insulin are used every 6 hours, each insulin dose is smaller than under a 
once-daily glargine program, and the frequency of insulin administration provides 
deliberate stacking of effect. The use of more frequent and smaller doses of intermediate 
acting insulin achieves control superior to that of sliding scale insulin; such therapy is 
intended to reduce the risk of prolonged exposure to high doses of long-acting insulin in 
case of sudden interruption of enteral feedings, and to reduce the importance of reliance 
upon the antidote of intravenous dextrose, in case of feeding interruptions.  
A “sliding scale” regimen of NPH insulin every 4 hr or every 6 hr has been examined, 
compared to sliding scale aspart insulin alone for treatment of patients receiving enteral 
feedings (Cook, A. et al., 2009). Amber Cook and colleagues use a standardized rule for 
altering the NPH dose based on response of blood glucose. In our programming pathway, 
and on the antecedent paper order sets, in contrast to the closely related regimen of Amber 
Cook at al., we specify an option for use of mixtures of NPH and regular insulin every 6 
hours. The prescribing style is intended to achieve flat-line coverage of insulin effect. The 
method described in our guideline is to administer equal doses of insulin every 6 hours, 
apportioned as 2/3 NPH and 1/3 regular insulin, with instructions to withhold the regular 
insulin in case of glucose below a given threshold. 
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Fig. 8. Nursing orders and scheduled insulin orders for patients who are not eating, 
including patients receiving continuous dextrose-containing maintenance fluids, continuous 
enteral feedings, or no carbohydrate exposure. 

The algorithm we use does not provide a protocolized rule for changing the NPH dose 
based on glycemic  response, but rather alters insulin delivery below a given glucose 
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threshold by protocolized omission of scheduled regular insulin. The prescriber within the 
programming pathway is invited to provide the additional direction for scheduled regular 
insulin “HOLD FOR BG < XXX” (where BG = point-of-care blood glucose).  
Transitioning guidelines from intravenous insulin infusion to subcutaneous insulin for the 
prescriber include the following, with recognition that the guidelines may not be 
appropriate for every case, and that individualization is required:  
• Order subcutaneous insulin before interruption of insulin infusion. Infrequently small 

amounts of scheduled NPH and regular insulin (but not sliding scale) may be started 
more than 2 - 4 hr prior to interruption of intravenous insulin infusion.  

• Prescribe equal total doses of scheduled insulin every 6 hr, apportioned as 2/3 NPH, 
1/3 regular insulin.  

• In order to transition from intravenous insulin to subcutaneous insulin, the 24-hr 
requirement for scheduled NPH and regular insulin that is to be started or added may 
be about 80% of the 24-hr amount of intravenous insulin, extrapolated from observation 
of insulin requirement during the last 6-8 hr of intravenous insulin infusion. To avoid 
overestimation of dose requirement, observation must be made during a timeframe of 
medical stability; there must be no change of carbohydrate-containing maintenance 
fluids, enteral feedings, or total parenteral nutrition at the time of transition to 
subcutaneous insulin therapy; there must have been independence from pressors and 
CVVHD; and there must be no change of corticosteroid dose. 

A set of dose initiation guidelines is given for insulin-requiring patients whose dose 
requirements are not known. The total daily dose of insulin for coverage of enteral feedings 
or continuous intravenous dextrose exposure may be calculated conservatively as follows: 
• 24 hr basal requirement is 0.15 units/kg for type 2 diabetes or for stress hyperglycemia, 

and 0.25 units/kg for type 1 diabetes.  
• nutritional requirement is 1 unit per 10 gm of carbohydrate per 24 hr, as determined by 

review of maintenance fluid or enteral tube feeding composition and delivery rate. 
• for type 2 diabetes or stress hyperglycemia, during continuous carbohydrate exposure, 

the total daily dose of insulin is the sum of the 24 hr basal and nutritional components of 
therapy. 

• the total daily dose of insulin is apportioned between NPH and regular insulin as above. 
On a periodic basis, the caregiver then may alter the scheduled NPH and insulin by revising 
the scheduled insulin orders, using a guideline as shown above for re-establishing total 
daily dose (see section 3.5), and reapportioning the dose between NPH and regular insulin. 
To prevent inadvertent interruption of basal insulin for type 1 diabetes patients who are not 
eating, a special provision is available, in the branch of the programming pathway for 
patients who are not eating, to maintain basal dose requirements of long-acting insulin 
analog treatment when interruption of carbohydrate exposure necessitates interruption of 
nutritional insulin (Figure 9). 

3.6.3 Subcutaneous insulin for patients with overnight enteral feedings and daytime 
meals  
For patients whose oral intake is temporarily poor but likely to improve, overnight enteral 
tube feedings may be used during transition from negligible oral intake to a full meal plan. 
Premixed 70% human insulin isophane suspension/30% human insulin (70/30 NPH / 
regular insulin) may be used as premedication to cover overnight enteral feedings (Figure 
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10). The need for correction dose insulin is likely to occur during and at the end of each 
feeding. As the patient’s intake of oral feedings improves, correction dose insulin during the 
day may be required. For patients having type 1 diabetes, additionally daily use of long 
acting insulin analog should be ordered, in an amount restricted to the basal dose, together 
with the regimen of premixed insulin that is being used for nutritional coverage and regular 
insulin for correction dose coverage. Once dietary intake is adequate, overnight enteral 
feedings and the accompanying premedication with 70/30 isophane NPH/regular insulin 
no longer are required. Once the patient is eating, a new basal-prandial-correction insulin 
regimen may be required.  

3.6.4 Diabetes hospital patient self management  
In the ambulatory setting, skilled use of a flexible insulin program may reduce the 
frequency of hypoglyemia (Samann et al., 2006). Patients competent at diabetes self-
management, for example patients using multiple daily injections or insulin pump therapy, 
under defined conditions can be treated in the hospital with continuation of their usual 
program of self-management (Braithwaite et al., 2007;  Bailon  et al., 2009). A full description 
of such a program is beyond the scope of this chapter. A hallmark feature is the utilization 
of the skills of advanced carbohydrate counting to permit matching of mealtime insulin 
bolus doses to carbohydrate intake, and the use of a rule for establishment of correction 
doses for treatment of hyperglycemia. 
 

 
Fig. 9. Basal insulin orders for type 1 diabetes patients who are not eating. 
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threshold by protocolized omission of scheduled regular insulin. The prescriber within the 
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therapy. 
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analog treatment when interruption of carbohydrate exposure necessitates interruption of 
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Fig. 10. Insulin orders for patients having overnight enteral tube feedings and daytime meals. 

4. Conclusion 
A programming pathway for computerized order entry is described that will present 
templates to the prescriber for well-established strategies for control of hyperglycemia and 
prevention of hospital hypoglycemia. There is not yet an embodiment of the plan within an 
existing electronic health record, nor is the content specifically yet endorsed by the 
healthcare system of the authors, but rather the plan is proposed in general terms as a 
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springboard for development and for modification to meet local needs. A user of the 
electronic order entry system may opt out of the programming pathway. The pathway is 
intended to both standardize order entry and also to facilitate individualization of care by 
the provider and for the patient. An opening screen offers default orders that will be 
universally desirable for glycemic management and then asks the user to choose a branch of 
the programming pathway based on route of insulin (intravenous or subcutaneous) and, for 
subcutaneous insulin regimens, based upon carbohydrate exposure. Within each branch of 
the pathway for subcutaneous insulin, it is possible to complete related orders without 
navigation between screens and without use of free-text, by entering numbers and selecting 
additional directions from side menus and drop down menus. User guidelines are displayed 
or available by computer link. By grouping and prioritizing related orders (especially the 
plans for nutrition, glucose monitoring, and insulin) and by offering appropriate additional 
directions within a branch of the pathway, the integration of the components of care, 
achievable on paper order sets by juxtaposition, is preserved under the electronic order 
entry system by user choice of a branch of the programming pathway. 

5. Acknowledgement 
The authors would like to acknowledge the work of the Diabetes Council of the 
Resurrection Health Care System and the input of members of the nursing, nutrition 
services, pharmacy, resident physician, attending physician, and administrative staff. 

6. References  
American Diabetes Association. 2011. Standards of medical care in diabetes - 2011. Diabetes 

Care 34 (Suppl 1):S11-S61. 
Anderson, J. H., Jr., R. L. Brunelle, P. Keohane, V. A. Koivistos, M. E. Trautmann, L. Vignati, 

and R. DiMarchi. 1997. Mealtime treatment with insulin analog improves 
postprandial hyperglycemia and hypoglycemia in patients with non-insulin-
dependent diabetes mellitus. Multicenter Insulin Lispro Study Group. Arch Intern 
Med 157 (11):1249-55. 

Bagshaw, S. M., M. Egi, C. George, and R. Bellomo. 2009. Early blood glucose control and 
mortality in critically ill patients in Australia. Crit Care Med 37 (2):463-70. 

Bhatia, A., B. Cadman, and I. Mackenzie. 2006. Hypoglycemia and Cardiac Arrest in a 
Critically Ill Patient on Strict Glycemic Control. Anesth Analg 102 (2):549-551. 

Baldwin, D., G. Villanueva, R. McNutt, and S. Bhatnagar. 2005. Eliminating Inpatient 
Sliding-Scale Insulin: A reeducation project with medical house staff. Diabetes Care 
28 (5):1008-1011. 

Bellam, H., and S. S. Braithwaite. 2010. Hospital hypoglycemia:  from observation to action. 
Insulin Journal 5 (1):16-36. 

Blumenthal, D., and M. Tavenner. 2010. The "Meaningful Use" Regulation for Electronic 
Health Records. New England Journal of Medicine 363 (6):501-504. 

Boord, J.A. , R.A. Greevy, SS Braithwaite, et al. 2009. Evaluation of hospital glycemic control 
at US academic medical centers. Hospital Medicine 4:35–44.  

Braithwaite, S. S., B. Robertson, H. P. Mehrotra, L. M. McElveen, and C. L. Thompson. 2007. 
Managing hyperglycemia in hospitalized patients. Clin Cornerstone 8 (2):44-54; 
discussion 55-7. 

Campbell, K B, and S S Braithwaite. 2004. Hospital Management of Hyperglycemia. Clin 
Diabetes 22 (2):81-88. 



 
Diabetes – Damages and Treatments 202 

 
Fig. 10. Insulin orders for patients having overnight enteral tube feedings and daytime meals. 

4. Conclusion 
A programming pathway for computerized order entry is described that will present 
templates to the prescriber for well-established strategies for control of hyperglycemia and 
prevention of hospital hypoglycemia. There is not yet an embodiment of the plan within an 
existing electronic health record, nor is the content specifically yet endorsed by the 
healthcare system of the authors, but rather the plan is proposed in general terms as a 

Prevention of Hospital Hypoglycemia by Algorithm  
Design: A Programming Pathway for Electronic Order Entry 203 

springboard for development and for modification to meet local needs. A user of the 
electronic order entry system may opt out of the programming pathway. The pathway is 
intended to both standardize order entry and also to facilitate individualization of care by 
the provider and for the patient. An opening screen offers default orders that will be 
universally desirable for glycemic management and then asks the user to choose a branch of 
the programming pathway based on route of insulin (intravenous or subcutaneous) and, for 
subcutaneous insulin regimens, based upon carbohydrate exposure. Within each branch of 
the pathway for subcutaneous insulin, it is possible to complete related orders without 
navigation between screens and without use of free-text, by entering numbers and selecting 
additional directions from side menus and drop down menus. User guidelines are displayed 
or available by computer link. By grouping and prioritizing related orders (especially the 
plans for nutrition, glucose monitoring, and insulin) and by offering appropriate additional 
directions within a branch of the pathway, the integration of the components of care, 
achievable on paper order sets by juxtaposition, is preserved under the electronic order 
entry system by user choice of a branch of the programming pathway. 

5. Acknowledgement 
The authors would like to acknowledge the work of the Diabetes Council of the 
Resurrection Health Care System and the input of members of the nursing, nutrition 
services, pharmacy, resident physician, attending physician, and administrative staff. 

6. References  
American Diabetes Association. 2011. Standards of medical care in diabetes - 2011. Diabetes 

Care 34 (Suppl 1):S11-S61. 
Anderson, J. H., Jr., R. L. Brunelle, P. Keohane, V. A. Koivistos, M. E. Trautmann, L. Vignati, 

and R. DiMarchi. 1997. Mealtime treatment with insulin analog improves 
postprandial hyperglycemia and hypoglycemia in patients with non-insulin-
dependent diabetes mellitus. Multicenter Insulin Lispro Study Group. Arch Intern 
Med 157 (11):1249-55. 

Bagshaw, S. M., M. Egi, C. George, and R. Bellomo. 2009. Early blood glucose control and 
mortality in critically ill patients in Australia. Crit Care Med 37 (2):463-70. 

Bhatia, A., B. Cadman, and I. Mackenzie. 2006. Hypoglycemia and Cardiac Arrest in a 
Critically Ill Patient on Strict Glycemic Control. Anesth Analg 102 (2):549-551. 

Baldwin, D., G. Villanueva, R. McNutt, and S. Bhatnagar. 2005. Eliminating Inpatient 
Sliding-Scale Insulin: A reeducation project with medical house staff. Diabetes Care 
28 (5):1008-1011. 

Bellam, H., and S. S. Braithwaite. 2010. Hospital hypoglycemia:  from observation to action. 
Insulin Journal 5 (1):16-36. 

Blumenthal, D., and M. Tavenner. 2010. The "Meaningful Use" Regulation for Electronic 
Health Records. New England Journal of Medicine 363 (6):501-504. 

Boord, J.A. , R.A. Greevy, SS Braithwaite, et al. 2009. Evaluation of hospital glycemic control 
at US academic medical centers. Hospital Medicine 4:35–44.  

Braithwaite, S. S., B. Robertson, H. P. Mehrotra, L. M. McElveen, and C. L. Thompson. 2007. 
Managing hyperglycemia in hospitalized patients. Clin Cornerstone 8 (2):44-54; 
discussion 55-7. 

Campbell, K B, and S S Braithwaite. 2004. Hospital Management of Hyperglycemia. Clin 
Diabetes 22 (2):81-88. 



 
Diabetes – Damages and Treatments 204 

Clement S., S.S. Braithwaite, M.F. Magee, et al. 2004. Management of Diabetes and 
Hyperglycemia in Hospitals. Diabetes Care 27(2):553-591. 

Cook, A., D. Burkitt, L. McDonald, and L. Sublett. 2009. Evaluation of Glycemic Control 
Using NPH Insulin Sliding Scale Versus Insulin Aspart Sliding Scale in 
Continuously Tube-Fed Patients. Nutrition in Clinical Practice 24 (6):718-722. 

Bailon, RM, B.J. Partlow, V. Miller-Cage, M.E. Boyle, J.C. Castro, P.B. Bourgeois, C.B. Cook. 
2009. Continuous subcutaneous insulin infusion (insulin pump) therapy can be 
safely used in the hospital in select patients. Endocr Pract. Jan-Feb;15(1):24-9.  

Devi, R., G. Selvakumar, L. Clark, C. Downer, and S.S. Braithwaite. 2011. A dose-defining algorithm 
for attainment and maintenance of glycemic targets during intravenous insulin infusion 
and fluid therapy of hyperglycemic crisis. Diabetes Management 1 (4):397–412 

Donaldson, S., G. Villanuueva, L. Rondinelli, and D. Baldwin. 2006. Rush University 
guidelines and protocols for the management of hyperglycemia in hospitalized 
patients: elimination of the sliding scale and improvement of glycemic control 
throughout the hospital. Diabetes Educ 32 (6):954-62. 

Dortch, M. J., N. T. Mowery, A. Ozdas, L. Dossett, H. Cao, B. Collier, G. Holder, R. A. Miller, 
and A. K. May. 2008. A Computerized Insulin Infusion Titration Protocol Improves 
Glucose Control With Less Hypoglycemia Compared to a Manual Titration 
Protocol in a Trauma Intensive Care Unit. JPEN J Parenter Enteral Nutr 32 (1):18-27. 

Finfer S., D.R. Chittock, S.Y. Su, et al. 2009. Intensive versus conventional glucose control in 
critically ill patients. N Engl J Med 360(13):1283-97. 

Fischer, K F, J A Lees, and J H Newman. 1986. Hypoglycemia in hospitalized patients. N 
Engl J Med 315:1245-50. 

Garg, R., H. Bhutani, A. Jarry, and M. Pendergrass. 2007. Provider response to insulin-
induced hypoglycemia in hospitalized patients. J Hosp Med 2 (4):258-60. 

Hermansen, K., M. Davies, T. Derezinski, G. Martinez Ravn, P. Clauson, and P. Home. 2006. 
A 26-week, randomized, parallel, treat-to-target trial comparing insulin detemir 
with NPH insulin as add-on therapy to oral glucose-lowering drugs in insulin-
naive people with type 2 diabetes. Diabetes Care 29 (6):1269-74. 

Hermayer, K.L., D.E. Neal, T.V. Hushion, M.G. Irving, P.C. Arnold, L.Kozlowski, M.R. 
Stroud, F.B. Kerr, and J.M. Kratz. 2007. Outcomes of a Cardiothoracic Intensive 
Care Web-Based Online Intravenous Insulin Infusion Calculator Study at a Medical 
University Hospital. Diabetes Technology & Therapeutics 9:523-534. 

Hermayer, K.L., P. Cawley, P. Arnold, A. Sutton, J. Crudup, L. Kozlowski, and T.V. 
Hushion. 2009. Impact of improvement efforts on glycemic control and 
hypoglycemia at a university medical center. J. Hosp. Med. 4 (6):331-339. 

Hirsch, I.B. 2005. Insulin analogues. N Engl J Med. 352(2):174-83. 
Juneja, R., C. Roudebush, N. Kumar, A. Macy, A. Golas, D. Wall, C. Wolverton, D. Nelson, J. 

Carroll, and S. Flanders. 2007. Utilization of a computerized intravenous insulin 
infusion program to control blood glucose in the intensive care unit. Diabetes 
Technol Ther 9:232-240. 

Jungmann E. 2005. Intensified insulin therapy of type 2 diabetes mellitus:  pre- or 
postprandial injection of aspart insulin?  Dtsch Med Wochenschr 130(20):1254-1257. 

Kagansky, N, S Levy, E Rimon, L Cojocaru, A Fridman, Z Ozer, and H Knobler. 2003. 
Hypoglycemia as a predictor of mortality in hospitalized elderly patients. Arch 
Intern Med 163:1825-1829. 

Kitabchi, A. E., G. E. Umpierrez, J. M. Miles, and J. N. Fisher. 2009. Hyperglycemic crises in 
adult patients with diabetes. Diabetes Care 32 (7):1335-43. 

Prevention of Hospital Hypoglycemia by Algorithm  
Design: A Programming Pathway for Electronic Order Entry 205 

Kazempour-Ardebili, S., V. L. Lecamwasam, T. Dassanyake, A. H. Frankel, F. W. K. Tam, A. 
Dornhorst, G. Frost, and J. J. O. Turner. 2009. Assessing Glycemic Control in 
Maintenance Hemodialysis Patients With Type 2 Diabetes. Diabetes Care 32 (7):1137. 

Korytkowski, M. T., R. J. Salata, G. L. Koerbel, F. Selzer, E. Karslioglu, A. M. Idriss, K. K.W. 
Lee, A. J. Moser, and F. G.S. Toledo. 2009. Insulin Therapy and Glycemic Control in 
Hospitalized Patients With Diabetes During Enteral Nutrition Therapy: A 
randomized controlled clinical trial. Diabetes Care 32 (4):594-596. 

Kosiborod, M, S.E. Inzucchi, H.M. Krumholz, L. Xiao, P.G. Jones, S. Fiske, F.A. Masoudi, S.P. 
Marso, J.S. Spertus. 2008. Glucometrics in patients hospitalized with acute 
myocardial infarction: defining the optimal outcomes-based measure of risk. 
Circulation 117(8):1018-27. 

Kosiborod, M., S.E. Inzucchi, A. Goyal, H.M. Krumholz, F.A. Masoudi, L. Xiao, and J.A. Spertus. 
2009. Relationship between spontaneous and iatrogenic hypoglycemia and mortality in 
patients hospitalized with acute myocardial infarction. JAMA 301 (15):1556-64. 

Krinsley, J. S., and A. Grover. 2007. Severe hypoglycemia in critically ill patients: risk factors 
and outcomes. Crit Care Med 35 (10):2262-7. 

Lee, J., B. Clay, Z. Zelazny, and G. Maynard. 2008. Indication-based ordering: a new paradigm 
for glycemic control in hospitalized inpatients. J Diabetes Sci Technol 2 (3):349-56. 

Maynard, G. A., M. P. Huynh, and M. Renvall. 2008. Iatrogenic Inpatient Hypoglycemia: Risk 
Factors, Treatment, and Prevention: Analysis of Current Practice at an Academic 
Medical Center With Implications for Improvement Efforts. Diabetes Spectr 21 (4):241-247. 

Maynard, G., J. Lee, G. Phillips, E. Fink, and M. Renvall. 2009. Improved inpatient use of 
basal insulin, reduced hypoglycemia, and improved glycemic control: effect of 
structured subcutaneous insulin orders and an insulin management algorithm. J 
Hosp Med 4 (1):3-15.  

Moghissi E.S., M.T. Korytkowski, M. DiNardo, et al. 2009. American Association of Clinical 
Endocrinologists and American Diabetes Association Consensus Statement on 
Inpatient Glycemic Control. Endocrine Practice 15(4):1-17. 

Mucha, G. T., S. Merkel, W. Thomas, and J. P. Bantle. 2004. Fasting and Insulin Glargine in 
Individuals With Type 1 Diabetes. Diabetes Care 27 (5):1209-1210. 

Mudaliar, S., P. Mohideen, R. Deutsch, T. P. Ciaraldi, D. Armstrong, B. Kim, X. Sha, and R. 
R. Henry. 2002. Intravenous Glargine and Regular Insulin Have Similar Effects on 
Endogenous Glucose Output and Peripheral Activation/Deactivation Kinetic 
Profiles. Diabetes Care 25 (9):1597-1602. 

Olson, R. P., M. A. Bethel, and L. Lien. 2009. Preoperative hypoglycemia in a patient 
receiving insulin detemir. Anesth Analg 108 (6):1836-8. 

Osburne, R. C., C. B. Cook, L. Stockton, M. Baird, V. Harmon, A. Keddo, T. Pounds, L. 
Lowey, J. Reid, K. A. McGowan, and P. C. Davidson. 2006. Improving 
Hyperglycemia Management in the Intensive Care Unit: Preliminary Report of a 
Nurse-Driven Quality Improvement Project Using a Redesigned Insulin Infusion 
Algorithm. The Diabetes Educator 32 (3):394-403. 

Rayman, G., V. Profozic, M. Middle. 2006. Insulin glulisine imparts effective glycaemic 
control in patients with Type 2 diabetes. Diabetes Res Clin Pract. 76(2):304-312. 

Rosenstock, J., G. Dailey, M. Massi-Benedetti, A. Fritsche, Z. Lin, and A. Salzman. 2005. 
Reduced hypoglycemia risk with insulin glargine: a meta-analysis comparing insulin 
glargine with human NPH insulin in type 2 diabetes. Diabetes Care 28 (4):950-5. 

Scalea, T. M., G. V. Bochicchio, K. M. Bochicchio, S. B. Johnson, M. Joshi, and A. Pyle. 2007. 
Tight glycemic control in critically injured trauma patients. Ann Surg 246 (4):605-10; 
discussion 610-2. 



 
Diabetes – Damages and Treatments 204 

Clement S., S.S. Braithwaite, M.F. Magee, et al. 2004. Management of Diabetes and 
Hyperglycemia in Hospitals. Diabetes Care 27(2):553-591. 

Cook, A., D. Burkitt, L. McDonald, and L. Sublett. 2009. Evaluation of Glycemic Control 
Using NPH Insulin Sliding Scale Versus Insulin Aspart Sliding Scale in 
Continuously Tube-Fed Patients. Nutrition in Clinical Practice 24 (6):718-722. 

Bailon, RM, B.J. Partlow, V. Miller-Cage, M.E. Boyle, J.C. Castro, P.B. Bourgeois, C.B. Cook. 
2009. Continuous subcutaneous insulin infusion (insulin pump) therapy can be 
safely used in the hospital in select patients. Endocr Pract. Jan-Feb;15(1):24-9.  

Devi, R., G. Selvakumar, L. Clark, C. Downer, and S.S. Braithwaite. 2011. A dose-defining algorithm 
for attainment and maintenance of glycemic targets during intravenous insulin infusion 
and fluid therapy of hyperglycemic crisis. Diabetes Management 1 (4):397–412 

Donaldson, S., G. Villanuueva, L. Rondinelli, and D. Baldwin. 2006. Rush University 
guidelines and protocols for the management of hyperglycemia in hospitalized 
patients: elimination of the sliding scale and improvement of glycemic control 
throughout the hospital. Diabetes Educ 32 (6):954-62. 

Dortch, M. J., N. T. Mowery, A. Ozdas, L. Dossett, H. Cao, B. Collier, G. Holder, R. A. Miller, 
and A. K. May. 2008. A Computerized Insulin Infusion Titration Protocol Improves 
Glucose Control With Less Hypoglycemia Compared to a Manual Titration 
Protocol in a Trauma Intensive Care Unit. JPEN J Parenter Enteral Nutr 32 (1):18-27. 

Finfer S., D.R. Chittock, S.Y. Su, et al. 2009. Intensive versus conventional glucose control in 
critically ill patients. N Engl J Med 360(13):1283-97. 

Fischer, K F, J A Lees, and J H Newman. 1986. Hypoglycemia in hospitalized patients. N 
Engl J Med 315:1245-50. 

Garg, R., H. Bhutani, A. Jarry, and M. Pendergrass. 2007. Provider response to insulin-
induced hypoglycemia in hospitalized patients. J Hosp Med 2 (4):258-60. 

Hermansen, K., M. Davies, T. Derezinski, G. Martinez Ravn, P. Clauson, and P. Home. 2006. 
A 26-week, randomized, parallel, treat-to-target trial comparing insulin detemir 
with NPH insulin as add-on therapy to oral glucose-lowering drugs in insulin-
naive people with type 2 diabetes. Diabetes Care 29 (6):1269-74. 

Hermayer, K.L., D.E. Neal, T.V. Hushion, M.G. Irving, P.C. Arnold, L.Kozlowski, M.R. 
Stroud, F.B. Kerr, and J.M. Kratz. 2007. Outcomes of a Cardiothoracic Intensive 
Care Web-Based Online Intravenous Insulin Infusion Calculator Study at a Medical 
University Hospital. Diabetes Technology & Therapeutics 9:523-534. 

Hermayer, K.L., P. Cawley, P. Arnold, A. Sutton, J. Crudup, L. Kozlowski, and T.V. 
Hushion. 2009. Impact of improvement efforts on glycemic control and 
hypoglycemia at a university medical center. J. Hosp. Med. 4 (6):331-339. 

Hirsch, I.B. 2005. Insulin analogues. N Engl J Med. 352(2):174-83. 
Juneja, R., C. Roudebush, N. Kumar, A. Macy, A. Golas, D. Wall, C. Wolverton, D. Nelson, J. 

Carroll, and S. Flanders. 2007. Utilization of a computerized intravenous insulin 
infusion program to control blood glucose in the intensive care unit. Diabetes 
Technol Ther 9:232-240. 

Jungmann E. 2005. Intensified insulin therapy of type 2 diabetes mellitus:  pre- or 
postprandial injection of aspart insulin?  Dtsch Med Wochenschr 130(20):1254-1257. 

Kagansky, N, S Levy, E Rimon, L Cojocaru, A Fridman, Z Ozer, and H Knobler. 2003. 
Hypoglycemia as a predictor of mortality in hospitalized elderly patients. Arch 
Intern Med 163:1825-1829. 

Kitabchi, A. E., G. E. Umpierrez, J. M. Miles, and J. N. Fisher. 2009. Hyperglycemic crises in 
adult patients with diabetes. Diabetes Care 32 (7):1335-43. 

Prevention of Hospital Hypoglycemia by Algorithm  
Design: A Programming Pathway for Electronic Order Entry 205 

Kazempour-Ardebili, S., V. L. Lecamwasam, T. Dassanyake, A. H. Frankel, F. W. K. Tam, A. 
Dornhorst, G. Frost, and J. J. O. Turner. 2009. Assessing Glycemic Control in 
Maintenance Hemodialysis Patients With Type 2 Diabetes. Diabetes Care 32 (7):1137. 

Korytkowski, M. T., R. J. Salata, G. L. Koerbel, F. Selzer, E. Karslioglu, A. M. Idriss, K. K.W. 
Lee, A. J. Moser, and F. G.S. Toledo. 2009. Insulin Therapy and Glycemic Control in 
Hospitalized Patients With Diabetes During Enteral Nutrition Therapy: A 
randomized controlled clinical trial. Diabetes Care 32 (4):594-596. 

Kosiborod, M, S.E. Inzucchi, H.M. Krumholz, L. Xiao, P.G. Jones, S. Fiske, F.A. Masoudi, S.P. 
Marso, J.S. Spertus. 2008. Glucometrics in patients hospitalized with acute 
myocardial infarction: defining the optimal outcomes-based measure of risk. 
Circulation 117(8):1018-27. 

Kosiborod, M., S.E. Inzucchi, A. Goyal, H.M. Krumholz, F.A. Masoudi, L. Xiao, and J.A. Spertus. 
2009. Relationship between spontaneous and iatrogenic hypoglycemia and mortality in 
patients hospitalized with acute myocardial infarction. JAMA 301 (15):1556-64. 

Krinsley, J. S., and A. Grover. 2007. Severe hypoglycemia in critically ill patients: risk factors 
and outcomes. Crit Care Med 35 (10):2262-7. 

Lee, J., B. Clay, Z. Zelazny, and G. Maynard. 2008. Indication-based ordering: a new paradigm 
for glycemic control in hospitalized inpatients. J Diabetes Sci Technol 2 (3):349-56. 

Maynard, G. A., M. P. Huynh, and M. Renvall. 2008. Iatrogenic Inpatient Hypoglycemia: Risk 
Factors, Treatment, and Prevention: Analysis of Current Practice at an Academic 
Medical Center With Implications for Improvement Efforts. Diabetes Spectr 21 (4):241-247. 

Maynard, G., J. Lee, G. Phillips, E. Fink, and M. Renvall. 2009. Improved inpatient use of 
basal insulin, reduced hypoglycemia, and improved glycemic control: effect of 
structured subcutaneous insulin orders and an insulin management algorithm. J 
Hosp Med 4 (1):3-15.  

Moghissi E.S., M.T. Korytkowski, M. DiNardo, et al. 2009. American Association of Clinical 
Endocrinologists and American Diabetes Association Consensus Statement on 
Inpatient Glycemic Control. Endocrine Practice 15(4):1-17. 

Mucha, G. T., S. Merkel, W. Thomas, and J. P. Bantle. 2004. Fasting and Insulin Glargine in 
Individuals With Type 1 Diabetes. Diabetes Care 27 (5):1209-1210. 

Mudaliar, S., P. Mohideen, R. Deutsch, T. P. Ciaraldi, D. Armstrong, B. Kim, X. Sha, and R. 
R. Henry. 2002. Intravenous Glargine and Regular Insulin Have Similar Effects on 
Endogenous Glucose Output and Peripheral Activation/Deactivation Kinetic 
Profiles. Diabetes Care 25 (9):1597-1602. 

Olson, R. P., M. A. Bethel, and L. Lien. 2009. Preoperative hypoglycemia in a patient 
receiving insulin detemir. Anesth Analg 108 (6):1836-8. 

Osburne, R. C., C. B. Cook, L. Stockton, M. Baird, V. Harmon, A. Keddo, T. Pounds, L. 
Lowey, J. Reid, K. A. McGowan, and P. C. Davidson. 2006. Improving 
Hyperglycemia Management in the Intensive Care Unit: Preliminary Report of a 
Nurse-Driven Quality Improvement Project Using a Redesigned Insulin Infusion 
Algorithm. The Diabetes Educator 32 (3):394-403. 

Rayman, G., V. Profozic, M. Middle. 2006. Insulin glulisine imparts effective glycaemic 
control in patients with Type 2 diabetes. Diabetes Res Clin Pract. 76(2):304-312. 

Rosenstock, J., G. Dailey, M. Massi-Benedetti, A. Fritsche, Z. Lin, and A. Salzman. 2005. 
Reduced hypoglycemia risk with insulin glargine: a meta-analysis comparing insulin 
glargine with human NPH insulin in type 2 diabetes. Diabetes Care 28 (4):950-5. 

Scalea, T. M., G. V. Bochicchio, K. M. Bochicchio, S. B. Johnson, M. Joshi, and A. Pyle. 2007. 
Tight glycemic control in critically injured trauma patients. Ann Surg 246 (4):605-10; 
discussion 610-2. 



 
Diabetes – Damages and Treatments 206 

Schnipper, J. L., C. D. Ndumele, C. L. Liang, and M. L. Pendergrass. 2009. Effects of a 
subcutaneous insulin protocol, clinical education, and computerized order set on 
the quality of inpatient management of hyperglycemia: results of a clinical trial. J 
Hosp Med 4 (1):16-27. 

Schnipper, J. L., C. L. Liang, C. D. Ndumele, and M. L. Pendergrass. 2010. Effects of a 
computerized order set on the inpatient management of hyperglycemia: a cluster-
randomized controlled trial. Endocr Pract 16 (2):209-18. 

Smith, W. D., A. G. Winterstein, T. Johns, E.Rosenberg, and B. C. Sauer. 2005. Causes of 
hyperglycemia and hypoglycemia in adult inpatients. Am J Health Syst Pharm 62 
(7):714-719. 

Stagnaro-Green, A, M K Barton, P L Linekin, E Corkery, K deBeer, and S H Roman. 1995. 
Mortalilty in hospitalized patients with hypoglycemia and severe hyperglycemia. 
Mount Sinai Journal of Medicine 62 (6):422-426. 

Thompson, C. L., K. C. Dunn, M. C. Menon, L. E. Kearns, and S. S. Braithwaite. 2005. 
Hyperglycemia in the Hospital. Diabetes Spectr 18 (1):20-27. 

Turchin, A., M. E. Matheny, M. Shubina, J. V. Scanlon, B. Greenwood, and M. L. 
Pendergrass. 2009. Hypoglycemia and clinical outcomes in patients with diabetes 
hospitalized in the general ward. Diabetes Care 32 (7):1153-7. 

Trujillo, J. M., E. E. Barsky, B. C. Greenwood, S. A. Wahlstrom, S. Shaykevich, M. L. 
Pendergrass, and J. L. Schnipper. 2008. Improving glycemic control in medical 
inpatients: a pilot study. J Hosp Med 3 (1):55-63. 

Umpierrez, G. E., J. P. Kelly, J. E. Navarrete, M. M. C. Casals, and A. E. Kitabchi. 1997. 
Hyperglycemic Crises in Urban Blacks. Archives of Internal Medicine 157 (6):669-675. 

Umpierrez, G. E., D. Smiley, A. Zisman, L. M. Prieto, A. Palacio, M. Ceron, A. Puig, and R. Mejia. 
2007. Randomized Study of Basal-Bolus Insulin Therapy in the Inpatient Management 
of Patients With Type 2 Diabetes (RABBIT 2 Trial). Diabetes Care 30 (9):2181-2186. 

Umpierrez, G. E., D. Smiley, S. Jacobs, L. Peng, A. Temponi, P. Mulligan, D. Umpierrez, C. 
Newton, D. Olson, and M. Rizzo. 2011. Randomized Study of Basal Bolus Insulin 
Therapy in the Inpatient Management of Patients With Type 2 Diabetes 
Undergoing General Surgery (RABBIT 2 Surgery). Diabetes Care 34 (2):256-261. 

Van den Berghe, G., A. Wilmer, I. Milants, P. J. Wouters, B. Bouckaert, F. Bruyninckx, R.Bouillon, 
and M. Schetz. 2006. Intensive Insulin Therapy in Mixed Medical/Surgical Intensive 
Care Units: Benefit Versus Harm. Diabetes 55 (11):3151-3159. 

Varghese, P., V. Gleason, R. Sorokin, C. Senholzi, S. Jabbour, and J. E. Gottlieb. 2007. 
Hypoglycemia in hospitalized patients treated with antihyperglycemic agents. J 
Hosp Med 2 (4):234-40. 

Velussi, M. 2002. Lispro insulin treatment in comparison with regular human insulin in type 
2 diabetic patients living in nursing homes. Diabetes Nutr Metab 15 (2):96-100. 

Vriesendorp, T., S. van Santen, H. De Vries, E. de Jonge, F. Rosendaal, M. Schultz, and J. 
Hoekstra. 2006. Predisposing factors for hypoglycemia in the intensive care unit. 
Crit Care Med 34 (1):96-101. 

Wexler, D. J., J. B. Meigs, E. Cagliero, D. M. Nathan, and R. W. Grant. 2007. Prevalence of 
Hyper- and Hypoglycemia Among Inpatients With Diabetes: A national survey of 
44 U.S. hospitals. Diabetes Care 30 (2):367-369. 

Wexler, Deborah J., Peter Shrader, Sean M. Burns, and Enrico Cagliero. 2010. Effectiveness 
of a Computerized Insulin Order Template in General Medical Inpatients With 
Type 2 Diabetes. Diabetes Care 33 (10):2181-2183. 

0

Hypoglycemia Prevention in Closed-Loop
Artificial Pancreas for Patients

with Type 1 Diabetes

Amjad Abu-Rmileh1 and Winston Garcia-Gabin2

1Research Group on Statistics, Applied Economics and Health (GRECS),
University of Girona

2Automatic Control Laboratory, KTH Royal Institute of Technology
1Spain

2Sweden

1. Introduction

The current chapter addresses the problem of hypoglycemia in type 1 diabetes from
biomedical and control engineering points of view. It gives a general introduction to the
artificial pancreas system, and the risk of hypoglycemia in closed-loop insulin treatment.
Then, it provides a review on the state of the art in hypoglycemia control, and the recent
approaches in dealing with hypoglycemia in closed-loop artificial pancreas systems. Next,
different control techniques that can be used to minimize the risk of hypoglycemia and
improve the control outputs are presented.
Since the Diabetes Control and Complications Trial (DCCT), tight glycemic control has been
established as the control objective in the treatment of patients with type 1 diabetes mellitus
(T1DM) (DCCT Research Group (1993)), except if some contraindication exists. However,
there still lacks a universal, efficient and safe system able to normalize the glucose levels of
patients. The intensive insulin therapy required to achieve the tight glycemic control, based
on the injection of basal and bolus insulin to reproduce its physiological secretion, has as
counteraction an increase in the risk of significant and severe hypoglycemia with all their
consequences. Therefore, hypoglycemia is considered as one of the major limiting factors in
achieving tight glycemic control in T1DM (Cryer (2008)).
With the inability of conventional therapy to achieve satisfactory glycemic control, and the
development in continuous glucose monitoring (CGM) systems and the increasing use of
insulin pumps, the idea of developing an artificial pancreas is viewed as the ideal solution
for glycemic control in T1DM (Bequette (2005); Hovorka et al. (2006); Kumareswaran et al.
(2009)). The artificial pancreas is an automated closed-loop system that maintains blood
glucose levels within the desired range and prevents hypoglycemia, while minimizing or
eliminating the need for patient intervention. The artificial pancreas replaces the β-cells
functions in glucose sensing and insulin delivery. It consists of three main components
(Figure 1): a glucose sensor to measure glucose concentration, a pump for insulin delivery,
and a closed-loop control algorithm to bridge between the glucose measurements and the
dose of insulin to be delivered. As other medical devices, the architecture of closed-loop

11



 
Diabetes – Damages and Treatments 206 

Schnipper, J. L., C. D. Ndumele, C. L. Liang, and M. L. Pendergrass. 2009. Effects of a 
subcutaneous insulin protocol, clinical education, and computerized order set on 
the quality of inpatient management of hyperglycemia: results of a clinical trial. J 
Hosp Med 4 (1):16-27. 

Schnipper, J. L., C. L. Liang, C. D. Ndumele, and M. L. Pendergrass. 2010. Effects of a 
computerized order set on the inpatient management of hyperglycemia: a cluster-
randomized controlled trial. Endocr Pract 16 (2):209-18. 

Smith, W. D., A. G. Winterstein, T. Johns, E.Rosenberg, and B. C. Sauer. 2005. Causes of 
hyperglycemia and hypoglycemia in adult inpatients. Am J Health Syst Pharm 62 
(7):714-719. 

Stagnaro-Green, A, M K Barton, P L Linekin, E Corkery, K deBeer, and S H Roman. 1995. 
Mortalilty in hospitalized patients with hypoglycemia and severe hyperglycemia. 
Mount Sinai Journal of Medicine 62 (6):422-426. 

Thompson, C. L., K. C. Dunn, M. C. Menon, L. E. Kearns, and S. S. Braithwaite. 2005. 
Hyperglycemia in the Hospital. Diabetes Spectr 18 (1):20-27. 

Turchin, A., M. E. Matheny, M. Shubina, J. V. Scanlon, B. Greenwood, and M. L. 
Pendergrass. 2009. Hypoglycemia and clinical outcomes in patients with diabetes 
hospitalized in the general ward. Diabetes Care 32 (7):1153-7. 

Trujillo, J. M., E. E. Barsky, B. C. Greenwood, S. A. Wahlstrom, S. Shaykevich, M. L. 
Pendergrass, and J. L. Schnipper. 2008. Improving glycemic control in medical 
inpatients: a pilot study. J Hosp Med 3 (1):55-63. 

Umpierrez, G. E., J. P. Kelly, J. E. Navarrete, M. M. C. Casals, and A. E. Kitabchi. 1997. 
Hyperglycemic Crises in Urban Blacks. Archives of Internal Medicine 157 (6):669-675. 

Umpierrez, G. E., D. Smiley, A. Zisman, L. M. Prieto, A. Palacio, M. Ceron, A. Puig, and R. Mejia. 
2007. Randomized Study of Basal-Bolus Insulin Therapy in the Inpatient Management 
of Patients With Type 2 Diabetes (RABBIT 2 Trial). Diabetes Care 30 (9):2181-2186. 

Umpierrez, G. E., D. Smiley, S. Jacobs, L. Peng, A. Temponi, P. Mulligan, D. Umpierrez, C. 
Newton, D. Olson, and M. Rizzo. 2011. Randomized Study of Basal Bolus Insulin 
Therapy in the Inpatient Management of Patients With Type 2 Diabetes 
Undergoing General Surgery (RABBIT 2 Surgery). Diabetes Care 34 (2):256-261. 

Van den Berghe, G., A. Wilmer, I. Milants, P. J. Wouters, B. Bouckaert, F. Bruyninckx, R.Bouillon, 
and M. Schetz. 2006. Intensive Insulin Therapy in Mixed Medical/Surgical Intensive 
Care Units: Benefit Versus Harm. Diabetes 55 (11):3151-3159. 

Varghese, P., V. Gleason, R. Sorokin, C. Senholzi, S. Jabbour, and J. E. Gottlieb. 2007. 
Hypoglycemia in hospitalized patients treated with antihyperglycemic agents. J 
Hosp Med 2 (4):234-40. 

Velussi, M. 2002. Lispro insulin treatment in comparison with regular human insulin in type 
2 diabetic patients living in nursing homes. Diabetes Nutr Metab 15 (2):96-100. 

Vriesendorp, T., S. van Santen, H. De Vries, E. de Jonge, F. Rosendaal, M. Schultz, and J. 
Hoekstra. 2006. Predisposing factors for hypoglycemia in the intensive care unit. 
Crit Care Med 34 (1):96-101. 

Wexler, D. J., J. B. Meigs, E. Cagliero, D. M. Nathan, and R. W. Grant. 2007. Prevalence of 
Hyper- and Hypoglycemia Among Inpatients With Diabetes: A national survey of 
44 U.S. hospitals. Diabetes Care 30 (2):367-369. 

Wexler, Deborah J., Peter Shrader, Sean M. Burns, and Enrico Cagliero. 2010. Effectiveness 
of a Computerized Insulin Order Template in General Medical Inpatients With 
Type 2 Diabetes. Diabetes Care 33 (10):2181-2183. 

0

Hypoglycemia Prevention in Closed-Loop
Artificial Pancreas for Patients

with Type 1 Diabetes

Amjad Abu-Rmileh1 and Winston Garcia-Gabin2

1Research Group on Statistics, Applied Economics and Health (GRECS),
University of Girona

2Automatic Control Laboratory, KTH Royal Institute of Technology
1Spain

2Sweden

1. Introduction

The current chapter addresses the problem of hypoglycemia in type 1 diabetes from
biomedical and control engineering points of view. It gives a general introduction to the
artificial pancreas system, and the risk of hypoglycemia in closed-loop insulin treatment.
Then, it provides a review on the state of the art in hypoglycemia control, and the recent
approaches in dealing with hypoglycemia in closed-loop artificial pancreas systems. Next,
different control techniques that can be used to minimize the risk of hypoglycemia and
improve the control outputs are presented.
Since the Diabetes Control and Complications Trial (DCCT), tight glycemic control has been
established as the control objective in the treatment of patients with type 1 diabetes mellitus
(T1DM) (DCCT Research Group (1993)), except if some contraindication exists. However,
there still lacks a universal, efficient and safe system able to normalize the glucose levels of
patients. The intensive insulin therapy required to achieve the tight glycemic control, based
on the injection of basal and bolus insulin to reproduce its physiological secretion, has as
counteraction an increase in the risk of significant and severe hypoglycemia with all their
consequences. Therefore, hypoglycemia is considered as one of the major limiting factors in
achieving tight glycemic control in T1DM (Cryer (2008)).
With the inability of conventional therapy to achieve satisfactory glycemic control, and the
development in continuous glucose monitoring (CGM) systems and the increasing use of
insulin pumps, the idea of developing an artificial pancreas is viewed as the ideal solution
for glycemic control in T1DM (Bequette (2005); Hovorka et al. (2006); Kumareswaran et al.
(2009)). The artificial pancreas is an automated closed-loop system that maintains blood
glucose levels within the desired range and prevents hypoglycemia, while minimizing or
eliminating the need for patient intervention. The artificial pancreas replaces the β-cells
functions in glucose sensing and insulin delivery. It consists of three main components
(Figure 1): a glucose sensor to measure glucose concentration, a pump for insulin delivery,
and a closed-loop control algorithm to bridge between the glucose measurements and the
dose of insulin to be delivered. As other medical devices, the architecture of closed-loop
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artificial pancreas should include strict safety measures implemented as safety module or
supervision system, to evaluate the performance of the control algorithm and apply fault
detection techniques (Doyle III et al. (2007)).

Feedback
controller Patient

G lucose
target

insulin
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glucose

Feedforward
controller Meal

Pump
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System

Fig. 1. Artificial pancreas components with patient in the loop. Control algorithm may use
feedback or feedforward-feedback control loops

Closed-loop control of blood glucose has been a subject of continuous research for more than
40 years, however, till now no commercially available product does exist. The continuous
subcutaneous insulin infusion (CSII) pumps are being widely used, and a number of CGM
systems have received regulatory approval (Kumareswaran et al. (2009)). Although the
sensors and pumps systems still have some limitations, their use in an open-loop combination
resulted in better clinical outcomes over conventional injections therapy (Klonoff (2005);
Kumareswaran et al. (2009)). Thus, the primary limitations to develop such an artificial
pancreas are the development of reliable closed-loop control algorithms, and the availability
of robust and precise glucose sensors. However, recent research in the development of the
artificial pancreas suggests that types of the automatic glucose control system are likely to
come to market in the near future.

1.1 Patient modeling
The artificial pancreas automatically regulates the blood glucose level based on the glucose
measurements, the insulin infusions and in model-based control approaches, on the
mathematical insulin-glucose model (diabetic patient model) used to design the controller.
Also, these models are essential for testing and validating the artificial pancreas in simulation
studies (i.e. in-silico) before putting it into clinical use with real patients. Thus, one essential
task in the development of artificial pancreas is to obtain a model of T1DM patient, which can
help in the development of a closed-loop control system.
Several models with different structures and degrees of complexity are being used to describe
the glucoregulatory system - mainly as insulin-glucose and meal-glucose relationships - in
T1DM. Most of these are first principle models represented by differential and algebraic
equations and based on existing knowledge and hypotheses regarding the underlying
physiological system. Among the models that have been frequently used to represent the
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diabetic patient in artificial pancreas studies are: the Meal model (Dalla Man et al. (2006;
2007)), Hovorka model (Hovorka et al. (2004; 2002)), the minimal model (Bergman et al. (1979)),
and Sorensen model (Sorensen (1985)). Extensive reviews on available models can be found
in Chee & Fernando (2007) and Cobelli et al. (2009). Some of these models have been
implemented in simulation environments designed to support the development of the
closed-loop artificial pancreas (Kovatchev et al. (2009); Wilinska et al. (2010)).
Due to the complex nature of the insulin-glucose system, different empirical models have
been proposed to relate insulin input to glucose response (see for example Eren-Oruklu et al.
(2009b); Finan et al. (2009)). Empirical models develop a functional relationship between
insulin and glucose based on empirical observations (i.e. collected patient data). These models
do not describe the physiological model, but they explicitly address inter-patient variability
since the data-driven model is specific to individual patient dynamics. Empirical models are
more suitable for real-time parameter estimation and updating due to their simple structure
in comparison with complex first order models.

1.2 Control problems
The feasibility of closed-loop artificial pancreas systems and their advantage over
conventional treatment has been proved in several clinical studies (Atlas et al. (2010);
Clarke et al. (2009); Hovorka et al. (2010); Steil et al. (2011; 2006); Weinzimer et al. (2008)),
and a wide spectrum of control algorithms has been proposed to close the control loop,
including classical and modern control strategies. Many reviews on closed-loop algorithms
are available, see for example (Bequette (2005); Chee & Fernando (2007); Doyle III et al. (2007);
El-Youssef et al. (2009); Takahashi et al. (2008)).
However, blood glucose control in T1DM is still one of the difficult control problems to be
solved in biomedical engineering. In addition to the inherent complexity of glucoregulatory
system, which includes the presence of nonlinearities, and time-varying and patient-specific
dynamics, there exist other problems, such as noisy measurements, limitations of the models
used to develop the control algorithms, as well as the limitations of the subcutaneous route
used for glucose sensing and insulin delivery (e.g. technological and physiological delays and
subcutaneous tissues dynamics). The aforementioned challenges make it very difficult to find
a general and reliable solution to the nonlinear problem of glycemic control. Therefore, the
design of a robust closed-loop control algorithm is an essential step for the progress of the
artificial pancreas.
For closed-loop artificial pancreas system to be optimal and replicate the normal insulin
secretion, the insulin therapy should respect the fact that hypoglycemia is not a naturally
occurring episode in T1DM. Also, hypoglycemia is believed to be more dangerous in short
term than hyperglycemia. Therefore, in order to achieve tight control while not substituting
the problem of hyperglycemia for the life-threatening hypoglycemia, the insulin therapy
in T1DM should be optimized so that it reduces the risk of hyperglycemic events in both
frequency and magnitude, without provoking significant or severe hypoglycemia as a result
of excessive or ill-timed insulin infusion.

2. Hypoglycemia in closed-loop artificial pancreas

Hypoglycemia is the most common complication of insulin therapy in T1DM and
continuously limits the efforts to improve glycemic control. Therefore, hypoglycemia
prevention should be unavoidably considered among the main objectives in the development
of the closed-loop artificial pancreas systems. Severe hypoglycemia episodes are a
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well-known cause of death in diabetic patients, and are more commonly seen during the
night than during the day. Given that the first generations of the artificial pancreas are not
expected to achieve complete regulation of the glucose levels during the 24 hours period,
first generations of the artificial pancreas might be focusing on critical aspects like preventing
hypoglycemia episodes during night (Hovorka et al. (2010)).
Currently, the vast majority of closed-loop artificial pancreas works focuses on the
achievement of tight control during daily life conditions (i.e. 24 hours control), and
therefore addresses both hyper- and hypoglycemia in fasting and postprandial conditions.
Various strategies are employed in these works to avoid fasting, postprandial and nocturnal
hypoglycemia. Mostly, the control algorithms use changes in the target blood glucose to adjust
the doses of insulin to prevent hypoglycemia (i.e. higher target glucose level during night
and postprandial periods) (Eren-Oruklu et al. (2009a); Marchetti et al. (2008); Weinzimer et al.
(2008)). In other works, hypoglycemia prediction algorithms were tested, and short-term
suspension of insulin pump was used as safety approach when hypoglycemia is predicted
(Lee & Bequette (2009)). Also, variations in insulin sensitivity during the day (due to the 24
hours circadian cycle in insulin sensitivity), have been considered in the design of artificial
pancreas control algorithms, and used to adjust the basal insulin requirements during the day
(Garcia-Gabin et al. (2009); Steil et al. (2003); Wang et al. (2009)).
Another strategy used to avoid hypoglycemia is the double hormone closed-loop system,
which uses glucagon infusion in response to low glucose levels. In T1DM, insulin
deficiency is often accompanied by the loss of glucagon secretory response to hypoglycemia.
Furthermore, insulin therapy causes even more degradation in the functionality of other
counterregulatory hormones (Briscoe & Davis (2006)), and consequently, results in higher
possibility for hypoglycemic risk. Different artificial pancreas studies have demonstrated that
glucagon infusion significantly reduces the risk of insulin-induced hypoglycemia in T1DM
(Castle et al. (2010); El-Khatib et al. (2009; 2010); Ward et al. (2008)).

2.1 Overnight hypoglycemia control
Overnight closed-loop insulin delivery has received great interest because it addresses
the critical problem of nocturnal hypoglycemia. Furthermore, prevention of nocturnal
hypoglycemia and achieving good control overnight can help in improving the quality
of glycemic control during the day (Hovorka et al. (2010)) (e.g. starting the day with
acceptable glucose levels). A number of clinical and in-silico studies attempts to deal with the
hypoglycemia prevention - mainly nocturnal hypoglycemia - as the primary control objective.
In (Wilinska et al. (2009)), a manual closed-loop insulin delivery system was employed during
night period using model predictive control (MPC) algorithm and CGM measurements (CGM
readings were provided to the MPC by medical staff), and aimed at regulating glucose level
overnight to avoid nocturnal hypoglycemia. In (Hovorka et al. (2010)), the system was tested
in a clinical study with children and adolescents. Earlier version of this MPC algorithm was
tested in previous clinical study to evaluate its control and prediction performance during
fasting conditions (Shaller et al. (2006)). An automated closed-loop insulin delivery system
was tested in a multinational clinical trial (Bruttomesso et al. (2009); Clarke et al. (2009)). The
system used a personalized MPC algorithm developed in (Magni et al. (2007)). The system
was developed completely in-silico and then tested in the clinical trial.
The studies concluded that the MPC algorithm is well suited for glucose control under fasting
and overnight conditions in T1DM patients. The studies showed that the artificial pancreas
is superior to open-loop control in preventing overnight hypoglycemia where significant
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reduction in overnight hypoglycemia episodes was observed with closed-loop control in
comparison with standard therapy. Also, during closed-loop period, the blood glucose level
was within the target glycemic range for a longer time period, and the frequency of low
glucose values was reduced.

2.2 Hypoglycemia alarm systems
Beside control algorithms, several algorithms for hypoglycemia detection and prediction
are proposed as alarm systems to avoid hypoglycemia. The progress in CGM systems
has made it possible to develop such real-time algorithms to reduce the hypoglycemic
risk. These algorithms can be used to detect occurring hypoglycemia or warn about
a pending hypoglycemic episode. The algorithms are based mainly on a combination
of CGM data and a set of defined threshold of glucose and glucose rate of change.
Different estimation and prediction approaches (e.g. linear and statistical prediction,
Kalman filter optimal estimation, time series, etc.) have been proposed to develop these
algorithms (Buckingham et al. (2009); Cameron et al. (2008); Hughes et al. (2010); Palerm et al.
(2005); Sparacino et al. (2007)). Nguyen et al. (2009) used a specialized sensor (Hypoglycemia
monitor) for nocturnal hypoglycemia detection, based on bayesian neural networks approach.
The sensor measures specific physiological parameters continuously trying to detect the
hypoglycemic events. In Skladnev et al. (2010), a data fusion approach was used to enhance
the hypoglycemia alarm of CGM systems. The CGM information (data and alarms) was fused
with autonomic nervous system responses that were detected by the specialized Hypoglycemia
monitor. The data fusion method was able to improve nocturnal hypoglycemia alarms, and
reduced the number of undetected hypoglycemic events.
Hypoglycemia prediction/detection algorithms are usually coupled with specific supporting
actions to improve their efficiency in preventing hypoglycemia. Different actions have
been proposed, such as gradual insulin attenuation (Hughes et al. (2010)), pump suspension
(Buckingham et al. (2009); Lee & Bequette (2009)), glucose infusion (Choleau et al. (2002)), and
audible (Buckingham et al. (2009); Weinzimer et al. (2008)) or visual (Hughes et al. (2010))
alarms to alert the patient about actual or impending hypoglycemia. The statistical and linear
hypoglycemia predictors with pump suspension algorithm proposed in (Buckingham et al.
(2009)) were used in a clinical study, and proved to be effective in preventing hypoglycemia
without provoking rebound hyperglycemia after the suspension of the pump.

3. Hypoglycemia prevention by control algorithm improvement

To improve the performance of the closed-loop system, and significantly reduce the risk of
hypoglycemia, the control system of the artificial pancreas can be augmented with different
control techniques. Such techniques can be introduced either by modifying the controller
structure (i.e. internal), or by implementing the additional technique separately (i.e. external
component). The increased cost or complexity that could be added to the system by
incorporating such techniques can be justified by the improved performance of the system
in dealing with life-threatening hypoglycemia. Both external and internal techniques have
been tested and proved to provide satisfactory results, and to outperform the stand-alone
closed-loop controllers.

3.1 Model predictive control
Several studies have concluded that model predictive control (widely known as MPC) is
expected to be the core of closed-loop control algorithm in the near future artificial pancreas.
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Therefore, MPC is discussed in some details in this chapter. MPC is a control strategy that
has developed considerably over the past few decades. Basically, MPC is based on a model
of the system to be controlled. The model is used to predict the future system outputs,
based on the past and current values and on the proposed optimal future control actions.
These actions are calculated by optimizing a cost function where the future tracking error
is considered, as well as the system constraints if any (Maciejowski (2002)). MPC employs a
receding horizon strategy; repeated displacement of the time horizon, while only applying the
first control signal in the calculated sequence at each time step, with the rest of the sequence
being discarded.
MPC has many virtues that make it a competitive candidate for the blood glucose control
problem: (1) The prediction nature of MPC allows for anticipatory and careful insulin delivery
to avoid large fluctuations in glucose levels. Such feature is important for avoiding overdosing
and hypoglycemic risk. (2) The ability of MPC to handle constraints on system inputs and
outputs is a major advantage of MPC over other control strategies. These constraints are very
critical when dealing with the human body, and allow to satisfy hardware specifications of
the insulin pump. (3) The applicability of MPC to systems with time delays can be useful
to overcome the physiological and technological delays associated with the subcutaneous
route. (4) MPC allows the introduction of feedforward control action to compensate for
known sources of disturbance affecting the system, such as meal intake. These advantages
of MPC over other control strategies have promoted the use of MPC in the field of insulin
delivery. Different MPC schemes are being used in artificial pancreas research, where the
applicability of such control strategy has been demonstrated in in-silico studies (see for
instance (Abu-Rmileh et al., 2010a; Dua et al., 2009; Grosman et al., 2010; Hovorka et al., 2004;
Lee & Bequette, 2009; Magni et al., 2007; Parker et al., 1999)), and clinical trials as mentioned
earlier.

3.2 Unequal penalization
Closed-loop control schemes can be designed so that unequal penalties are used upon
hyperglycemia and hypoglycemia. The reason for such unequal penalties is that in diabetes
therapy, the performance requirement of a controller has asymmetric nature, as hypoglycemic
events are much less tolerable than hyperglycemia. Since hypoglycemia is believed to be more
life-threatening in the short term, the control algorithm should be more aggressive in avoiding
hypoglycemic episodes than in correcting hyperglycemic events.
MPC is one control strategy that permits to incorporate this kind of unequal penalization.
To achieve such requirements of asymmetrical response, an asymmetric cost function is
used in the optimization algorithm in MPC. The asymmetric cost function imposes different
weight on hypoglycemia than on hyperglycemia, in contrast to conventional cost functions
that impose the same weight on hypoglycemic and hyperglycemic events. As stated before,
MPC calculates the insulin control action uk, by optimizing a quadratic cost function,
penalizing predicted output deviations and control signal along some prediction horizons.
The asymmetric cost function has the form:

min
Δu

J =
Np

∑
j=1

�wy(ŷ(k + j|k)− r(k + j))�2 +
Nu

∑
j=1

�wΔu(Δu(k + j|k)�2 + qε2 (1)
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Subject to the following constraints:

umin ≤ uk ≤ umax

Δumin ≤ Δuk ≤ Δumax

ymin − εΦmin ≤ yk ≤ ymax + εΦmax (2)

where ŷ(k + j|k) is the j-step prediction of the output on data up to instant k, r(k + j) is the
target glucose level, Δu is the insulin input increment, Np and Nu are the prediction and
control horizons, and wΔu, wy are weights on the insulin increments and the error between
y(k) and r(k) respectively, ε is a slack variable used for output constraints softening (to avoid
infeasibility problems in the optimization), q is the weight on the slack variable ε, umin/max,
Δumin/max and ymin/max are the constraints imposed on the input, input increments, and
output respectively, and Φmin, Φmax are the relaxation variables.
The cost function in equation (1) is asymmetric in the sense that the lower and upper
output constraints are subjected to unequal relaxation bands and therefore, the constraints
have different levels of softness. The unequal softness levels could be achieved by
introducing the nonnegative relaxation variables Φmin, Φmax which represent the concern
for relaxing the corresponding constraint; the larger Φ, the softer the constraint. MPC with
asymmetric cost function was tested with different diabetic patient models, and showed
an excellent ability to minimize the hypoglycemic events, especially in postprandial period
(Abu-Rmileh & Garcia-Gabin (2010a;b); Kirchsteiger & Del Re (2009)). Kirchsteiger & Del Re
(2009) give a comparison between symmetric and asymmetric cost function MPC’s, where the
latter shows superior performance in avoiding hypoglycemia.
In Dua et al. (2009), a multi-programming MPC is used, and provided with different
techniques to avoid hypoglycemia. In the multi-programming approach, the optimization
problem in MPC is solved by searching for optimal solution within some valid regions
(search regions) defined by the constraints and the parameters of the cost function. The
main advantage of the multi-parametric MPC is that it provides the same performance as
traditional MPC with lower computational load. The controller is provided with asymmetric
cost function, and higher priority is given to the satisfaction of constraints imposed on
hypoglycemia. Another type of asymmetric performance is presented in Grosman et al. (2010)
to minimize the undesirable hypoglycemic and hyperglycemic events. The proposed MPC
uses a glycemic zone rather than a fixed glucose level as a target (Zone-MPC). Three different
zones are defined (permitted, lower, and upper zones), where the control objective is adjusting
the insulin input to maintain glucose level within the permitted zone.

3.3 Gain scheduling
Gain scheduling (GS) is a well-known technique for controlling nonlinear systems by linear
controllers. Briefly, GS is one of the simplest forms of adaptive control that employs different
control structures in the different operating ranges of the nonlinear system. In glucose
control, GS was inspired from the natural pancreas where the level of insulin activity varies
between different glycemic ranges; being dominant in the hyperglycemic range, in balance
with glucagon action in normoglycemia, and almost inactive in the hypoglycemic range where
glucagon is dominant.
From an engineering perspective, a simple nonlinearity test (e.g. steady state insulin-glucose
relationship) can be used to show that insulin has a nonlinear effect on blood glucose in
different glycemic ranges (see Figure 2). Linear control algorithms are intended to control
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Np

∑
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�wy(ŷ(k + j|k)− r(k + j))�2 +
Nu

∑
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�wΔu(Δu(k + j|k)�2 + qε2 (1)
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problem in MPC is solved by searching for optimal solution within some valid regions
(search regions) defined by the constraints and the parameters of the cost function. The
main advantage of the multi-parametric MPC is that it provides the same performance as
traditional MPC with lower computational load. The controller is provided with asymmetric
cost function, and higher priority is given to the satisfaction of constraints imposed on
hypoglycemia. Another type of asymmetric performance is presented in Grosman et al. (2010)
to minimize the undesirable hypoglycemic and hyperglycemic events. The proposed MPC
uses a glycemic zone rather than a fixed glucose level as a target (Zone-MPC). Three different
zones are defined (permitted, lower, and upper zones), where the control objective is adjusting
the insulin input to maintain glucose level within the permitted zone.

3.3 Gain scheduling
Gain scheduling (GS) is a well-known technique for controlling nonlinear systems by linear
controllers. Briefly, GS is one of the simplest forms of adaptive control that employs different
control structures in the different operating ranges of the nonlinear system. In glucose
control, GS was inspired from the natural pancreas where the level of insulin activity varies
between different glycemic ranges; being dominant in the hyperglycemic range, in balance
with glucagon action in normoglycemia, and almost inactive in the hypoglycemic range where
glucagon is dominant.
From an engineering perspective, a simple nonlinearity test (e.g. steady state insulin-glucose
relationship) can be used to show that insulin has a nonlinear effect on blood glucose in
different glycemic ranges (see Figure 2). Linear control algorithms are intended to control
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linear systems, and they usually offer poor results when used to control nonlinear systems
in regions far from where the linear model used was obtained. Therefore, nonlinear control
or multiple linear controllers should be applied to handle each glycemic range separately
and mimic the natural pancreas secretions. The use of multiple linear controllers by gain
scheduling approach is discussed here, while nonlinear control is addressed later in this
chapter.
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Fig. 2. Nonlinear steady-state insulin-glucose behavior in different models of diabetic
patients

The idea behind using the GS strategy in artificial pancreas is to use multiple linear controllers
to deal with the system nonlinear behavior and maintain the ability of handling each glycemic
range separately according to its dynamics. Since most of the closed-loop control strategies
use insulin only, the control algorithm should provide the different levels of insulin activity in
different glycemic ranges by employing the GS technique. GS scheme requires the assignation
of scheduling parameters that can be used to select the suitable linear controller for each range.
The GS strategy overcomes the limitations of the linear control approach which is only valid in
the neighborhood of a single operating point, and provides a performance similar to nonlinear
controllers with lower complexity.
A simplified diagram of the GS control is shown in Figure 3. As it can be seen in the figure, the
measured glucose level is used as a scheduling variable, and also delivered to the controllers
box as feedback signal. The controllers receive the desired glucose level (glucose target)
to calculate the required insulin based on the difference between target glucose and CGM
measurements, and the glycemic range defined by the GS selection. A control approach
combining linear MPC with GS was tested in (Abu-Rmileh & Garcia-Gabin (2010a;b)), and
proved to enhance the performance of the closed-loop controller in avoiding hypoglycemia.

3.4 Meal announcement
Regulation of blood glucose level after a meal is one of the main challenges for the fully
developed artificial pancreas. Meals usually lead to a significant glucose flux into the blood
stream. If feedback control is used to eliminate the meal effect, the controller reacts only after
a rise in glucose has occurred and been detected by the CGM sensor. Elevated glucose level
can lead to insulin overdosing, resulting in postprandial hypoglycemia (Steil et al. (2006)).
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Fig. 3. Gain scheduling control scheme; the CGM output is delivered to the controllers box as
a feedback signal, and to GS to select the controller to be used.

To avoid the limitation of purely reactive feedback control action and improve the controller
response against meal effect, feedforward control (i.e. meal announcement) can be used.
Feedforward is a well-known control technique used to eliminate the disturbance effect
when the source of disturbance can be measured. In blood glucose control, the meal intake
can be viewed as a known source of disturbance, and feedforward control can be used for
meal announcement. In case information is given to the artificial pancreas system about
the upcoming meal (size and time), a feedforward scheme may be implemented to deliver
additional meal-time insulin bolus (Figure 1).
For the design of the feedforward controller, the effect of meal on blood glucose level should
be modeled. The system model (insulin-glucose) in the feedforward element describes
or predicts how each change in insulin will affect glucose, while the disturbance model
(meal-glucose) is used to describe or predict how each change in meal will affect glucose.
Let Gs and Gd be the system and disturbance models respectively, the feedforward control
u f f is calculated as:

u f f = −Gd
Gs

× Meal (3)

Feedforward controllers can range from simple scaling multipliers (static feedforward)
to sophisticated differential equations (dynamic feedforward). Dynamic models give a
better description of actual system and disturbance behaviors, often achieving improved
disturbance rejection performance. However, the dynamic feedforward can be difficult
to obtain and implement. In specific control algorithms such as MPC, the feedforward
control signal can be calculated by the controller itself rather than using a separate
feedforward controller. If the meal effect is included in the prediction model of the MPC,
the controller predicts the future glucose levels as a function of insulin-glucose dynamics,
CGM measurements, and meal information. Consequently, the meal effect on blood glucose
will be considered in calculating the future insulin dose (i.e. predictive feedforward). In
this controller configuration, the insulin dose has two parts: feedback insulin delivered in
fasting conditions, and feedforward insulin bolus used at meal time to obtain better meal
compensation.
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linear systems, and they usually offer poor results when used to control nonlinear systems
in regions far from where the linear model used was obtained. Therefore, nonlinear control
or multiple linear controllers should be applied to handle each glycemic range separately
and mimic the natural pancreas secretions. The use of multiple linear controllers by gain
scheduling approach is discussed here, while nonlinear control is addressed later in this
chapter.
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patients

The idea behind using the GS strategy in artificial pancreas is to use multiple linear controllers
to deal with the system nonlinear behavior and maintain the ability of handling each glycemic
range separately according to its dynamics. Since most of the closed-loop control strategies
use insulin only, the control algorithm should provide the different levels of insulin activity in
different glycemic ranges by employing the GS technique. GS scheme requires the assignation
of scheduling parameters that can be used to select the suitable linear controller for each range.
The GS strategy overcomes the limitations of the linear control approach which is only valid in
the neighborhood of a single operating point, and provides a performance similar to nonlinear
controllers with lower complexity.
A simplified diagram of the GS control is shown in Figure 3. As it can be seen in the figure, the
measured glucose level is used as a scheduling variable, and also delivered to the controllers
box as feedback signal. The controllers receive the desired glucose level (glucose target)
to calculate the required insulin based on the difference between target glucose and CGM
measurements, and the glycemic range defined by the GS selection. A control approach
combining linear MPC with GS was tested in (Abu-Rmileh & Garcia-Gabin (2010a;b)), and
proved to enhance the performance of the closed-loop controller in avoiding hypoglycemia.

3.4 Meal announcement
Regulation of blood glucose level after a meal is one of the main challenges for the fully
developed artificial pancreas. Meals usually lead to a significant glucose flux into the blood
stream. If feedback control is used to eliminate the meal effect, the controller reacts only after
a rise in glucose has occurred and been detected by the CGM sensor. Elevated glucose level
can lead to insulin overdosing, resulting in postprandial hypoglycemia (Steil et al. (2006)).
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To avoid the limitation of purely reactive feedback control action and improve the controller
response against meal effect, feedforward control (i.e. meal announcement) can be used.
Feedforward is a well-known control technique used to eliminate the disturbance effect
when the source of disturbance can be measured. In blood glucose control, the meal intake
can be viewed as a known source of disturbance, and feedforward control can be used for
meal announcement. In case information is given to the artificial pancreas system about
the upcoming meal (size and time), a feedforward scheme may be implemented to deliver
additional meal-time insulin bolus (Figure 1).
For the design of the feedforward controller, the effect of meal on blood glucose level should
be modeled. The system model (insulin-glucose) in the feedforward element describes
or predicts how each change in insulin will affect glucose, while the disturbance model
(meal-glucose) is used to describe or predict how each change in meal will affect glucose.
Let Gs and Gd be the system and disturbance models respectively, the feedforward control
u f f is calculated as:

u f f = −Gd
Gs

× Meal (3)

Feedforward controllers can range from simple scaling multipliers (static feedforward)
to sophisticated differential equations (dynamic feedforward). Dynamic models give a
better description of actual system and disturbance behaviors, often achieving improved
disturbance rejection performance. However, the dynamic feedforward can be difficult
to obtain and implement. In specific control algorithms such as MPC, the feedforward
control signal can be calculated by the controller itself rather than using a separate
feedforward controller. If the meal effect is included in the prediction model of the MPC,
the controller predicts the future glucose levels as a function of insulin-glucose dynamics,
CGM measurements, and meal information. Consequently, the meal effect on blood glucose
will be considered in calculating the future insulin dose (i.e. predictive feedforward). In
this controller configuration, the insulin dose has two parts: feedback insulin delivered in
fasting conditions, and feedforward insulin bolus used at meal time to obtain better meal
compensation.
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The different configurations of feedforward (static, dynamic, and predictive) are being
used in the artificial pancreas research, and their feasibility in improving the overall
controller performance has been demonstrated in different clinical and simulation studies
(Abu-Rmileh & Garcia-Gabin (2010a;b); Abu-Rmileh et al. (2010b); Lee & Bequette (2009);
Marchetti et al. (2008); Weinzimer et al. (2008)). Since the feedforward action starts to deliver
insulin before the meal effect appears in the CGM feedback loop, lower fluctuations in glucose
levels are observed, with higher percentage of time within the acceptable glycemic range. An
example of the improved performance achieved with feedforward control is shown in Figure
4. Finally, it should be mentioned that meal announcement must be done carefully, since an
excess of insulin or badly-timed bolus may induce undesirable hypoglycemia episodes.
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3.5 Meal detection
Beside feedback and feedforward control, meal detection techniques can be used to deal
with meal challenge. Although feedforward-feedback control achieves better results than
feedback alone, it is not uncommon that patients forget to announce upcoming meals.
Therefore, a system for meal compensation that does not require information from the patient,
would be preferable. The CGM measurements along with a set of thresholds on glucose
levels and glucose rates of change (i.e. first and second derivative), can be used to build
meal detection/compensation algorithms. When a meal is detected, the algorithm can be
used to initiate extra meal-time insulin dose, or to activate an alarm for the patient. The
meal-time dose can be delivered as insulin bolus or micro boluses, or a gain scheduling
scheme can be used to adjust the controller output when a meal is detected. Meal detection
and CGM-activated insulin dose remove the need for patient’s interventions, and make the
closed-loop artificial pancreas fully automatic. Meal detection algorithms also reduce the
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hypoglycemic risk produced by erroneous insulin bolus or skipped meal, which may occur in
the case of feedforward meal announcement.
Three main types of meal detection algorithms currently exist. A voting scheme is used
in (Dassau et al. (2008)) to detect meals based on a combination of four different methods
for calculating glucose rates of change. Another algorithm is proposed in (Lee & Bequette
(2009); Lee et al. (2009)), where the meal detection algorithm is developed by using a finite
impulse response filter and a set of threshold values. The algorithm estimates the meal size
at the time of detection. Since the main objective of the development of meal detection
algorithms is the application to closed-loop artificial pancreas, Lee & Bequette (2009) tested
the design algorithm in combination with a MPC closed-loop controller, and demonstrated
that meal detection strategy is efficient and outperforms the stand-alone feedback control
scheme. Cameron et al. (2009) presented a probabilistic and evolving algorithm to detect the
meal and predict its shape, and to estimate the total appearance of glucose from the meal. The
algorithm has proved to enhance the meal-compensation ability of the feedback controller.

3.6 Time delay compensation
It is well-known that the time delay in the subcutaneous route is a major challenge
in the development of the artificial pancreas (Hovorka (2006)). Both physiological and
technological delays exist in glucose sensing and insulin delivery. Such time delays can result
in poorly controlled glucose since hypoglycemia can be induced and remains undetected
for a significant time period. In an attempt to eliminate or minimize the effect of time
delay, closed-loop control structures with time-delay compensation features can be used to
improve the control outputs and reduce the hypoglycemic risk produced by physiological
and technological delays.
Smith predictor structure is a control scheme that presents good properties in controlling
systems with long time delay. The idea behind Smith predictor is to incorporate the system
model within the closed-loop control structure (i.e. the system model becomes an explicit part
of the controller). Thus, the design of Smith predictor scheme requires a model of the system
dynamics and an estimate of the system time delay t0. In the Smith predictor scheme, there
are two parallel paths for the control signal u(t) (see Figure 5); one passing through the real
system (the patient), and one passing through the model of the system Gs. The function of
the parallel path containing the model is to generate the difference em(t) between the actual
system output y(t) and a model-based prediction of the control signal effect on the system
output ym(t). The Smith predictor uses the model to predict the delay-free response of the
system y−m(t). Then, it compares this prediction to the target glucose level r(t) to decide
what control actions are needed. To avoid drifting and reject external disturbances, the Smith
predictor also compares the actual system output with a prediction that takes the time delay
into account. The error em(t) contributes to the overall error signal e(t) delivered to the
feedback controller.
The Smith predictor structure has been recently used in artificial pancreas studies
(Abu-Rmileh et al. (2010a;b)). With an initial estimation of the time delay, the Smith
predictor shows the ability to minimize the effect of time delays and the associated risk of
hypoglycemia, and to enhance the controller performance. As mentioned before, the MPC
strategy, which has been extensively studied in artificial pancreas applications, is another
competitive control algorithm with inherited ability to deal with system time delays (Hovorka
(2006)).
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The different configurations of feedforward (static, dynamic, and predictive) are being
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Beside feedback and feedforward control, meal detection techniques can be used to deal
with meal challenge. Although feedforward-feedback control achieves better results than
feedback alone, it is not uncommon that patients forget to announce upcoming meals.
Therefore, a system for meal compensation that does not require information from the patient,
would be preferable. The CGM measurements along with a set of thresholds on glucose
levels and glucose rates of change (i.e. first and second derivative), can be used to build
meal detection/compensation algorithms. When a meal is detected, the algorithm can be
used to initiate extra meal-time insulin dose, or to activate an alarm for the patient. The
meal-time dose can be delivered as insulin bolus or micro boluses, or a gain scheduling
scheme can be used to adjust the controller output when a meal is detected. Meal detection
and CGM-activated insulin dose remove the need for patient’s interventions, and make the
closed-loop artificial pancreas fully automatic. Meal detection algorithms also reduce the
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hypoglycemic risk produced by erroneous insulin bolus or skipped meal, which may occur in
the case of feedforward meal announcement.
Three main types of meal detection algorithms currently exist. A voting scheme is used
in (Dassau et al. (2008)) to detect meals based on a combination of four different methods
for calculating glucose rates of change. Another algorithm is proposed in (Lee & Bequette
(2009); Lee et al. (2009)), where the meal detection algorithm is developed by using a finite
impulse response filter and a set of threshold values. The algorithm estimates the meal size
at the time of detection. Since the main objective of the development of meal detection
algorithms is the application to closed-loop artificial pancreas, Lee & Bequette (2009) tested
the design algorithm in combination with a MPC closed-loop controller, and demonstrated
that meal detection strategy is efficient and outperforms the stand-alone feedback control
scheme. Cameron et al. (2009) presented a probabilistic and evolving algorithm to detect the
meal and predict its shape, and to estimate the total appearance of glucose from the meal. The
algorithm has proved to enhance the meal-compensation ability of the feedback controller.

3.6 Time delay compensation
It is well-known that the time delay in the subcutaneous route is a major challenge
in the development of the artificial pancreas (Hovorka (2006)). Both physiological and
technological delays exist in glucose sensing and insulin delivery. Such time delays can result
in poorly controlled glucose since hypoglycemia can be induced and remains undetected
for a significant time period. In an attempt to eliminate or minimize the effect of time
delay, closed-loop control structures with time-delay compensation features can be used to
improve the control outputs and reduce the hypoglycemic risk produced by physiological
and technological delays.
Smith predictor structure is a control scheme that presents good properties in controlling
systems with long time delay. The idea behind Smith predictor is to incorporate the system
model within the closed-loop control structure (i.e. the system model becomes an explicit part
of the controller). Thus, the design of Smith predictor scheme requires a model of the system
dynamics and an estimate of the system time delay t0. In the Smith predictor scheme, there
are two parallel paths for the control signal u(t) (see Figure 5); one passing through the real
system (the patient), and one passing through the model of the system Gs. The function of
the parallel path containing the model is to generate the difference em(t) between the actual
system output y(t) and a model-based prediction of the control signal effect on the system
output ym(t). The Smith predictor uses the model to predict the delay-free response of the
system y−m(t). Then, it compares this prediction to the target glucose level r(t) to decide
what control actions are needed. To avoid drifting and reject external disturbances, the Smith
predictor also compares the actual system output with a prediction that takes the time delay
into account. The error em(t) contributes to the overall error signal e(t) delivered to the
feedback controller.
The Smith predictor structure has been recently used in artificial pancreas studies
(Abu-Rmileh et al. (2010a;b)). With an initial estimation of the time delay, the Smith
predictor shows the ability to minimize the effect of time delays and the associated risk of
hypoglycemia, and to enhance the controller performance. As mentioned before, the MPC
strategy, which has been extensively studied in artificial pancreas applications, is another
competitive control algorithm with inherited ability to deal with system time delays (Hovorka
(2006)).
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3.7 Insulin on board and insulin feedback
As discussed previously, the use of subcutaneous route faces a challenging problem
represented by the delayed insulin action. The effect of subcutaneous insulin may remain
active over an extended time period (3-5 hours) after administration. Insulin on board (IOB)
is a term used to describe how much insulin is still active from previous doses. Modern
insulin pumps include the IOB option that helps in calculating the next required insulin
dose. Therefore, IOB curves (time-action profiles) can be used in the development of artificial
pancreas control algorithms to consider the effect of previous insulin, and provide a type
of safety measure to avoid the problem of overdosing and the associated hypoglycemia.
Ellingsen et al. (2009) developed a MPC scheme with IOB constraints. The IOB was used as
dynamic safety constraints with a set of curves, to account for the time profile of delayed
insulin action. Lee et al. (2009) used the IOB safety constraints in an integrated control
scheme for the artificial pancreas that includes MPC strategy, meal detection algorithm, IOB
constraints, and pump suspension option to avoid hypoglycemia.
Another technique used to reduce insulin infusion is the insulin feedback, initially introduced
by Steil et al. (2004). The algorithm aims at reproducing as close as possible the insulin
secretion from the natural pancreas. The idea behind this technique is to consider that a part
of previous insulin is still active, and can cause further reduction in glucose level. Based on
a pharmacokinetic model (Steil et al. (2006)), the algorithm estimates the plasma insulin level,
and reduces the output of a proportional-integration-derivative (PID) controller by using the
insulin feedback term, that is proportional to the estimated plasma insulin. Different versions
of the algorithm have been used in clinical studies (Steil et al. (2011; 2006); Weinzimer et al.
(2008)). In a recent study (Steil et al. (2011)), the insulin feedback has been used to improve
the PID controller response in avoiding hypoglycemia after breakfast, and has achieved the
desired performance.

3.8 Nonlinear modeling and control
Since the effect of insulin is nonlinear across the different glycemic ranges, the use of nonlinear
models able to describe this nonlinear behavior would facilitate the design of more robust
nonlinear control strategies, to handle the difference between glycemic ranges and their
insulin requirements. Nonlinear models are more flexible in capturing complex behavior
than the linear models, and consequently, the nonlinear control strategies are considered to
be more suitable for this type of systems than linear control strategies. Therefore, nonlinear
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control is believed to be more appropriate for the closed-loop artificial pancreas, and will
enhance hypoglycemia prevention features of closed-loop systems due to its ability to provide
particular insulin profile for each glycemic region. However, the identification of nonlinear
models is still a challenging task in the artificial pancreas research. In order to be used in
closed-loop control, such nonlinear model should be sufficiently accurate to capture the main
system behavior and nonlinearity, while being relatively simple to be identified from the
available data such as CGM measurements, and insulin and meal information.
Nonlinear control strategies like nonlinear MPC (NMPC) and sliding mode control (SMC),
have shown superior performance over classical linear controllers in the blood glucose control
problem. Most of the available MPC strategies are based on a linear model of the system. For
systems that are highly nonlinear, the performance of a linear MPC can be poor. This has
motivated the design of the NMPC, where a more accurate nonlinear model of the system is
used for prediction and optimization. NMPC has been used in a number of artificial pancreas
studies (Hovorka et al. (2010; 2004); Schlotthauer et al. (2005); Trajanoski & Wach (1998)).
SMC is a nonlinear robust procedure to synthesize controllers for linear and nonlinear
systems. The design of SMC algorithm includes two main steps. 1) Choosing a switching
(sliding) surface, along which the system can slide to its desired final value. The sliding
surface is designed so that it describes the desired system dynamics. The sliding surface
divides the phase plane into regions where the switching function has different signs. 2) By
using appropriate control law: make the system reach the switching surface (reaching phase),
and keep it on the surface (sliding phase). The structure of the controller is intentionally altered
as its state crosses the surface in accordance with a prescribed control law. SMC exhibits good
robustness against parameter variations, modeling errors and disturbances.
SMC algorithms have been employed successfully in different in-silico studies of artificial
pancreas (Abu-Rmileh et al. (2010a;b); Kaveh & Shtessel (2008)). The combination between
SMC and Smith predictor used in (Abu-Rmileh et al. (2010a;b)) is simple in its formulation and
implementation, yet has some good features such as accuracy and robustness, insensitivity
to internal and external disturbances, time-delay compensation and finite time convergence.
These features make the proposed control algorithm suitable for the blood glucose problem
which incorporates many sources of uncertainty and disturbances, and imposes some specific
time requirements to avoid hypoglycemia and extended hyperglycemia. Other nonlinear
control and modeling techniques have been used in the artificial pancreas research. Brief
descriptions of frequently used approaches are given here, while comprehensive reviews are
provided in Bequette (2005); Chee & Fernando (2007); El-Youssef et al. (2009); Takahashi et al.
(2008)).
As mentioned before, the glucoregulatory system is nonlinear and difficult to model
mathematically. Therefore, empirically-based and model-free control techniques such as
fuzzy and neural network systems would be key components in artificial pancreas control
systems. Fuzzy systems are based on the idea that input-output relationships are not crisp,
but can change gradually from one state to the next, and partial membership rather than
crisp membership can be used to adjust the control action. Fuzzy logic control takes the
input variables and maps them into fuzzy levels by sets of membership functions. Each
input variable has determined value’s degree of membership in a fuzzy set. The process of
converting crisp input values to fuzzy values is called fuzzification. The fuzzy controller makes
decisions for what action to take based on a set of rules. The set of rules are built generally
based on expert knowledge. The input signal is processed applying the corresponding rules
and generating a result for each, then combining the results of these rules. Finally, the fuzzy
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active over an extended time period (3-5 hours) after administration. Insulin on board (IOB)
is a term used to describe how much insulin is still active from previous doses. Modern
insulin pumps include the IOB option that helps in calculating the next required insulin
dose. Therefore, IOB curves (time-action profiles) can be used in the development of artificial
pancreas control algorithms to consider the effect of previous insulin, and provide a type
of safety measure to avoid the problem of overdosing and the associated hypoglycemia.
Ellingsen et al. (2009) developed a MPC scheme with IOB constraints. The IOB was used as
dynamic safety constraints with a set of curves, to account for the time profile of delayed
insulin action. Lee et al. (2009) used the IOB safety constraints in an integrated control
scheme for the artificial pancreas that includes MPC strategy, meal detection algorithm, IOB
constraints, and pump suspension option to avoid hypoglycemia.
Another technique used to reduce insulin infusion is the insulin feedback, initially introduced
by Steil et al. (2004). The algorithm aims at reproducing as close as possible the insulin
secretion from the natural pancreas. The idea behind this technique is to consider that a part
of previous insulin is still active, and can cause further reduction in glucose level. Based on
a pharmacokinetic model (Steil et al. (2006)), the algorithm estimates the plasma insulin level,
and reduces the output of a proportional-integration-derivative (PID) controller by using the
insulin feedback term, that is proportional to the estimated plasma insulin. Different versions
of the algorithm have been used in clinical studies (Steil et al. (2011; 2006); Weinzimer et al.
(2008)). In a recent study (Steil et al. (2011)), the insulin feedback has been used to improve
the PID controller response in avoiding hypoglycemia after breakfast, and has achieved the
desired performance.

3.8 Nonlinear modeling and control
Since the effect of insulin is nonlinear across the different glycemic ranges, the use of nonlinear
models able to describe this nonlinear behavior would facilitate the design of more robust
nonlinear control strategies, to handle the difference between glycemic ranges and their
insulin requirements. Nonlinear models are more flexible in capturing complex behavior
than the linear models, and consequently, the nonlinear control strategies are considered to
be more suitable for this type of systems than linear control strategies. Therefore, nonlinear
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control is believed to be more appropriate for the closed-loop artificial pancreas, and will
enhance hypoglycemia prevention features of closed-loop systems due to its ability to provide
particular insulin profile for each glycemic region. However, the identification of nonlinear
models is still a challenging task in the artificial pancreas research. In order to be used in
closed-loop control, such nonlinear model should be sufficiently accurate to capture the main
system behavior and nonlinearity, while being relatively simple to be identified from the
available data such as CGM measurements, and insulin and meal information.
Nonlinear control strategies like nonlinear MPC (NMPC) and sliding mode control (SMC),
have shown superior performance over classical linear controllers in the blood glucose control
problem. Most of the available MPC strategies are based on a linear model of the system. For
systems that are highly nonlinear, the performance of a linear MPC can be poor. This has
motivated the design of the NMPC, where a more accurate nonlinear model of the system is
used for prediction and optimization. NMPC has been used in a number of artificial pancreas
studies (Hovorka et al. (2010; 2004); Schlotthauer et al. (2005); Trajanoski & Wach (1998)).
SMC is a nonlinear robust procedure to synthesize controllers for linear and nonlinear
systems. The design of SMC algorithm includes two main steps. 1) Choosing a switching
(sliding) surface, along which the system can slide to its desired final value. The sliding
surface is designed so that it describes the desired system dynamics. The sliding surface
divides the phase plane into regions where the switching function has different signs. 2) By
using appropriate control law: make the system reach the switching surface (reaching phase),
and keep it on the surface (sliding phase). The structure of the controller is intentionally altered
as its state crosses the surface in accordance with a prescribed control law. SMC exhibits good
robustness against parameter variations, modeling errors and disturbances.
SMC algorithms have been employed successfully in different in-silico studies of artificial
pancreas (Abu-Rmileh et al. (2010a;b); Kaveh & Shtessel (2008)). The combination between
SMC and Smith predictor used in (Abu-Rmileh et al. (2010a;b)) is simple in its formulation and
implementation, yet has some good features such as accuracy and robustness, insensitivity
to internal and external disturbances, time-delay compensation and finite time convergence.
These features make the proposed control algorithm suitable for the blood glucose problem
which incorporates many sources of uncertainty and disturbances, and imposes some specific
time requirements to avoid hypoglycemia and extended hyperglycemia. Other nonlinear
control and modeling techniques have been used in the artificial pancreas research. Brief
descriptions of frequently used approaches are given here, while comprehensive reviews are
provided in Bequette (2005); Chee & Fernando (2007); El-Youssef et al. (2009); Takahashi et al.
(2008)).
As mentioned before, the glucoregulatory system is nonlinear and difficult to model
mathematically. Therefore, empirically-based and model-free control techniques such as
fuzzy and neural network systems would be key components in artificial pancreas control
systems. Fuzzy systems are based on the idea that input-output relationships are not crisp,
but can change gradually from one state to the next, and partial membership rather than
crisp membership can be used to adjust the control action. Fuzzy logic control takes the
input variables and maps them into fuzzy levels by sets of membership functions. Each
input variable has determined value’s degree of membership in a fuzzy set. The process of
converting crisp input values to fuzzy values is called fuzzification. The fuzzy controller makes
decisions for what action to take based on a set of rules. The set of rules are built generally
based on expert knowledge. The input signal is processed applying the corresponding rules
and generating a result for each, then combining the results of these rules. Finally, the fuzzy
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controller output is obtained via defuzzification combining result back into a specific crisp
control output value. Different fuzzy control schemes have been implemented in artificial
pancreas studies (see for example Atlas et al. (2010); Campos-Delgado et al. (2006); Ibbini
(2006); Ibbini & Massadeh (2005)). In Atlas et al. (2010), a personalized fuzzy logic controller
has been validated clinically, and proved to minimize hyperglycemic peaks while preventing
hypoglycemia.
Neural networks are modeling techniques that result in a nonlinear model based on
experimental data. It is a black-box model organized in sequential layers containing neurons.
The network output is obtained as a weighted sum of inputs through the hidden layers. The
weights are found during a training process by minimizing the error between desired and
network output. Neural networks show excellent adaptation and learning ability. Neural
networks deal with the blood glucose problem without explicit description of the exact model
of the insulin-glucose system. Such approach is very useful in irregular situations (e.g.
patients have a disease or abnormal conditions) that limit the usability of normal models
(Takahashi et al. (2008)). Neural networks have been used to obtain insulin-glucose models
for the design of nonlinear closed-loop controllers (El-Jabali (2005); Schlotthauer et al. (2005);
Takahashi et al. (2008); Trajanoski & Wach (1998)). A combination between fuzzy logic and
neural network (neuro-fuzzy) control strategy was applied by Dazzi et al. (2001) in clinics,
and proved to provide superior glycemic control compared to conventional algorithms, with
hypoglycemic events reduced to half.
Adaptive control is another approach used for glucose regulation. The complexity of glucose
control mechanism highlights the need for an adaptive control algorithm to compensate
for variations in patient dynamics (e.g. time-varying insulin sensitivity, stress and physical
exercise) or disturbances by adapting the controller and model parameters to the changing
patient conditions (Eren-Oruklu et al. (2009a); Hovorka (2005)). Adaptive control includes
several configurations that allow not only outputs of the controller to be changed over time,
but also the method by which those outputs are generated; the controller continuously
monitors its own adaptation through a defined metric, and is capable of altering its own
control scheme to better meet the adaptation criterion. For blood glucose control, different
adaptation schemes have been employed (Chee & Fernando (2007)), in systems that use the
sensor measurements to track the changes in glucose dynamics and update the controller
structure to assign the required insulin regime. In model-based adaptive control, patient
model is used to predict future glucose levels based on current and past insulin infusions. The
model parameters are continuously updated and used in the control algorithm to calculate
the required insulin. Adaptive control strategies have the ability to individualize the control
scheme and/or patient model to represent the inter- and intra-patient variability. Adaptive
schemes have achieved safe control while avoiding hypoglycemia in spite of all the challenges
facing the closed-loop artificial pancreas (Eren-Oruklu et al. (2009a); Shaller et al. (2006)).

4. Conclusions

Closed-loop insulin delivery by the artificial pancreas gives hope to achieve tight glycemic
control in T1DM by reducing the risk of hypoglycemia while solving the problem of
hyperglycemia. The prevention of life-threatening hypoglycemia is considered as a possible
goal for the first generation of the artificial pancreas before reaching the fully developed
device that mimics the function of natural pancreas in night, fasting and prandial conditions.
The closed-loop system can be subjected to different modifications to implement control
techniques that reduce the risk of hypoglycemia. The feasibility of some of these techniques
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has been tested and proved to improve the performance of the closed-loop control and reduce
the hypoglycemia episodes. Other techniques are still under study.
While partial results obtained in different artificial pancreas studies are promising, several
aspects regarding the fully developed artificial pancreas are still open, and further
improvements are needed. Obtaining models from patient’s input-output data using
advanced modeling techniques is recommended for blood glucose control. Nonlinear
identification of insulin-glucose models for control is desirable. Development of advanced
control techniques is needed due to the nonlinear behavior, unmodeled disturbances, delay
and inaccuracy in measurements, together with modeling errors and patient variability.
Another required improvement is the modeling of different meal contents, since most of
the available models are restricted to carbohydrates effect. Using multiple variable control
(i.e. considering insulin, glucagon, exercise, stress, etc.), and incorporating the effect of
insulin sensitivity change during the day in the control algorithm design, would increase
the reliability of models in representing the real conditions of the diabetic patient, and
consequently, improve the overall performance of the designed artificial pancreas.
Although the nonlinearity in the insulin-glucose system is quite obvious, the available
hypoglycemia detection and prediction algorithms do not consider the nonlinear nature of
the system through the different glycemic ranges (Chan et al. (2010)). Taking into account
the nonlinearity of the system would be a possible way to enhance the performance of the
algorithms and increase their effectiveness in preventing hypoglycemia (Chan et al. (2010)).
The inclusion of IOB effect in predicting future hypoglycemic episodes could be another
technique to improve the feasibility of these algorithms (Buckingham et al. (2009)). Finally,
improving the accuracy and reliability of CGM systems is an essential task, since both
control algorithms and hypoglycemia alarms depend widely on CGM measurements. Poorly
functioning sensor increases the risk of system-induced and undetected hypoglycemia, while
accurate sensor improves the control quality and reduces the risk.
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1. Introduction 
Glucose is an essential metabolic substrate of all mammalian cells. D-glucose is the major 
carbohydrate presented to the cell for energy production and many other anabolic 
requirements. Glucose and other monosaccharides are transported across the intestinal wall 
to the hepatic portal vein and then to liver cells and other tissues. There they are converted 
to fatty acids, amino acids, and glycogen, or are oxidized by the various catabolic pathways 
of cells. 
Most tissues and organs, such as the brain, need glucose constantly, as an important source 
of energy. The low blood concentrations of glucose can causes seizures, loss of 
consciousness, and death. On the other hand, long lasting elevation of blood glucose 
concentrations, can result in blindness, renal failure, vascular disease, and neuropathy. 
Therefore, blood glucose concentrations need to be maintained within narrow limits. The 
process of maintaining blood glucose at a steady-state level is called glucose homeostasis. 
This is accomplished by the finely hormone regulation of peripheral glucose uptake, heaptic 
glucose production and glucose uptake during carbohydrate ingestion. This maintenance is 
achieved through a balance of several factors, including the rate of consumption and 
intestinal absorption of dietary carbohydrate, the rate of utilization of glucose by peripheral 
tissues and the loss of glucose through the kidney tubule, and the rate of removal or release 
of glucose by the liver and kidney. To avoid postprandial hyperglycemia (uncontrolled 
increases in blood glucose levels following meals) and fasting hypoglycemia (decreased in 
blood glucose levels during periods of fasting), the body can adjust levels by a variety of 
cellular mechanisms. Important mechanisms are conveyed by hormones, cytokines, and fuel 
substrates and are sensed through of cellular mechanisms. 
Diabetes mellitus is one of the clinical manifestations of long-term metabolic abnormalities 
involving multiple organs and hormonal pathways that impair the body’s ability to 
maintain glucose homeostasis. As a result of impaired glucose homeostasis is a 
hyperglycemia. Prolonged elevation of blood glucose concentrations causes a number of 
complications like blindness, renal failure, cardiac and peripheral vascular disease, 
neuropathy, foot ulcers, and limb amputation. Vascular complications represent the leading 
cause of mortality and morbidity in diabetic patients. 
Hypoglycemia is abnormally low levels of sugar (glucose) in the blood. Low levels of sugar 
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1. Introduction 
Glucose is an essential metabolic substrate of all mammalian cells. D-glucose is the major 
carbohydrate presented to the cell for energy production and many other anabolic 
requirements. Glucose and other monosaccharides are transported across the intestinal wall 
to the hepatic portal vein and then to liver cells and other tissues. There they are converted 
to fatty acids, amino acids, and glycogen, or are oxidized by the various catabolic pathways 
of cells. 
Most tissues and organs, such as the brain, need glucose constantly, as an important source 
of energy. The low blood concentrations of glucose can causes seizures, loss of 
consciousness, and death. On the other hand, long lasting elevation of blood glucose 
concentrations, can result in blindness, renal failure, vascular disease, and neuropathy. 
Therefore, blood glucose concentrations need to be maintained within narrow limits. The 
process of maintaining blood glucose at a steady-state level is called glucose homeostasis. 
This is accomplished by the finely hormone regulation of peripheral glucose uptake, heaptic 
glucose production and glucose uptake during carbohydrate ingestion. This maintenance is 
achieved through a balance of several factors, including the rate of consumption and 
intestinal absorption of dietary carbohydrate, the rate of utilization of glucose by peripheral 
tissues and the loss of glucose through the kidney tubule, and the rate of removal or release 
of glucose by the liver and kidney. To avoid postprandial hyperglycemia (uncontrolled 
increases in blood glucose levels following meals) and fasting hypoglycemia (decreased in 
blood glucose levels during periods of fasting), the body can adjust levels by a variety of 
cellular mechanisms. Important mechanisms are conveyed by hormones, cytokines, and fuel 
substrates and are sensed through of cellular mechanisms. 
Diabetes mellitus is one of the clinical manifestations of long-term metabolic abnormalities 
involving multiple organs and hormonal pathways that impair the body’s ability to 
maintain glucose homeostasis. As a result of impaired glucose homeostasis is a 
hyperglycemia. Prolonged elevation of blood glucose concentrations causes a number of 
complications like blindness, renal failure, cardiac and peripheral vascular disease, 
neuropathy, foot ulcers, and limb amputation. Vascular complications represent the leading 
cause of mortality and morbidity in diabetic patients. 
Hypoglycemia is abnormally low levels of sugar (glucose) in the blood. Low levels of sugar 
in the blood interfere with the function of much organ system. A person with hypoglycemia 
may feel weak, drowsy, confused, hungry, and dizzy. The other signs of low blood sugar 
are: paleness, headache, irritability, trembling, sweating, rapid heart beat, and a cold. The 
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most common cause of hypoglycemia is a complication of diabetes. Low level of glucose in 
the blood occurs most often in people who use insulin to lower their blood sugar. 
Hypoglycemia can occur as a side effect of some oral diabetes medication that increases 
insulin production. People with diabetes who reduce food intake to lose weight are more 
likely to have hypoglycemia.  

2. Role of glucose in mammalian cells metabolism 
2.1 Glucose as a source of cellular energy 
Glucose is rapidly metabolized to produce ATP (adenosine triphosphate), a high energy end 
product. Glucose is oxidized through a large series of reactions that extract the greatest 
amount of possible energy from it. If glucose metabolism occurs in the presence of oxygen 
(aerobically), the net production are 36 molecules of ATP from one molecule of glucose, and 
2 molecules of ATP, if glucose metabolism occurs in the absence of oxygen (anaerobically). 
For details see [Szablewski, 2011]. 

2.1.1 Glycolysis 
Glycolysis is the first pathway which begins the complete oxidation of glucose to pyruvate. 
It takes place in the cytoplasm of the cell. Glycolysis occurs virtually in all tissues. This 
pathway is unique in the sense that it can proceed in both aerobic and anaerobic conditions. 
Glycolysis is the pathway which cleaves the six carbon glucose molecule into two molecules 
of the three carbon compound pyruvate. The end result of glycolysis is two molecules of 
ATP and two molecules of NADH+H+ (Nicotinamide adenine dinucleotide – reduced form). 
NAD is used as an electron acceptor. This cofactor is present only in limited amounts and 
once reduced to NADH+H+, as in this reaction, it must be re-oxidized to NAD to permit 
continuation of the pathway. This process occurs by the one of the two methods: aerobic 
metabolism of glucose or anaerobic glycolysis. 

2.1.2 Oxidative decarboxylation  
During aerobic metabolism of glucose in the mitochondria, pyruvate is oxidized. During 
this reaction NAD is uses as an electron and proton acceptor, and pyruvate is converted to 
acetyl coenzyme-A (abbreviated as “acetyl-CoA”). The carboxyl group of pyruvate leaves 
the molecule as CO2 and the remaining two carbons become acetyl-CoA. This reaction 
occurs twice since each glucose (six carbons) produce 2 pyruvates (three carbons each). 
Consequently, these processes produce 2 NADH+H+, 2 Acetyl-CoA, and 2 CO2. 

2.1.3 Krebs cycle 
Further series of reactions, all which occur inside mitochondria (mitochondrial matrix) of 
eukaryotic cells, is collectively called “Krebs Cycle”, also known as the “Citric Acid Cycle” 
or the “Tricarboxylic Acid Cycle”. In this cycle, acetyl-CoA is oxidized ultimately to CO2. It 
is to note, that the molecules that are produced in these reactions can be used as building 
blocks for a large number of important processes, including the synthesis of fatty acids, 
steroids, cholesterol, amino acids, and the purines and pyrimidines. Fuel for Krebs cycle 
comes from lipids, carbohydrates, and proteins, which produce the molecule acetyl-CoA. 
While the Krebs cycle does produce CO2, this cycle does not produce significant chemical 
energy in the form of ATP directly. This cycle produces NADH+H+ and FADH2, which feed 
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into the respiratory cycle, also located inside mitochondria (inner mitochondrial membrane). 
It is electron transport chain that is responsible for production of large quantities of ATP. 
The electron transport chain converts NADH+H+ and FADH2 into reactants that the Krebs 
cycle requires to function. If oxygen is not present, the electron transport chain cannot 
function, which halts the Krebs cycle. 

2.1.4 Electron transport chain 
Oxidative phosphorylation is a series of reactions that utilize the energy from NADH+H+ 
and FADH2 electron carriers to produce more ATP. Embedded in the inner membrane of the 
mitochondria are the series of proteins that use the stored energy from NADH+H+ and 
FADH2 to pump protons into the membrane space. This results in an electrical and chemical 
gradient of protons. The enzyme ATP synthase (ATPase) uses the proton gradient to drive 
the reaction of producing ATP from ADP and inorganic phosphate. The electron transport 
chain consists of a series of proteins (called cytochromes) that are embedded in the inner 
mitochondria membrane and an enzyme ATP synthase. There are four complexes, namely, 
I, II, III, and IV. In complex IV, the electrons are combined with protons and oxygen to form 
water, the final end-product. The oxygen acts as the final electron acceptor and without 
oxygen, soothe reaction does not proceed and therefore only anaerobic respiration is 
possible. The end result of electron transport chain is three molecules of ATP, if a donor of 
protons and electrons is NADH+H+ and one molecule of H2O. If a donor of protons and 
electrons is FADH2, the end result of electron transport chain is two molecules of ATP and 
one molecule of H2O. 

2.1.5 The metabolism of lactate 
The anaerobic glycolysis occurs in the absence of oxygen (anaerobically). During anaerobic 
glycolysis, earlier obtained pyruvate is reduced to a compound called lactate. This reduction 
of pyruvate to lactate is coupled to the oxidation of NADH+H+ to NAD. Glycolysis and 
reduction of pyruvate to lactate are coupled to the net production of two molecules of ATP 
from one molecule of glucose. Accumulation of lactate also causes a reduction in 
intracellular pH. Therefore lactate is removed to other tissues and dealt with by one of the 
two mechanisms: 1) Lactate is converted back to pyruvate. This process is enzymatically 
catalyzed by lactate dehydrogenase. In this reaction, lactate becomes oxidized (loses two 
electrons) and is converted to pyruvate. The pyruvate then proceeds to be further oxidized 
by a second mechanism, the aerobic metabolism of glucose. 2) Conversion of lactate to 
glucose in the process of gluconeogenesis. 

2.2 Gluconeogenesis 
Gluconeogenesis is a metabolic pathway that results in the generation of glucose from non-
carbohydrate carbon substrate such as lactate, glycerol, and glucogenic amino acids. One 
common substrate is lactic acid formed in the skeletal muscle in the absence of oxygen. It 
may also come from erythrocytes, which obtain energy solely from glycolysis. The lactic 
acid is released to the blood stream and transported into liver. Here it is converted to 
glucose. The glucose is then returned to the blood for use by muscle as an energy source and 
to replenish glycogen stores. This cycle is termed the “Cori cycle”. The gluconeogenesis of 
the cycle is net consumer energy, costing the body four moles of ATP more than are 
produced during glycolysis. Therefore, the cycle cannot be sustained indefinitely. The 
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most common cause of hypoglycemia is a complication of diabetes. Low level of glucose in 
the blood occurs most often in people who use insulin to lower their blood sugar. 
Hypoglycemia can occur as a side effect of some oral diabetes medication that increases 
insulin production. People with diabetes who reduce food intake to lose weight are more 
likely to have hypoglycemia.  

2. Role of glucose in mammalian cells metabolism 
2.1 Glucose as a source of cellular energy 
Glucose is rapidly metabolized to produce ATP (adenosine triphosphate), a high energy end 
product. Glucose is oxidized through a large series of reactions that extract the greatest 
amount of possible energy from it. If glucose metabolism occurs in the presence of oxygen 
(aerobically), the net production are 36 molecules of ATP from one molecule of glucose, and 
2 molecules of ATP, if glucose metabolism occurs in the absence of oxygen (anaerobically). 
For details see [Szablewski, 2011]. 

2.1.1 Glycolysis 
Glycolysis is the first pathway which begins the complete oxidation of glucose to pyruvate. 
It takes place in the cytoplasm of the cell. Glycolysis occurs virtually in all tissues. This 
pathway is unique in the sense that it can proceed in both aerobic and anaerobic conditions. 
Glycolysis is the pathway which cleaves the six carbon glucose molecule into two molecules 
of the three carbon compound pyruvate. The end result of glycolysis is two molecules of 
ATP and two molecules of NADH+H+ (Nicotinamide adenine dinucleotide – reduced form). 
NAD is used as an electron acceptor. This cofactor is present only in limited amounts and 
once reduced to NADH+H+, as in this reaction, it must be re-oxidized to NAD to permit 
continuation of the pathway. This process occurs by the one of the two methods: aerobic 
metabolism of glucose or anaerobic glycolysis. 

2.1.2 Oxidative decarboxylation  
During aerobic metabolism of glucose in the mitochondria, pyruvate is oxidized. During 
this reaction NAD is uses as an electron and proton acceptor, and pyruvate is converted to 
acetyl coenzyme-A (abbreviated as “acetyl-CoA”). The carboxyl group of pyruvate leaves 
the molecule as CO2 and the remaining two carbons become acetyl-CoA. This reaction 
occurs twice since each glucose (six carbons) produce 2 pyruvates (three carbons each). 
Consequently, these processes produce 2 NADH+H+, 2 Acetyl-CoA, and 2 CO2. 

2.1.3 Krebs cycle 
Further series of reactions, all which occur inside mitochondria (mitochondrial matrix) of 
eukaryotic cells, is collectively called “Krebs Cycle”, also known as the “Citric Acid Cycle” 
or the “Tricarboxylic Acid Cycle”. In this cycle, acetyl-CoA is oxidized ultimately to CO2. It 
is to note, that the molecules that are produced in these reactions can be used as building 
blocks for a large number of important processes, including the synthesis of fatty acids, 
steroids, cholesterol, amino acids, and the purines and pyrimidines. Fuel for Krebs cycle 
comes from lipids, carbohydrates, and proteins, which produce the molecule acetyl-CoA. 
While the Krebs cycle does produce CO2, this cycle does not produce significant chemical 
energy in the form of ATP directly. This cycle produces NADH+H+ and FADH2, which feed 
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into the respiratory cycle, also located inside mitochondria (inner mitochondrial membrane). 
It is electron transport chain that is responsible for production of large quantities of ATP. 
The electron transport chain converts NADH+H+ and FADH2 into reactants that the Krebs 
cycle requires to function. If oxygen is not present, the electron transport chain cannot 
function, which halts the Krebs cycle. 

2.1.4 Electron transport chain 
Oxidative phosphorylation is a series of reactions that utilize the energy from NADH+H+ 
and FADH2 electron carriers to produce more ATP. Embedded in the inner membrane of the 
mitochondria are the series of proteins that use the stored energy from NADH+H+ and 
FADH2 to pump protons into the membrane space. This results in an electrical and chemical 
gradient of protons. The enzyme ATP synthase (ATPase) uses the proton gradient to drive 
the reaction of producing ATP from ADP and inorganic phosphate. The electron transport 
chain consists of a series of proteins (called cytochromes) that are embedded in the inner 
mitochondria membrane and an enzyme ATP synthase. There are four complexes, namely, 
I, II, III, and IV. In complex IV, the electrons are combined with protons and oxygen to form 
water, the final end-product. The oxygen acts as the final electron acceptor and without 
oxygen, soothe reaction does not proceed and therefore only anaerobic respiration is 
possible. The end result of electron transport chain is three molecules of ATP, if a donor of 
protons and electrons is NADH+H+ and one molecule of H2O. If a donor of protons and 
electrons is FADH2, the end result of electron transport chain is two molecules of ATP and 
one molecule of H2O. 

2.1.5 The metabolism of lactate 
The anaerobic glycolysis occurs in the absence of oxygen (anaerobically). During anaerobic 
glycolysis, earlier obtained pyruvate is reduced to a compound called lactate. This reduction 
of pyruvate to lactate is coupled to the oxidation of NADH+H+ to NAD. Glycolysis and 
reduction of pyruvate to lactate are coupled to the net production of two molecules of ATP 
from one molecule of glucose. Accumulation of lactate also causes a reduction in 
intracellular pH. Therefore lactate is removed to other tissues and dealt with by one of the 
two mechanisms: 1) Lactate is converted back to pyruvate. This process is enzymatically 
catalyzed by lactate dehydrogenase. In this reaction, lactate becomes oxidized (loses two 
electrons) and is converted to pyruvate. The pyruvate then proceeds to be further oxidized 
by a second mechanism, the aerobic metabolism of glucose. 2) Conversion of lactate to 
glucose in the process of gluconeogenesis. 

2.2 Gluconeogenesis 
Gluconeogenesis is a metabolic pathway that results in the generation of glucose from non-
carbohydrate carbon substrate such as lactate, glycerol, and glucogenic amino acids. One 
common substrate is lactic acid formed in the skeletal muscle in the absence of oxygen. It 
may also come from erythrocytes, which obtain energy solely from glycolysis. The lactic 
acid is released to the blood stream and transported into liver. Here it is converted to 
glucose. The glucose is then returned to the blood for use by muscle as an energy source and 
to replenish glycogen stores. This cycle is termed the “Cori cycle”. The gluconeogenesis of 
the cycle is net consumer energy, costing the body four moles of ATP more than are 
produced during glycolysis. Therefore, the cycle cannot be sustained indefinitely. The 
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process of gluconeogenesis uses some of the reactions of glycolysis (in reverse direction) and 
some reactions unique to this pathway to re-synthesize glucose. This pathway requires an 
energy input, but has a role of maintaining a circulating glucose concentration in the blood 
stream even in the absence of dietary supply. Fatty acids cannot be converted into glucose in 
animals with the exception of odd-chain acids, which yield propionyl-CoA, a precursor of 
succinyl-CoA. Glycerol, which is a part of all triacylglycerols, can also be used in 
gluconeogenesis. On the other hand, in humans and other mammals, in which glycerol is 
derived from glucose, glycerol is sometimes not considered a true gluconeogenic substrate, 
as it cannot be used to generate new glucose. For details see [Szablewski, 2011]. 

2.3 Glycogenesis 
Glycogenesis is the process of glycogen synthesis in which glucose molecules are added to 
chains of glycogen to storage in liver and muscle. This process acts during rest periods 
following the Cori cycle, in the liver, and also activated by insulin in response to high 
glucose levels. For details see [Szablewski, 2011]. 

2.4 Glycogenolysis 
When the blood sugar levels fall, glycogen stored in the tissue, especially glycogen of 
muscle and liver may be broken down. This process of breakdown of glycogen is called 
“Glycogenolysis” (also known as “Glycogenlysis”). Glycogenolysis occurs in the liver and 
muscle. Hepatocytes can consume glucose-6-phosphate in glycolysis, or remove the 
phosphate group and release the free glucose into the blood stream for uptake by other cells. 
Since muscle cells lack enzyme glucose-6-phosphatase, they cannot convert glucose-6-
phosphate into glucose and therefore use the glucose-6-phosphate for their own energy 
demands. For details see [Szablewski, 2011]. 

2.5 Pentose phosphate pathway 
The pentose phosphate pathway (also called “Phosphogluconate pathway” or “Hexose 
monophosphate shunt”) is primarily a cytoplasmic anabolic pathway that converts the six 
carbons of glucose to five carbons (pentose) sugars and reducing equivalents. The primary 
functions of this pathways are: 1) To generate reducing equivalents (NADH+H+) for 
reductive biosynthesis reactions within cells; 2) To provide the cell with ribose-5-phosphate 
for the synthesis of the nucleotides and nucleic acids; 3) To metabolize dietary pentose 
sugars derived from the digestion of nucleic acids as well as rearrange the carbon skeleton 
of dietary carbohydrates into glycolytic/gluconeogenic intermediates. This pathway is an 
alternative to glycolysis. While it does involve oxidation of glucose, its primary role is 
anabolic rather than catabolic. It is to note, that 30% of the oxidation of glucose in the liver 
occurs via the pentose phosphate pathway. For details see [Szablewski, 2011]. 

2.6 Lipogenesis 
Lipogenesis is the process by which simple sugars such as glucose are converted to fatty 
acids. Lipogenesis starts with acetyl-CoA and builds up by the addition of two carbon units. 
Fatty acids are subsequently esterified with glycerol to form triglycerides that are packed in 
very low-density lipoprotein (VLDL) and secreted from the liver. For details see 
[Szablewski, 2011]. 
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3. Glucose homeostasis 
3.1 Definition of glucose homeostasis 
Most tissues and organs need glucose constantly, as an important source of energy. The low 
blood concentrations of glucose can cause seizures, loss of consciousness, and death. On the 
other hand, long lasting elevation of glucose concentrations, can result in blindness, renal 
failure, vascular disease etc. therefore, blood glucose concentrations need to be maintained 
within narrow limits. The process of maintaining blood glucose at a steady-state level is 
called “glucose homeostasis” [DeFronzo, 1988]. This is accomplished by the finely hormone 
regulation of peripheral glucose uptake, hepatic glucose production, and glucose uptake 
during carbohydrates ingestion. For details see [Szablewski, 2011]. 

3.2 Mechanisms of glucose homeostasis 
To avoid postprandial hypoglycemia and fasting hypoglycemia, the body can adjust glucose 
levels by secreting two hormones, insulin and glucagon that work in opposition to each 
other. During periods of hyperglycemia, the β-cells of the pancreatic islets of Langerhans 
secrete more insulin. Insulin is synthesized in β-cells of pancreas in response to an elevation 
in blood glucose and amino acid after a meal. The major function of insulin is to counter the 
concerned action of a number of hyperglycemia-generating hormones to maintain low blood 
glucose levels. It also plays an important role in the regulation of glucose metabolism. This 
hormone regulates glucose metabolism at many sites reducing hepatic glucose output, via 
decreased gluconeogenesis and glycogenolysis, facilitates the transport of glucose into 
striated muscle and adipose tissue, and inhibits glucagon secretion. Insulin is not secreted if 
the blood concentration is ≤ 3 mmol/L, but is secreted in increasing amounts as glucose 
concentrations increase beyond this threshold [Gerich, 1993]. When blood glucose levels 
increase over about 5 mmol/L the β-cells increase their output of insulin. The glucagon 
producing α-cells of the pancreatic islets of Langerhans remain quiet, and hold on their 
hormone. It is to note, that postprandially, the secretion of insulin occurs in two phases. An 
initial rapid release of preformed insulin, followed by increased insulin synthesis and 
release in response to blood glucose. Long-term release of insulin occurs if glucose 
concentrations remain high [Aronoff et al., 2004; Cryer, 1992]. On the other hand, during 
periods of hypoglycemia, the α-cells of the pancreatic islets of Langerhans secrete more 
glucagon. It is the principal hormone responsible for maintaining plasma glucose at 
appropriate levels during periods of increased functional demand [Cryer, 2002]. This 
hormone counteracts hypoglycemia and opposes insulin actions by stimulating hepatic 
glucose production. It induces a catabolic effect, mainly by activating liver glycogenolysis 
and gluconeogenesis, which results in the release of glucose to the bloodstream, thereby 
increasing blood glucose levels. The digestion and absorption of nutrients are associated 
also with increased secretion of multiple gut hormones that act on distal targets. There are 
more than 50 gut hormones and peptides synthesized and released from the gastrointestinal 
tract. These hormones are synthesized by specialized enteroendocrine cells located in the 
epithelium of the stomach, small bowel, and large bowel. It was demonstrated that ingest 
food caused a more potent release of insulin than glucose infused intravenously [Perley & 
Kipnis, 1967]. This effect, termed the “incretin effect” suggests that signals from the gut are 
important in the hormonal regulation of glucose disappearance. Incretin hormones are 
peptide hormones secreted from the gut and specific criteria have to be fulfilled for an agent 
to be called an incretin. They have a number of important biological effects, as for example, 
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process of gluconeogenesis uses some of the reactions of glycolysis (in reverse direction) and 
some reactions unique to this pathway to re-synthesize glucose. This pathway requires an 
energy input, but has a role of maintaining a circulating glucose concentration in the blood 
stream even in the absence of dietary supply. Fatty acids cannot be converted into glucose in 
animals with the exception of odd-chain acids, which yield propionyl-CoA, a precursor of 
succinyl-CoA. Glycerol, which is a part of all triacylglycerols, can also be used in 
gluconeogenesis. On the other hand, in humans and other mammals, in which glycerol is 
derived from glucose, glycerol is sometimes not considered a true gluconeogenic substrate, 
as it cannot be used to generate new glucose. For details see [Szablewski, 2011]. 

2.3 Glycogenesis 
Glycogenesis is the process of glycogen synthesis in which glucose molecules are added to 
chains of glycogen to storage in liver and muscle. This process acts during rest periods 
following the Cori cycle, in the liver, and also activated by insulin in response to high 
glucose levels. For details see [Szablewski, 2011]. 

2.4 Glycogenolysis 
When the blood sugar levels fall, glycogen stored in the tissue, especially glycogen of 
muscle and liver may be broken down. This process of breakdown of glycogen is called 
“Glycogenolysis” (also known as “Glycogenlysis”). Glycogenolysis occurs in the liver and 
muscle. Hepatocytes can consume glucose-6-phosphate in glycolysis, or remove the 
phosphate group and release the free glucose into the blood stream for uptake by other cells. 
Since muscle cells lack enzyme glucose-6-phosphatase, they cannot convert glucose-6-
phosphate into glucose and therefore use the glucose-6-phosphate for their own energy 
demands. For details see [Szablewski, 2011]. 

2.5 Pentose phosphate pathway 
The pentose phosphate pathway (also called “Phosphogluconate pathway” or “Hexose 
monophosphate shunt”) is primarily a cytoplasmic anabolic pathway that converts the six 
carbons of glucose to five carbons (pentose) sugars and reducing equivalents. The primary 
functions of this pathways are: 1) To generate reducing equivalents (NADH+H+) for 
reductive biosynthesis reactions within cells; 2) To provide the cell with ribose-5-phosphate 
for the synthesis of the nucleotides and nucleic acids; 3) To metabolize dietary pentose 
sugars derived from the digestion of nucleic acids as well as rearrange the carbon skeleton 
of dietary carbohydrates into glycolytic/gluconeogenic intermediates. This pathway is an 
alternative to glycolysis. While it does involve oxidation of glucose, its primary role is 
anabolic rather than catabolic. It is to note, that 30% of the oxidation of glucose in the liver 
occurs via the pentose phosphate pathway. For details see [Szablewski, 2011]. 

2.6 Lipogenesis 
Lipogenesis is the process by which simple sugars such as glucose are converted to fatty 
acids. Lipogenesis starts with acetyl-CoA and builds up by the addition of two carbon units. 
Fatty acids are subsequently esterified with glycerol to form triglycerides that are packed in 
very low-density lipoprotein (VLDL) and secreted from the liver. For details see 
[Szablewski, 2011]. 
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levels by secreting two hormones, insulin and glucagon that work in opposition to each 
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and gluconeogenesis, which results in the release of glucose to the bloodstream, thereby 
increasing blood glucose levels. The digestion and absorption of nutrients are associated 
also with increased secretion of multiple gut hormones that act on distal targets. There are 
more than 50 gut hormones and peptides synthesized and released from the gastrointestinal 
tract. These hormones are synthesized by specialized enteroendocrine cells located in the 
epithelium of the stomach, small bowel, and large bowel. It was demonstrated that ingest 
food caused a more potent release of insulin than glucose infused intravenously [Perley & 
Kipnis, 1967]. This effect, termed the “incretin effect” suggests that signals from the gut are 
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release of insulin, inhibition of glucagon, maintenance of β-cells mass, and inhibition of 
feeding. Several incretin hormones have been characterized, but currently, GLP-1 
(Glucagon-Like Peptide-1) and GIP (Glucose-Dependent Insulinotropic Polypeptide) are the 
only known incretins. Both GLP-1 and GIP are secreted in a nutrient-dependent manner and 
stimulate glucose-dependent insulin secretion. Gut hormones are secreted at low basal 
levels in the fasting state. The secretion of gut hormones is regulated, at least in part, by 
nutrients. Plasma levels of most gut hormones rise quickly within minutes of nutrient 
uptake and fall rapidly thereafter mainly because they are cleared by the kidney and are 
enzymatically inactivated [Drucker, 2007]. 

4. Defects in glucose homeostasis 
4.1 Hyperglycemia 
Hyperglycemia is the technical term for high blood glucose (sugar). It develops when there 
is too much sugar in the blood. High blood glucose happens when the body has too little 
insulin or when the body cannot use insulin properly. Hyperglycemia is a serious health 
problem for those with diabetes. In people with diabetes, there are two specific types of 
hyperglycemia that occur. Fasting hyperglycemia is defined as a blood sugar greater than  
90 – 130 mg/dL (5 – 7.2 mmol/L) after fasting for at least 8 hours. Postprandial (after-meal 
hyperglycemia) is defined as a blood sugar usually greater than 180 mg/dL (10 mmol/L). 
Hyperglycemia in diabetes may be caused by: skipping or forgetting insulin or oral glucose-
lowering medicine, eating too many grams of carbohydrates for the amount of insulin 
administered, eating too much food and having too many calories, infection, illness, 
increased stress, decreased activity or exercising less than unusual, strenuous physical 
activity. Early signs and symptoms of hyperglycemia include the following: increased thirst, 
headaches, difficulty concentrating, blurred vision, frequent urination, fatigue (weak, tired 
feeling), weight loss, blood sugar more than 180 mg/dL (10 mmol/L), high levels of sugar in 
the urine. Prolonged hyperglycemia in diabetes may result in: vaginal and skin infections, 
slow-healing cuts and sores, decreased vision, nerve damage causing painful cold or 
insensitive feet, stomach and intestinal problems. In people without diabetes postprandial 
or post-meal sugars rarely go over 140 mg/dL (7.8 mmol/L), but occasionally, after a large 
meal, a 1 – 2 hour post-meal glucose levels can reach 180 mg/dL (10 mmol/L). Blood 
glucose levels can vary from day to day. An occasional high level (above 10 mmol/L) is not 
problem, as long as it returns to normal (below 7 mmol/L; 126 mg/dL) within 12 – 24 hours. 
Persistently high blood glucose levels (above 15 mmol/L; 270 mg/dL) for more than 12 – 24 
hours can result in the symptoms of hyperglycemia. For details see [Szablewski, 2011]. 

4.1.1 Impaired glucose tolerance and impaired fasting glucose 
There are two forms of pre-diabetes: impaired glucose tolerance (IGT) and impaired fasting 
glucose (IFG). Impaired glucose tolerance is a transition phase between normal glucose 
tolerance and diabetes, also referred to as prediabetes. In impaired glucose tolerance, the 
levels of blood glucose are between normal and diabetic. People with IGT do not have 
diabetes. Each year, only 1 – 5% of people whose test results show IGT actually develop 
diabetes. Weight loss and exercise may help people with IGT return their glucose levels to 
normal. Impaired glucose tolerance is a combination of impaired secretion of insulin and 
reduced insulin sensitivity (insulin resistance). Fasting blood glucose levels are normal or 
moderately raised. IGT is diagnosed when: 1) plasma glucose, two hours after consuming 75 g 
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glucose, appears to be superior to 7.8 mmol/L (normal level) but remains inferior to 11.1 
mmol/L (diabetes level). The level of plasma glucose is measured by means of an Oral 
Glucose Tolerance Test (OGTT). The procedure typically involves testing glucose levels after 
an eight hour fasting period, and measuring it again two hours after drinking a sugar 
solution. Generally, if the test shows blood glucose levels in the 140 and 199 mg/dL range, 
two hours after the drink, this could signify impaired glucose tolerance. 2) Fasting plasma 
glucose is less than 7.0 mmol/L (6.1 – 6.9 mmol/L), a level above normal, but below the 
threshold for diagnosis of diabetes. Impaired glucose tolerance is often affiliated with 
several other similar related risk factors such as high blood pressure (hypertension), 
increased LDL-cholesterol, reduced HDL-cholesterol. A person has impaired fasting glucose 
when fasting plasma glucose is 100 to 125 mg/dL. This level is higher than normal but less 
than the level indicating a diagnosis of diabetes. Diabetes mellitus is characterized by 
recurrent or persistent hyperglycemia and is diagnosed by demonstrating any one of the 
following: fasting plasma glucose level ≥ 7.0 mmol/L (126 mg/dL), plasma glucose ≥ 11.1 
mmol/L (200 mg/dL) two hours after a 75 g oral glucose load as in a glucose tolerance test, 
symptoms of hyperglycemia and casual plasma glucose ≥ 11.1 mmol/dL, glycated 
hemoglobin (HbA1C) ≥ 6.5%. 

4.1.2 Type 1 diabetes mellitus 
Type 1 diabetes mellitus (previously known as juvenile or insulin-dependent diabetes) 
results due to autoimmune progressive destruction of insulin-producing β-cells by CD4+ 
and CD8+ T cells and macrophages infiltrating the islets [Foulis et al., 1991]. Although, the 
etiology of type 1 diabetes is believed to have a major genetic component, studies on the risk 
of developing type 1 suggest that environmental factor may be important etiological 
determinants. Evidence of an autoimmune etiology is found in about 95% of these cases and 
is classified as type 1A, and the remaining 5% lacks defined markers of autoimmunity and 
therefore are classified as type 1B, also termed idiopathic [Todd, 1999]. Type 1 diabetes is 
observed in approximately 10% of patients with diabetes mellitus [Gilespie, 2006]. Type 1 
diabetes is a complex polygenic disorder. It cannot be classified strictly by dominant, 
recessive, or intermediate inheritance, making identification of diseases susceptibility or 
resistant gene difficult [Atkinson & Eisenbarth, 2001; Rabinovitch, 2000]. The lifetime of type 
1 diabetes risk for a number of the general population is often quoted as 0.4%. Eight-five 
percent of cases of type 1 diabetes occur in individuals with no family of the disease. 
Differences in risk also depend on which parent has diabetes. The risk increases to 1 – 2% if 
the mother has diabetes and intriguingly to 3 – 7% if the father has diabetes [Haller & 
Atkinson, 2005; Warram et al., 1988]. The sibling risk is 6% [Risch, 1987]. Monozygotic twins 
have a concordance rate of 30 to 50%, whereas dizygotic twins have a concordance rate of 6 
to 10% [Haller & Atkinson, 2005]. Disease susceptibility is highly associated with inheritance 
of the HLA (Human Leukocyte Antigen) alleles DR3 and DR4 as well as the associated 
alleles DQ2 and DQ8. More than 9% of patients with type 1 diabetes express either DR3DQ2 
or DR4DQ8. Heterozygous genotypes DR3/DR4 are most common in children diagnosed 
with type 1 diabetes prior to the age of 5 (50%) [Atkinson & Eisenbarth, 2001]. Individuals 
with the HLA haplotype DRB1*Q302-DQA1*0301, especially when combined with 
DRB*10201-DQA1*0501 are highly susceptible (10 – 20-fold increase) to type 1 diabetes. On 
the other hand, HLA class II haplotypes such as DR2DQ6 confer dominant protection [Todd 
& Wicker, 2001]. Individuals with the haplotype DRB1*0602-DQA1*0102 rarely develop type 
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release of insulin, inhibition of glucagon, maintenance of β-cells mass, and inhibition of 
feeding. Several incretin hormones have been characterized, but currently, GLP-1 
(Glucagon-Like Peptide-1) and GIP (Glucose-Dependent Insulinotropic Polypeptide) are the 
only known incretins. Both GLP-1 and GIP are secreted in a nutrient-dependent manner and 
stimulate glucose-dependent insulin secretion. Gut hormones are secreted at low basal 
levels in the fasting state. The secretion of gut hormones is regulated, at least in part, by 
nutrients. Plasma levels of most gut hormones rise quickly within minutes of nutrient 
uptake and fall rapidly thereafter mainly because they are cleared by the kidney and are 
enzymatically inactivated [Drucker, 2007]. 

4. Defects in glucose homeostasis 
4.1 Hyperglycemia 
Hyperglycemia is the technical term for high blood glucose (sugar). It develops when there 
is too much sugar in the blood. High blood glucose happens when the body has too little 
insulin or when the body cannot use insulin properly. Hyperglycemia is a serious health 
problem for those with diabetes. In people with diabetes, there are two specific types of 
hyperglycemia that occur. Fasting hyperglycemia is defined as a blood sugar greater than  
90 – 130 mg/dL (5 – 7.2 mmol/L) after fasting for at least 8 hours. Postprandial (after-meal 
hyperglycemia) is defined as a blood sugar usually greater than 180 mg/dL (10 mmol/L). 
Hyperglycemia in diabetes may be caused by: skipping or forgetting insulin or oral glucose-
lowering medicine, eating too many grams of carbohydrates for the amount of insulin 
administered, eating too much food and having too many calories, infection, illness, 
increased stress, decreased activity or exercising less than unusual, strenuous physical 
activity. Early signs and symptoms of hyperglycemia include the following: increased thirst, 
headaches, difficulty concentrating, blurred vision, frequent urination, fatigue (weak, tired 
feeling), weight loss, blood sugar more than 180 mg/dL (10 mmol/L), high levels of sugar in 
the urine. Prolonged hyperglycemia in diabetes may result in: vaginal and skin infections, 
slow-healing cuts and sores, decreased vision, nerve damage causing painful cold or 
insensitive feet, stomach and intestinal problems. In people without diabetes postprandial 
or post-meal sugars rarely go over 140 mg/dL (7.8 mmol/L), but occasionally, after a large 
meal, a 1 – 2 hour post-meal glucose levels can reach 180 mg/dL (10 mmol/L). Blood 
glucose levels can vary from day to day. An occasional high level (above 10 mmol/L) is not 
problem, as long as it returns to normal (below 7 mmol/L; 126 mg/dL) within 12 – 24 hours. 
Persistently high blood glucose levels (above 15 mmol/L; 270 mg/dL) for more than 12 – 24 
hours can result in the symptoms of hyperglycemia. For details see [Szablewski, 2011]. 

4.1.1 Impaired glucose tolerance and impaired fasting glucose 
There are two forms of pre-diabetes: impaired glucose tolerance (IGT) and impaired fasting 
glucose (IFG). Impaired glucose tolerance is a transition phase between normal glucose 
tolerance and diabetes, also referred to as prediabetes. In impaired glucose tolerance, the 
levels of blood glucose are between normal and diabetic. People with IGT do not have 
diabetes. Each year, only 1 – 5% of people whose test results show IGT actually develop 
diabetes. Weight loss and exercise may help people with IGT return their glucose levels to 
normal. Impaired glucose tolerance is a combination of impaired secretion of insulin and 
reduced insulin sensitivity (insulin resistance). Fasting blood glucose levels are normal or 
moderately raised. IGT is diagnosed when: 1) plasma glucose, two hours after consuming 75 g 
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glucose, appears to be superior to 7.8 mmol/L (normal level) but remains inferior to 11.1 
mmol/L (diabetes level). The level of plasma glucose is measured by means of an Oral 
Glucose Tolerance Test (OGTT). The procedure typically involves testing glucose levels after 
an eight hour fasting period, and measuring it again two hours after drinking a sugar 
solution. Generally, if the test shows blood glucose levels in the 140 and 199 mg/dL range, 
two hours after the drink, this could signify impaired glucose tolerance. 2) Fasting plasma 
glucose is less than 7.0 mmol/L (6.1 – 6.9 mmol/L), a level above normal, but below the 
threshold for diagnosis of diabetes. Impaired glucose tolerance is often affiliated with 
several other similar related risk factors such as high blood pressure (hypertension), 
increased LDL-cholesterol, reduced HDL-cholesterol. A person has impaired fasting glucose 
when fasting plasma glucose is 100 to 125 mg/dL. This level is higher than normal but less 
than the level indicating a diagnosis of diabetes. Diabetes mellitus is characterized by 
recurrent or persistent hyperglycemia and is diagnosed by demonstrating any one of the 
following: fasting plasma glucose level ≥ 7.0 mmol/L (126 mg/dL), plasma glucose ≥ 11.1 
mmol/L (200 mg/dL) two hours after a 75 g oral glucose load as in a glucose tolerance test, 
symptoms of hyperglycemia and casual plasma glucose ≥ 11.1 mmol/dL, glycated 
hemoglobin (HbA1C) ≥ 6.5%. 

4.1.2 Type 1 diabetes mellitus 
Type 1 diabetes mellitus (previously known as juvenile or insulin-dependent diabetes) 
results due to autoimmune progressive destruction of insulin-producing β-cells by CD4+ 
and CD8+ T cells and macrophages infiltrating the islets [Foulis et al., 1991]. Although, the 
etiology of type 1 diabetes is believed to have a major genetic component, studies on the risk 
of developing type 1 suggest that environmental factor may be important etiological 
determinants. Evidence of an autoimmune etiology is found in about 95% of these cases and 
is classified as type 1A, and the remaining 5% lacks defined markers of autoimmunity and 
therefore are classified as type 1B, also termed idiopathic [Todd, 1999]. Type 1 diabetes is 
observed in approximately 10% of patients with diabetes mellitus [Gilespie, 2006]. Type 1 
diabetes is a complex polygenic disorder. It cannot be classified strictly by dominant, 
recessive, or intermediate inheritance, making identification of diseases susceptibility or 
resistant gene difficult [Atkinson & Eisenbarth, 2001; Rabinovitch, 2000]. The lifetime of type 
1 diabetes risk for a number of the general population is often quoted as 0.4%. Eight-five 
percent of cases of type 1 diabetes occur in individuals with no family of the disease. 
Differences in risk also depend on which parent has diabetes. The risk increases to 1 – 2% if 
the mother has diabetes and intriguingly to 3 – 7% if the father has diabetes [Haller & 
Atkinson, 2005; Warram et al., 1988]. The sibling risk is 6% [Risch, 1987]. Monozygotic twins 
have a concordance rate of 30 to 50%, whereas dizygotic twins have a concordance rate of 6 
to 10% [Haller & Atkinson, 2005]. Disease susceptibility is highly associated with inheritance 
of the HLA (Human Leukocyte Antigen) alleles DR3 and DR4 as well as the associated 
alleles DQ2 and DQ8. More than 9% of patients with type 1 diabetes express either DR3DQ2 
or DR4DQ8. Heterozygous genotypes DR3/DR4 are most common in children diagnosed 
with type 1 diabetes prior to the age of 5 (50%) [Atkinson & Eisenbarth, 2001]. Individuals 
with the HLA haplotype DRB1*Q302-DQA1*0301, especially when combined with 
DRB*10201-DQA1*0501 are highly susceptible (10 – 20-fold increase) to type 1 diabetes. On 
the other hand, HLA class II haplotypes such as DR2DQ6 confer dominant protection [Todd 
& Wicker, 2001]. Individuals with the haplotype DRB1*0602-DQA1*0102 rarely develop type 
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1 diabetes [Peakman, 2001]. Candidate genes studies also identified the insulin gene as the 
second most important genetic susceptibility factor [Bell et al., 1984]. Whole genome screen 
has indicated that there are at least 15 other loci associated with type 1 diabetes [Concannon 
et al., 1998; Cox et al., 2001]. To date, no single gene is either necessary or sufficient to 
predict the development of type 1 diabetes. Although type 1 diabetes is likely a polygenic 
disorder, epidemiological pattern of type 1 diabetes suggests that environmental factors are 
involved [Dorman & Bunker, 2000]. 

4.1.3 Type 2 diabetes mellitus 
Type 2 diabetes mellitus, previously called non-insulin-dependent diabetes mellitus, is a 
complex heterogeneous group of metabolic disorders including hyperglycemia and 
impaired insulin action and/or insulin secretion. Current theories of type 2 diabetes include 
a defect in insulin-mediated glucose uptake in muscle, a dysfunction of the pancreatic β-
cells, a disruption of secretory function of adipocytes, and an impaired insulin action in liver 
[Lin & Sun, 2010]. The etiology of human type 2 diabetes is multifactorial with genetic 
background and environmental factors of the modern world which favor the development 
of obesity. Several findings indicate that genetics is an important contributing factor. It has 
been estimated that 30 – 70% of type 2 diabetes risk can be attributed to genetics [Poulsen et 
al., 1999]. The lifetime risk of type 2 diabetes is about 7% in a general population, about 40% 
in offspring of one parent with type 2 diabetes, and about 70% if both parents have type 2 
diabetes [Majithia & Florez, 2009]. Patterns of inheritance suggest that type 2 diabetes is 
both polygenic and heterogeneous – i.e. multiple genes are involved and different 
combinations of genes play a role in different subsets of individuals [Doria et al., 2008]. 
Genetic research effort have led to the identification of at least 27 type 2 diabetes 
susceptibility genes [Staiger et al., 2009] and most recent genome-wide association studies 
have identified 20 common genetic variants associated with type 2 diabetes [Ridderstral & 
Groop, 2009]. Since skeletal muscle accounts for ~ 75% of whole body insulin-stimulated 
glucose uptake, defects in this tissue play a major role in glucose homeostasis in patients 
with type 2 diabetes [Bjornholm & Zierath, 2005]. Insulin resistance in skeletal muscle is 
among the earliest detectable defects in humans with type 2 diabetes [Mauvais-Jarvis & 
Kahn, 2000]. Type 2 diabetic patients are characterized by a decreased fat oxidative capacity 
and high levels of circulating free fatty acid [Blaak et al., 2000]. The latter is known to cause 
insulin resistance by reducing stimulated glucose uptake most likely via accumulation of 
lipid inside the muscle cell [Boden, 1999]. A reduced fat oxidative capacity and metabolic 
inflexibility are important components of skeletal muscle insulin resistance [Phielix & 
Mensink, 2008]. 

4.1.4 Gestational diabetes mellitus 
Gestational diabetes mellitus is defined as “carbohydrate intolerance with onset or first 
recognition during pregnancy” [Metzger, 1991]. This definition includes pregnancies in 
which the following occur: insulin therapy is required, diabetes persists after delivery, and 
diabetes may have been present, but not recognized, prior to the pregnancy [Avery & Rossi, 
1994]. Women at risk of type 2 diabetes are at risk of gestational diabetes mellitus [Cheung, 
2009]. Gestational diabetes mellitus is a heterogeneous disorder in which age, obesity, and 
genetic background contribute to the severity of the disease. Multiparous women have a 
very high prevalence of gestational diabetes mellitus [Wagaarachchi et al., 2001]. There has 
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been relatively little research in the area of gestational diabetes genetics [Watanabe et al., 
2007].There is evidence for clustering of type 2 diabetes and impaired glucose tolerance in 
families with gestational diabetes mellitus [McLellan et al., 1995] and evidence for higher 
prevalence of type 2 diabetes in mothers of women with gestational diabetes [Martin et al., 
1985]. The pathophysiology of gestational diabetes remains controversial. Gestational 
diabetes mellitus may reflect a predisposition to type 2 diabetes under the metabolic 
conditions of pregnancy or it may represent the extreme manifestation of metabolic 
alterations that normally occur in pregnancy [Butte, 2000]. Women with gestational diabetes 
have decreased insulin sensitivity in comparison with control groups. Gestational diabetes 
induces a state of dyslipidemia consistent with insulin resistance. During pregnancy, 
women with gestational diabetes do have high serum triacylglycerol concentrations but 
lower LDL-cholesterol concentrations than do healthy pregnant women [Koukkou et al., 
1996]. During pregnancy, gestational diabetes is associated with a number of complications 
for child. Because insulin does not cross the placenta, the fetus is exposed to the maternal 
hyperglycemia. The fetal pancreas is capable of responding to this hyperglycemia [Scollan-
Kolippoulos et al., 2006]. The fetus becomes hyperinsulinemic, which in turn promotes 
growth and subsequent macrosomia [Perkins et al., 2007]. Fetus born to mother with 
gestational diabetes has higher risk of developing macrosomia, neonatal hypoglycemia, 
hyperbilirubinemia, shoulder dystonia with its attendant risk of brachial injury and clavicle 
fracture, etc [Ecker et al., 1997; Hapo Study Group, 2008; Hod et al., 1991; Langer & Mazze, 
1988; Persson & Hanson, 1998]. These complications have been reported with varying 
frequency [Garner, 1995]. Additionally, there are some data that suggest an increase in fetal 
malformation and perinatal mortality [Sepe et al., 1985]. Cesarean sections are also more 
common, and gestational diabetes mellitus is associated with a higher risk of pre-eclampsia 
[Hapo Study Group, 2008, Persson & Hanson, 1998]. Infant exposed to maternal diabetes in 
uterus have and increased risk of diabetes and obesity in childhood and adulthood 
[Silverman et al., 1998]. Studies indicate that the magnitude of fetal-neonatal risk is 
proportional to the severity of maternal hyperglycemia [Langer & Conway, 2000]. 
Gestational diabetes is one of the most common complications in pregnancy occurring in 
2,2% - 8,8% of each year, dependent on the ethnic mix of the population and the criteria 
used for diagnosis.  

4.1.5 MODY 
MODY (Maturity onset diabetes of young) is a monogenic and autosomal dominant form of 
diabetes mellitus. Disease was described in 1974 – 1975 and since then newer gene 
mutations and subgroups of MODY have been identified [Tattersall, 1974; Tattersall & 
Fajans, 1975]. To distinguish MODY from type 1 diabetes tests need to be done to establish 
the absence of diabetes antibodies (anti-insulin, anti-islet, anti-glutamic acid decarboxylase). 
In obese people, the absence of insulin resistance, will differentiate it from type 2 diabetes. 
MODY presents in children, adolescent or young adults and may account for up to 5% of 
diabetes cases [Johnson, 2007]. MODY patients have a strong family history of diabetes, 
suggestive of a primary genetic cause [Fajans et al., 2001; Mitchell & Frayling, 2002]. MODY 
is caused by changes to a single gene and if either one of the parents carriers this gene they 
have a 50% chance of passing it on to their child. Disease progression in MODY is though to 
be largely independent of nongenetic factors other than time. A primary physiological 
defect caused [Fajans et al., 2001; Mitchell & Frayling, 2002]. Nine of genetic forms of MODY 
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1 diabetes [Peakman, 2001]. Candidate genes studies also identified the insulin gene as the 
second most important genetic susceptibility factor [Bell et al., 1984]. Whole genome screen 
has indicated that there are at least 15 other loci associated with type 1 diabetes [Concannon 
et al., 1998; Cox et al., 2001]. To date, no single gene is either necessary or sufficient to 
predict the development of type 1 diabetes. Although type 1 diabetes is likely a polygenic 
disorder, epidemiological pattern of type 1 diabetes suggests that environmental factors are 
involved [Dorman & Bunker, 2000]. 
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complex heterogeneous group of metabolic disorders including hyperglycemia and 
impaired insulin action and/or insulin secretion. Current theories of type 2 diabetes include 
a defect in insulin-mediated glucose uptake in muscle, a dysfunction of the pancreatic β-
cells, a disruption of secretory function of adipocytes, and an impaired insulin action in liver 
[Lin & Sun, 2010]. The etiology of human type 2 diabetes is multifactorial with genetic 
background and environmental factors of the modern world which favor the development 
of obesity. Several findings indicate that genetics is an important contributing factor. It has 
been estimated that 30 – 70% of type 2 diabetes risk can be attributed to genetics [Poulsen et 
al., 1999]. The lifetime risk of type 2 diabetes is about 7% in a general population, about 40% 
in offspring of one parent with type 2 diabetes, and about 70% if both parents have type 2 
diabetes [Majithia & Florez, 2009]. Patterns of inheritance suggest that type 2 diabetes is 
both polygenic and heterogeneous – i.e. multiple genes are involved and different 
combinations of genes play a role in different subsets of individuals [Doria et al., 2008]. 
Genetic research effort have led to the identification of at least 27 type 2 diabetes 
susceptibility genes [Staiger et al., 2009] and most recent genome-wide association studies 
have identified 20 common genetic variants associated with type 2 diabetes [Ridderstral & 
Groop, 2009]. Since skeletal muscle accounts for ~ 75% of whole body insulin-stimulated 
glucose uptake, defects in this tissue play a major role in glucose homeostasis in patients 
with type 2 diabetes [Bjornholm & Zierath, 2005]. Insulin resistance in skeletal muscle is 
among the earliest detectable defects in humans with type 2 diabetes [Mauvais-Jarvis & 
Kahn, 2000]. Type 2 diabetic patients are characterized by a decreased fat oxidative capacity 
and high levels of circulating free fatty acid [Blaak et al., 2000]. The latter is known to cause 
insulin resistance by reducing stimulated glucose uptake most likely via accumulation of 
lipid inside the muscle cell [Boden, 1999]. A reduced fat oxidative capacity and metabolic 
inflexibility are important components of skeletal muscle insulin resistance [Phielix & 
Mensink, 2008]. 

4.1.4 Gestational diabetes mellitus 
Gestational diabetes mellitus is defined as “carbohydrate intolerance with onset or first 
recognition during pregnancy” [Metzger, 1991]. This definition includes pregnancies in 
which the following occur: insulin therapy is required, diabetes persists after delivery, and 
diabetes may have been present, but not recognized, prior to the pregnancy [Avery & Rossi, 
1994]. Women at risk of type 2 diabetes are at risk of gestational diabetes mellitus [Cheung, 
2009]. Gestational diabetes mellitus is a heterogeneous disorder in which age, obesity, and 
genetic background contribute to the severity of the disease. Multiparous women have a 
very high prevalence of gestational diabetes mellitus [Wagaarachchi et al., 2001]. There has 
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been relatively little research in the area of gestational diabetes genetics [Watanabe et al., 
2007].There is evidence for clustering of type 2 diabetes and impaired glucose tolerance in 
families with gestational diabetes mellitus [McLellan et al., 1995] and evidence for higher 
prevalence of type 2 diabetes in mothers of women with gestational diabetes [Martin et al., 
1985]. The pathophysiology of gestational diabetes remains controversial. Gestational 
diabetes mellitus may reflect a predisposition to type 2 diabetes under the metabolic 
conditions of pregnancy or it may represent the extreme manifestation of metabolic 
alterations that normally occur in pregnancy [Butte, 2000]. Women with gestational diabetes 
have decreased insulin sensitivity in comparison with control groups. Gestational diabetes 
induces a state of dyslipidemia consistent with insulin resistance. During pregnancy, 
women with gestational diabetes do have high serum triacylglycerol concentrations but 
lower LDL-cholesterol concentrations than do healthy pregnant women [Koukkou et al., 
1996]. During pregnancy, gestational diabetes is associated with a number of complications 
for child. Because insulin does not cross the placenta, the fetus is exposed to the maternal 
hyperglycemia. The fetal pancreas is capable of responding to this hyperglycemia [Scollan-
Kolippoulos et al., 2006]. The fetus becomes hyperinsulinemic, which in turn promotes 
growth and subsequent macrosomia [Perkins et al., 2007]. Fetus born to mother with 
gestational diabetes has higher risk of developing macrosomia, neonatal hypoglycemia, 
hyperbilirubinemia, shoulder dystonia with its attendant risk of brachial injury and clavicle 
fracture, etc [Ecker et al., 1997; Hapo Study Group, 2008; Hod et al., 1991; Langer & Mazze, 
1988; Persson & Hanson, 1998]. These complications have been reported with varying 
frequency [Garner, 1995]. Additionally, there are some data that suggest an increase in fetal 
malformation and perinatal mortality [Sepe et al., 1985]. Cesarean sections are also more 
common, and gestational diabetes mellitus is associated with a higher risk of pre-eclampsia 
[Hapo Study Group, 2008, Persson & Hanson, 1998]. Infant exposed to maternal diabetes in 
uterus have and increased risk of diabetes and obesity in childhood and adulthood 
[Silverman et al., 1998]. Studies indicate that the magnitude of fetal-neonatal risk is 
proportional to the severity of maternal hyperglycemia [Langer & Conway, 2000]. 
Gestational diabetes is one of the most common complications in pregnancy occurring in 
2,2% - 8,8% of each year, dependent on the ethnic mix of the population and the criteria 
used for diagnosis.  

4.1.5 MODY 
MODY (Maturity onset diabetes of young) is a monogenic and autosomal dominant form of 
diabetes mellitus. Disease was described in 1974 – 1975 and since then newer gene 
mutations and subgroups of MODY have been identified [Tattersall, 1974; Tattersall & 
Fajans, 1975]. To distinguish MODY from type 1 diabetes tests need to be done to establish 
the absence of diabetes antibodies (anti-insulin, anti-islet, anti-glutamic acid decarboxylase). 
In obese people, the absence of insulin resistance, will differentiate it from type 2 diabetes. 
MODY presents in children, adolescent or young adults and may account for up to 5% of 
diabetes cases [Johnson, 2007]. MODY patients have a strong family history of diabetes, 
suggestive of a primary genetic cause [Fajans et al., 2001; Mitchell & Frayling, 2002]. MODY 
is caused by changes to a single gene and if either one of the parents carriers this gene they 
have a 50% chance of passing it on to their child. Disease progression in MODY is though to 
be largely independent of nongenetic factors other than time. A primary physiological 
defect caused [Fajans et al., 2001; Mitchell & Frayling, 2002]. Nine of genetic forms of MODY 
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have been identified to date, and these have been termed MODY 1 – 9. These rare diabetic 
disorders are associated with heterozygosity for mutations in single genes, including 7 
transcription factors (MODY 1, 3, 4, 5, 6, 7 and 9) and 2 metabolic enzymes (MODY 2 and 8). 
In some cases, there are significant differences in the activity of the mutant gene product 
that contribute to variations in the clinical features of the diabetes. 

4.1.6 Neonatal diabetes mellitus 
Neonatal diabetes mellitus is defined as insulin-sensitive hyperglycemia occurring in the 
first months of life, lasting for more than 2 weeks and required insulin for management 
[Shield, 2000]. It is rare, with an incidence of approximately 1 in 500 000 births [von 
Muhlendahl & Herkenhoff, 1995]. Neonatal diabetes mellitus is considered distinct from 
autoimmune type 1 diabetes, which manifests after the first 3 to 6 months of life [Hathout et 
al., 2000]. In this disease, antibodies to insulin or islet cells and other markers of 
autoimmune type 1 diabetes are absent. There are two separate forms of neonatal diabetes 
mellitus that vary in the length of insulin dependency in the premature stage of disease. In 
about 50% of cases of neonatal diabetes mellitus, diabetes is transient and resolves at a 
median age of 3 months (Transient Neonatal Diabetes Mellitus). The other 50% of cases of 
neonatal diabetes mellitus are permanent (Permanent Neonatal Diabetes Mellitus) [Neve et 
al., 2005]. The etiology of neonatal diabetes mellitus is genetically heterogeneous, producing 
abnormal development or absence of pancreas or islets, decreased β-cell mass secondary to 
increased β-cell apoptosis, and β-cell dysfunction that limits insulin secretion [Aguilar-
Bryan & Bryan, 2008]. Transient neonatal diabetes mellitus is a form of neonatal diabetes 
that appears in the first six weeks of life and usually ends by 18 months. It is characterized 
by intrauterine growth retardation, dehydration, small gestational age at birth, and failure 
to thrive. Permanent neonatal diabetes mellitus can occur alone or as a larger genetic 
syndrome. In permanent neonatal diabetes mellitus, diabetes develops within days to 
months after birth and persists throughout life. Intrauterine growth retardation, 
hyperglycemia, sever dehydration, osmotic polyuria, and failure to thrive are all associated 
with permanent neonatal diabetes mellitus. 

4.2 Hypoglycemia 
4.2.1 Definition of hypoglycemia 
Normally, the body maintains the levels of sugar in the blood within a range of about 70 to 
110 mg/dL, depending on when a person last ate. In the fasting state, blood sugar can 
occasionally fall below 60 mg/dL and even to below 50 mg/dL and not indicate a serious 
abnormality or disease. This can be seen in healthy women, particularly after prolonged 
fasting. Hypoglycemia, also called low blood glucose or low blood sugar, occurs when 
glucose drops below normal levels. Hypoglycemia is defined arbitrarily as blood glucose of 
less than 50 mg/dL (2.8 mmol/L) with neuroglycopenic symptoms or less than 40 mg/dL 
(2.2 mmol/L) in the absence of symptoms [Carroll et al., 2003]. The clinical manifestations of 
hypoglycemia are nonspecific. Therefore, clinically significant hypoglycemia is 
characterized by Whipple’s triad: 1) symptoms of neuroglycopenia, 2) simultaneous blood 
glucose lower than 40 mg/dL (2.2 mmol/L), 3) relief of symptoms with the administration 
of glucose. All 3 criteria should be met to establish a diagnosis of hypoglycemia. 
Asymptomatic hypoglycemia with glucose levels as low as 30 mg/dL (1.7 mmol/L) can be 
seen during fasting in normal women and during pregnancy [Merimee & Tyson, 1974]. 
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Asymptomatic patients may have artifactural hypoglycemia due to in vitro consumption of 
glucose by blood cell elements such as in leukemia or polycythemia [Carroll et al., 2003]. 

4.2.2 Signs and symptoms of hypoglycemia 
Because of the effectiveness of the normal defenses against falling plasma glucose 
concentrations, hypoglycemia is an uncommon clinical event, except in persons who use 
drugs that lower plasma glucose levels, to treat diabetes mellitus [Cryer, 2004; Cryer et al., 
2009; Guettier & Gorden, 2006]. According to Cryer and colleagues [Cryer et al., 2009], in 
healthy individuals, symptoms of hypoglycemia develop at a mean plasma glucose 
concentration of approximately 55 mg/dL (93.0 mmol/L). However, the glycemic threshold 
for this and other responses to hypoglycemia shift to lower plasma glucose concentrations in 
patients with recurrent hypoglycemia [Cryer, 2001 a, Cryer, 2009]. Documentation of 
Whipple’s triad established that a hypoglycemic disorder exists. In a person who does not 
have diabetes mellitus an unequivocally normal plasma glucose concentration during a 
symptomatic episode indicates that symptoms are not the result of hypoglycemia [Cryer et 
al., 2009]. The clinical manifestations of hypoglycemia are nonspecific. The central nervous 
system relies primarily on glucose for generation of cellular energy, but has reserves 
sufficient for only a few minutes and cannot synthesize glucose. Furthermore, studies have 
demonstrated that glucose is an obligate metabolic fuel for the brain under physiological 
conditions. It is to note, that glucose is not the only fuel that can be utilized by the brain. The 
noninjured brain can also utilize ketone bodies, particularly during starvation [Robinson & 
Williamson, 1980]. On the other hand, the brain cannot use fuels others than glucose during 
acute hypoglycemia [Cryer, 2001 a; Cryer, 2007; Wahren et al., 1999]. When the brain is 
deprived of its supply of glucose, serious neurological dysfunction occurs [Carroll et al., 
2003]. During severe hypoglycemia, glycogen stores appear to play a special role in 
maintaining brain function. Studies suggest that increasing brain glycogen stores protects 
neuronal activity [Wender et al., 2000]. Results obtained from human and animal studies 
showed that the most sensitive neuronal populations are the superficial layers of the cortex, 
the hippocampus, the caudate nucleus, and the subiculum [Auer et al., 1984; Auer et al., 
1985]. Hypoglycemia induces neuronal death [Lacherade et al., 2009]. The neuronal death 
resulting from hypoglycemia is not a straightforward result of energy failure but instead 
results from a sequence of events initiated by hypoglycemia [Such et al., 2007]. These events 
include activation of neuronal glutamate receptors [Nellgard & Wieloch, 1992], production 
of mitochondrial reactive oxygen species [Singh et al., 2004], neuronal zinc release [Assaf & 
Chung, 1984], and extracellular release of excitatory amino acids (glutamate and aspartate) 
[Engelsen et al., 1986]. Activation of postsynaptic glutamate receptor and postsynaptic zinc 
accumulation induce a variety of mechanisms leading to neuronal death [Patockova et al., 
2003; Singh et al. 2004]. According to Carroll and colleagues [Carroll et al., 2003], there are 4 
pathophysiologic mechanisms capable of exceeding the body’s counterregulatory capacity 
and causing severe hypoglycemia: excessive insulin effect, diffuse hepatic dysfunction, 
limited substrate for gluconeogenesis and excessive glucose consumption. More than one 
mechanism may be responsible, especially in ill patients. Symptoms of hypoglycemia are 
categorized as neuroglycopenic and neurogenic or autonomic. Symptoms of hypoglycemia 
may be nonspecific but tend to be similar for repeated episodes in the same individual. The 
symptoms associated with hypoglycemia are sometimes mistaken for symptoms caused by 
conditions not related to blood sugar. Unusual stress and anxiety can cause excess 
production of catecholamines, resulting in symptoms similar to those caused by 



 
Diabetes – Damages and Treatments 

 

236 

have been identified to date, and these have been termed MODY 1 – 9. These rare diabetic 
disorders are associated with heterozygosity for mutations in single genes, including 7 
transcription factors (MODY 1, 3, 4, 5, 6, 7 and 9) and 2 metabolic enzymes (MODY 2 and 8). 
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by intrauterine growth retardation, dehydration, small gestational age at birth, and failure 
to thrive. Permanent neonatal diabetes mellitus can occur alone or as a larger genetic 
syndrome. In permanent neonatal diabetes mellitus, diabetes develops within days to 
months after birth and persists throughout life. Intrauterine growth retardation, 
hyperglycemia, sever dehydration, osmotic polyuria, and failure to thrive are all associated 
with permanent neonatal diabetes mellitus. 
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4.2.1 Definition of hypoglycemia 
Normally, the body maintains the levels of sugar in the blood within a range of about 70 to 
110 mg/dL, depending on when a person last ate. In the fasting state, blood sugar can 
occasionally fall below 60 mg/dL and even to below 50 mg/dL and not indicate a serious 
abnormality or disease. This can be seen in healthy women, particularly after prolonged 
fasting. Hypoglycemia, also called low blood glucose or low blood sugar, occurs when 
glucose drops below normal levels. Hypoglycemia is defined arbitrarily as blood glucose of 
less than 50 mg/dL (2.8 mmol/L) with neuroglycopenic symptoms or less than 40 mg/dL 
(2.2 mmol/L) in the absence of symptoms [Carroll et al., 2003]. The clinical manifestations of 
hypoglycemia are nonspecific. Therefore, clinically significant hypoglycemia is 
characterized by Whipple’s triad: 1) symptoms of neuroglycopenia, 2) simultaneous blood 
glucose lower than 40 mg/dL (2.2 mmol/L), 3) relief of symptoms with the administration 
of glucose. All 3 criteria should be met to establish a diagnosis of hypoglycemia. 
Asymptomatic hypoglycemia with glucose levels as low as 30 mg/dL (1.7 mmol/L) can be 
seen during fasting in normal women and during pregnancy [Merimee & Tyson, 1974]. 
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Asymptomatic patients may have artifactural hypoglycemia due to in vitro consumption of 
glucose by blood cell elements such as in leukemia or polycythemia [Carroll et al., 2003]. 

4.2.2 Signs and symptoms of hypoglycemia 
Because of the effectiveness of the normal defenses against falling plasma glucose 
concentrations, hypoglycemia is an uncommon clinical event, except in persons who use 
drugs that lower plasma glucose levels, to treat diabetes mellitus [Cryer, 2004; Cryer et al., 
2009; Guettier & Gorden, 2006]. According to Cryer and colleagues [Cryer et al., 2009], in 
healthy individuals, symptoms of hypoglycemia develop at a mean plasma glucose 
concentration of approximately 55 mg/dL (93.0 mmol/L). However, the glycemic threshold 
for this and other responses to hypoglycemia shift to lower plasma glucose concentrations in 
patients with recurrent hypoglycemia [Cryer, 2001 a, Cryer, 2009]. Documentation of 
Whipple’s triad established that a hypoglycemic disorder exists. In a person who does not 
have diabetes mellitus an unequivocally normal plasma glucose concentration during a 
symptomatic episode indicates that symptoms are not the result of hypoglycemia [Cryer et 
al., 2009]. The clinical manifestations of hypoglycemia are nonspecific. The central nervous 
system relies primarily on glucose for generation of cellular energy, but has reserves 
sufficient for only a few minutes and cannot synthesize glucose. Furthermore, studies have 
demonstrated that glucose is an obligate metabolic fuel for the brain under physiological 
conditions. It is to note, that glucose is not the only fuel that can be utilized by the brain. The 
noninjured brain can also utilize ketone bodies, particularly during starvation [Robinson & 
Williamson, 1980]. On the other hand, the brain cannot use fuels others than glucose during 
acute hypoglycemia [Cryer, 2001 a; Cryer, 2007; Wahren et al., 1999]. When the brain is 
deprived of its supply of glucose, serious neurological dysfunction occurs [Carroll et al., 
2003]. During severe hypoglycemia, glycogen stores appear to play a special role in 
maintaining brain function. Studies suggest that increasing brain glycogen stores protects 
neuronal activity [Wender et al., 2000]. Results obtained from human and animal studies 
showed that the most sensitive neuronal populations are the superficial layers of the cortex, 
the hippocampus, the caudate nucleus, and the subiculum [Auer et al., 1984; Auer et al., 
1985]. Hypoglycemia induces neuronal death [Lacherade et al., 2009]. The neuronal death 
resulting from hypoglycemia is not a straightforward result of energy failure but instead 
results from a sequence of events initiated by hypoglycemia [Such et al., 2007]. These events 
include activation of neuronal glutamate receptors [Nellgard & Wieloch, 1992], production 
of mitochondrial reactive oxygen species [Singh et al., 2004], neuronal zinc release [Assaf & 
Chung, 1984], and extracellular release of excitatory amino acids (glutamate and aspartate) 
[Engelsen et al., 1986]. Activation of postsynaptic glutamate receptor and postsynaptic zinc 
accumulation induce a variety of mechanisms leading to neuronal death [Patockova et al., 
2003; Singh et al. 2004]. According to Carroll and colleagues [Carroll et al., 2003], there are 4 
pathophysiologic mechanisms capable of exceeding the body’s counterregulatory capacity 
and causing severe hypoglycemia: excessive insulin effect, diffuse hepatic dysfunction, 
limited substrate for gluconeogenesis and excessive glucose consumption. More than one 
mechanism may be responsible, especially in ill patients. Symptoms of hypoglycemia are 
categorized as neuroglycopenic and neurogenic or autonomic. Symptoms of hypoglycemia 
may be nonspecific but tend to be similar for repeated episodes in the same individual. The 
symptoms associated with hypoglycemia are sometimes mistaken for symptoms caused by 
conditions not related to blood sugar. Unusual stress and anxiety can cause excess 
production of catecholamines, resulting in symptoms similar to those caused by 
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hypoglycemia but having no relation to blood sugar levels. Symptoms can being slowly or 
suddenly, progressing from mild discomfort to severe confusion or panic within minutes. If 
left untreated, hypoglycemia can get worse and cause confusion, clumsiness, or fainting. 
Severe hypoglycemia can lead to seizures, coma, and even death. General symptoms of 
hypoglycemia are: nausea, dizziness, collapse, weight gain. Neurogenic symptoms result 
from sympathoadreanl discharge triggered by hypoglycemia. They include sweating, 
tremor, palpitations, tachycardia, agitation, nervosity, hunger [Towler et al., 1993]. 
Symptoms linked to neuroglycopenia are direct result of the lack of brain metabolic energy. 
Neuroglycopenic symptoms occur at glucose levels of approximately 45 mg/dL and impair 
the ability of affected individual to take corrective action to abort severe hypoglycemia 
[Carroll et al., 2003]. These symptoms include impairment of consciousness, mental 
concentration, vision, speech, memory. Blurred vision, fatigue, seizures, paralyses, ataxia, 
loss of consciousness, unusual or bizarre behavior, and emotional liability [Cryer, 2008 a; 
Guettier & Gorden, 2006; McAulay et al., 2001; Ng, 2010; Towler et al., 1993]. Coma may 
result from values below 40 - 50 mg/dL [Ben-Ami et al., 1999], and death in extreme cases. 
Hypoglycemia can also happen during sleep. Some signs of hypoglycemia during sleep 
include crying out or having nightmares, finding pajamas or sheets damp from perspiration, 
feeling tired, irritable, or confused after waking up. The symptoms of hypoglycemia rarely 
develop until the level of sugar in the blood falls below 60 mg/dL of blood. Some people 
develop symptoms at slightly higher levels, especially when blood sugar levels fall quickly, 
and some do not develop symptoms until the sugar levels in their blood are much lower. 
The body first responds to a fall in the level of sugar in the blood by releasing noradrenaline 
(epinephrine) from the adrenal glands. Hormone stimulates the release of sugar from body 
stores but also causes symptoms similar to those of an anxiety attack: sweating, 
nervousness, shaking, faintness, palpitations, and hunger. Sometimes people who are 
hypoglycemic are mistakenly thought to be drunk. In adults and children older than 10 
years, hypoglycemia is uncommon except as a side effect of diabetes treatment. 
Hypoglycemia in people who not have diabetes is far less common than once believed 
[Cryer, 2008; Guettier & Gorden, 2006; Service, 1995; Service, 1999]. It can occur in some 
people under certain conditions such as early pregnancy, prolonged fasting, and long 
periods of strenuous exercise. Hypoglycemia can also result, however, from other 
medications or diseases, hormone or enzyme deficiencies, or tumors. 

4.2.3 Causes and types of hypoglycemia 
Two types of hypoglycemia can occur in people who do not have diabetes: reactive 
hypoglycemia, also called postprandial hypoglycemia, occurs within 4 hours after meals 
and fasting hypoglycemia, also called postabsorptive hypoglycemia, is often related to an 
underlying disease [Cryer, 2008]. This classification has been criticised for being unhelpful 
diagnostically. According to Servise [1995] some causes of hypoglycemia can present with 
both postabsorptive and postprandial (e.g. insulinoma). Other disorders can present with 
erratically occuring symptoms independent of food ingestion (e.g. factitous hypoglycemia). 
Patients with an insulinoma, who typically have postabsorptive hypoglycemia, may 
experience postprandial hypoglycemia, and post-gastric-bypass patients, who typically have 
postprandial hypoglycemia, may have symptoms when fasting. Indeed, some disorders, e.g. 
factitous hypoglycemia, are not readily classified as either postabsorptive or postprandial 
[Cryer et al., 2009]. Therefore, a more useful approach for clinicans is a classification based 
on clinical characteristics [Ng, 2010]. Symptoms of the both reactive and fasting 
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hypoglycemia are similar to diabetes-related hypoglycemia. Symptoms may include hunger, 
sweating, shakiness, dizziness, light-headedness, sleeping, confusion, dificulty speaking, 
anxiety, and weaknes. The average age of a patient diagnosed with an insulinoma is the early 
40s, but cases have been reported in patients ranging from birth to age 80 years [Garza, 2008].  
4.2.3.1 Reactive hypoglycemia (postprandial hypoglycemia) 
A diagnostic of reactive hypoglycemia is considered only after possible causes of low blood 
sugar have been rulet out. Reactive hypoglycemia with no known cause is a condition in 
which the symptoms of low blood sugar appear 2 to 5 hours after eating foods, especially 
when meals contain high levels of simple carbohydrates (as for example glucose). Reactive 
hypoglycemia refers to hypoglycemia caused by external influences, like diet and 
medication use. This type is more amenable to management or cure. Reactive hypoglycemia 
can be seen in patients who have had surgical removal of the stomach and in patients who 
had other surgigal procedures (gastrojejunostomy, vagotomy, pyloroplast). This type of 
hypoglycemia, alimentary hypoglycemia, is another form of hypoglycemia. In the absence 
of stomach, glucose in the meal is rapidly absorbed into the blood stream through the 
intestines, causing sudden hyperglycemia. In order to correct this sudden hyperglycemia, 
excessive amounts of insulin are released by the pancreas, which drives the blood glucose 
down, causing hypoglycemia. The reactive hypoglycemia in gastrectomy patients occurs 
early, usually within 1 hour after a meal. In heredity fructose intolerance and galactosemia, 
an inherited deficiency of a heaptic enzyme causes acute inhibition of hepatic glucose 
output when fructose or galactose is ingested. In patients with leucine sensitivity in 
childhood leucine provokes an exaggerated insulin secretory response to a meal and 
reactive hypoglycemia. Reactive hypoglycemia can occur when blood glucose falls, stores of 
glucose from the liver are exhausted and an individual chooses not to eat. The body 
gradually adjusts to this situation by using muscle protein to feed glucose to brain and fat to 
fuel the other body cells, tissues and organs, but before this adjustment takes place, an 
individual may experience symptoms of glucose deprivation to the brain. Reactive 
hypoglycemia seldom causes glucose levels to drop low enough to induce severe 
neuroglycopenic symptoms; therefore, a history of true loss of consciousness is highly 
suggestive of an etiology other than reactive hypoglycemia. Reactive hypoglycemia has 
been suggested to be more common in people who are insulin-resistant, and it may be a 
frequent precursor to type 2 diabetes. Therefore patients who have a family history of type 2 
diabetes or insulin-resistance syndrome, may be at higher risk of developing hypoglycemia. 
Reactive hypoglycemia often is treated successfully with dietary changes and is associated 
with minimal morbidity. Mortality is not observed. Reactive hypoglycemia is reported most 
frequently by women. It typically is in women aged 25 – 35 years. The average age of a 
patients diagnosed with an insulinoma is the early 40s, but cases have been reported in 
patients ranging from birth to age 80 years [Garza, 2009]. Idiopathic postprandial 
hypoglycemia is another form of reactive hypoglycemia [Ng, 2010]. It is a disorder in which 
autonomic and neuroglycopenic symptoms develop postprandially, accompanied by low 
plasma glucose [Brun et al., 2000]. This disease is due to various mechanisms, as for 
example: 1) high insulin sensitivity, 2) an exaggerated insulin response, either related to 
insulin resistance or to increased glucagon-like peptide 1, 3) renal glycosuria, 4) defects in 
glucagon response [Brun et al., 2000]. In idiopathic postprandial syndrome, autonomic 
symptoms, appear 2 – 5 hours after a meal. It is to note that plasma glucose concentration is 
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hypoglycemia but having no relation to blood sugar levels. Symptoms can being slowly or 
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left untreated, hypoglycemia can get worse and cause confusion, clumsiness, or fainting. 
Severe hypoglycemia can lead to seizures, coma, and even death. General symptoms of 
hypoglycemia are: nausea, dizziness, collapse, weight gain. Neurogenic symptoms result 
from sympathoadreanl discharge triggered by hypoglycemia. They include sweating, 
tremor, palpitations, tachycardia, agitation, nervosity, hunger [Towler et al., 1993]. 
Symptoms linked to neuroglycopenia are direct result of the lack of brain metabolic energy. 
Neuroglycopenic symptoms occur at glucose levels of approximately 45 mg/dL and impair 
the ability of affected individual to take corrective action to abort severe hypoglycemia 
[Carroll et al., 2003]. These symptoms include impairment of consciousness, mental 
concentration, vision, speech, memory. Blurred vision, fatigue, seizures, paralyses, ataxia, 
loss of consciousness, unusual or bizarre behavior, and emotional liability [Cryer, 2008 a; 
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result from values below 40 - 50 mg/dL [Ben-Ami et al., 1999], and death in extreme cases. 
Hypoglycemia can also happen during sleep. Some signs of hypoglycemia during sleep 
include crying out or having nightmares, finding pajamas or sheets damp from perspiration, 
feeling tired, irritable, or confused after waking up. The symptoms of hypoglycemia rarely 
develop until the level of sugar in the blood falls below 60 mg/dL of blood. Some people 
develop symptoms at slightly higher levels, especially when blood sugar levels fall quickly, 
and some do not develop symptoms until the sugar levels in their blood are much lower. 
The body first responds to a fall in the level of sugar in the blood by releasing noradrenaline 
(epinephrine) from the adrenal glands. Hormone stimulates the release of sugar from body 
stores but also causes symptoms similar to those of an anxiety attack: sweating, 
nervousness, shaking, faintness, palpitations, and hunger. Sometimes people who are 
hypoglycemic are mistakenly thought to be drunk. In adults and children older than 10 
years, hypoglycemia is uncommon except as a side effect of diabetes treatment. 
Hypoglycemia in people who not have diabetes is far less common than once believed 
[Cryer, 2008; Guettier & Gorden, 2006; Service, 1995; Service, 1999]. It can occur in some 
people under certain conditions such as early pregnancy, prolonged fasting, and long 
periods of strenuous exercise. Hypoglycemia can also result, however, from other 
medications or diseases, hormone or enzyme deficiencies, or tumors. 

4.2.3 Causes and types of hypoglycemia 
Two types of hypoglycemia can occur in people who do not have diabetes: reactive 
hypoglycemia, also called postprandial hypoglycemia, occurs within 4 hours after meals 
and fasting hypoglycemia, also called postabsorptive hypoglycemia, is often related to an 
underlying disease [Cryer, 2008]. This classification has been criticised for being unhelpful 
diagnostically. According to Servise [1995] some causes of hypoglycemia can present with 
both postabsorptive and postprandial (e.g. insulinoma). Other disorders can present with 
erratically occuring symptoms independent of food ingestion (e.g. factitous hypoglycemia). 
Patients with an insulinoma, who typically have postabsorptive hypoglycemia, may 
experience postprandial hypoglycemia, and post-gastric-bypass patients, who typically have 
postprandial hypoglycemia, may have symptoms when fasting. Indeed, some disorders, e.g. 
factitous hypoglycemia, are not readily classified as either postabsorptive or postprandial 
[Cryer et al., 2009]. Therefore, a more useful approach for clinicans is a classification based 
on clinical characteristics [Ng, 2010]. Symptoms of the both reactive and fasting 
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hypoglycemia are similar to diabetes-related hypoglycemia. Symptoms may include hunger, 
sweating, shakiness, dizziness, light-headedness, sleeping, confusion, dificulty speaking, 
anxiety, and weaknes. The average age of a patient diagnosed with an insulinoma is the early 
40s, but cases have been reported in patients ranging from birth to age 80 years [Garza, 2008].  
4.2.3.1 Reactive hypoglycemia (postprandial hypoglycemia) 
A diagnostic of reactive hypoglycemia is considered only after possible causes of low blood 
sugar have been rulet out. Reactive hypoglycemia with no known cause is a condition in 
which the symptoms of low blood sugar appear 2 to 5 hours after eating foods, especially 
when meals contain high levels of simple carbohydrates (as for example glucose). Reactive 
hypoglycemia refers to hypoglycemia caused by external influences, like diet and 
medication use. This type is more amenable to management or cure. Reactive hypoglycemia 
can be seen in patients who have had surgical removal of the stomach and in patients who 
had other surgigal procedures (gastrojejunostomy, vagotomy, pyloroplast). This type of 
hypoglycemia, alimentary hypoglycemia, is another form of hypoglycemia. In the absence 
of stomach, glucose in the meal is rapidly absorbed into the blood stream through the 
intestines, causing sudden hyperglycemia. In order to correct this sudden hyperglycemia, 
excessive amounts of insulin are released by the pancreas, which drives the blood glucose 
down, causing hypoglycemia. The reactive hypoglycemia in gastrectomy patients occurs 
early, usually within 1 hour after a meal. In heredity fructose intolerance and galactosemia, 
an inherited deficiency of a heaptic enzyme causes acute inhibition of hepatic glucose 
output when fructose or galactose is ingested. In patients with leucine sensitivity in 
childhood leucine provokes an exaggerated insulin secretory response to a meal and 
reactive hypoglycemia. Reactive hypoglycemia can occur when blood glucose falls, stores of 
glucose from the liver are exhausted and an individual chooses not to eat. The body 
gradually adjusts to this situation by using muscle protein to feed glucose to brain and fat to 
fuel the other body cells, tissues and organs, but before this adjustment takes place, an 
individual may experience symptoms of glucose deprivation to the brain. Reactive 
hypoglycemia seldom causes glucose levels to drop low enough to induce severe 
neuroglycopenic symptoms; therefore, a history of true loss of consciousness is highly 
suggestive of an etiology other than reactive hypoglycemia. Reactive hypoglycemia has 
been suggested to be more common in people who are insulin-resistant, and it may be a 
frequent precursor to type 2 diabetes. Therefore patients who have a family history of type 2 
diabetes or insulin-resistance syndrome, may be at higher risk of developing hypoglycemia. 
Reactive hypoglycemia often is treated successfully with dietary changes and is associated 
with minimal morbidity. Mortality is not observed. Reactive hypoglycemia is reported most 
frequently by women. It typically is in women aged 25 – 35 years. The average age of a 
patients diagnosed with an insulinoma is the early 40s, but cases have been reported in 
patients ranging from birth to age 80 years [Garza, 2009]. Idiopathic postprandial 
hypoglycemia is another form of reactive hypoglycemia [Ng, 2010]. It is a disorder in which 
autonomic and neuroglycopenic symptoms develop postprandially, accompanied by low 
plasma glucose [Brun et al., 2000]. This disease is due to various mechanisms, as for 
example: 1) high insulin sensitivity, 2) an exaggerated insulin response, either related to 
insulin resistance or to increased glucagon-like peptide 1, 3) renal glycosuria, 4) defects in 
glucagon response [Brun et al., 2000]. In idiopathic postprandial syndrome, autonomic 
symptoms, appear 2 – 5 hours after a meal. It is to note that plasma glucose concentration is 
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normal [Charles et al., 1981]. This phenomenon is due to enhanced catecholamine release 
following a meal or enhanced sensitivity to normal postprandial noradrenaline 
(norepinephrine) and adrenaline (epinephrine) release. This condition is also known as 
pseudohypoglycemia [Foster & Rubenstein, 1998].  

4.2.3.2 Fasting hypoglycemia (postabsorptive hypoglycemia) 
Fasting hypoglycemia, also called postabsorptive hypoglycemia, is diagnosed from a blood 
samples that shows a blood glucose level below 50 mg/dL after an overnight fast, between 
meals, or after physical activity. Fasting hypoglycemia occurs when the stomach is empty. It 
usually develops in the early morning when a person awakens. In otherwise healthy people, 
prolonged fasting (even up to several days) and prolonged strenuous exercise (even after a 
period of fasting) are unlikely to cause hypoglycemia. However, there are several conditions 
or diseases in which the body fails to maintain adequate levels of sugar in the blood after a 
period without food. Causes of fasting hypoglycemia include certain medications, alcoholic 
beverages, critical illnesses, hormonal dificiences, some kinds of tumors, and certain 
conditions occurring in infancy and childhood. Drugs, including some used to treat 
diabetes, are the most common cause of hypoglycemia. Many other drugs have been 
reported to cause hypoglycemia, as for example: salicylates, sulfa medications, pentamidine, 
quinine [Cryer, 2008; Malouf & Brust, 1985; Murad et al, 2009]. In people who drink heavily 
without eating, alcohol can block the release of stored sugar from the liver. The body’s 
break-down of alcohol interferes with the liver’s efforts to raise blood glucose. The alcohol 
directly interferes with heaptic gluconeogenesis, but not glycogenolysis. The energy 
required for metabolism of alcohol is diverted from the energy needed to take up lactate. 
Patients who drink alcohol may become hypoglycemic after 12 – 24 hour when the glycogen 
stores are depleted. Hypoglycemia caused by excessive drinking can be serious and even 
fatal. Some illnesses that affect the liver, heart, or kidneys can cause hypoglycemia. Liver 
insufficiency/failure from any cause may result in deficient glycogen stores or inadequate 
gluconeogenesis. In advanced liver failure, the defects may be severe enough to cause 
hypoglycemia. The kidneys have the capacity to produce glucose by gluconeogenesis. 
Isolated renal failure is rarely associated with hypoglycemia. More often, renal failure is 
associated with hupoglycemia in patients who are on insulin or insulin secretagogues as 
insulin is cleared by the kidney. Sepsis is other cause of hypoglycemia. In this case, 
hypoglycemia can occur due to decreased gluconeogenesis. Hormonal deficiencies may 
cause hypoglycemia in very young children, but rarely in adults. Certain endocrine 
deficiencies are associated with poor gluconeogenesis, poor glycogenolysis, or both. These 
include: adrenal insufficiency, hypopituitarism, isolated growth hormone deficiency, 
hypothyroidism, isolated glucagon deficiency, and sympathetic nervous system defects. 
Shortages of cortisol, growth hormone, glucagon or epinephrine can lead to fasting 
hypoglycemia. Mesenchymal tumors, hepatocellular carcinoma, adrenocortical tumors, 
carcinoid tumors, leukemia and lymphomas are nonislet cell tumors most commonly 
associated with hypoglycemia [Diaz et al., 2008; Guettier & Gorden, 2006; Jayaprasad et al., 
2006; Ng, 2010]. Although the pathogenesis is incompletely understood, it is belived that 
these tumors may secrete an insulin like substance that may be biologically active. An 
alternative hypothesis is that these tumors are so large that they require a significant 
amount of glucose the liver/kidney are unable to match. Insulinomas can cause 
hypoglycemia by raising insulin levels too high in relation to the blood glucose level. These 
tumors are rare and do not normally spread to other parts of the body. The estimated 
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incidence is 1 case per 250 000 patients-years [Service et al., 1991]. It is characterized by 
neuroglycopenia spells and occurs primarily in a fasting state, and only occasionally in a 
postprandial period [Kar et al., 2006]. Approximately 60% of patients with insulinoma are 
female. Insulinomas are uncommon in persons younger than 20 years and are rare in those 
younger than 5 years. The median age at diagnosis is about 50 years. In some people, an 
autoimmune disorder lowers sugar levels in the body by changing insulin secretion or by 
some other means. Hypoglycemia due to anti-insulin antibody is a rare disorder occurring 
in people often with a history of autoimmune disease [Ng, 2010]. Pregnancy is associated 
with lower glucose level because of decreased gluconeogenesis due to decreased substrate 
supply [Pugh et al., 2009]. Inborn errors of carbohydrate metabolism are rare and present 
during the first days of life [Gustafsson, 2009; Menhesha et al., 2007]. Infants present with 
fasting hypoglycemia, especially at night. Children rarely develop hypoglycemia and causes 
may include the following: brief intolerance to fasting, often during an illness that disturbs 
regular eating patterns, hyperinsulinism, which can result in temporary hypoglycemia in 
newborns, which is commons in infants of mather with diabetes, enzyme deficiencies that 
affet carbohydrate metabolism and hormone deficiencies.  

5. Hypoglycemia in diabetes mellitus 
Hypoglycemia occurring as a complication of therapy for diabetes is common [Chen, 2010; 
Ito et al., 2010; Swinnen et al., 2010]. Mild hypoglycemia occurs in more than half of all 
patients with diabetes who are in therapy. Hypoglycemia can occur as a side effect of some 
diabetes medications, including insulin and oral diabetes medications that increase insulin 
production. Rapid-acting insulin analogues may decrease the frequency of hypoglycemia 
associated with regular insulin administration. Insulin lispro has been shown to decrease 
postprandial glucose excursions and to result in less hypoglycemia in the postabsorptive 
state [Holleman et al., 1997]. Long-acting analogues, such as glargine, may decrease the 
frequency of hypoglycemia in both type 1 and type 2 diabetic patients [Pieber et al., 2000; 
Rosenstock et al., 2001]. Several studies have demonstrated a reduction in hypoglycemic 
events during continuous subcutaneous insulin infusion using a portable electromechanical 
pump when compared with multiple injection regimens [Pickup & Keen, 2002]. The effect of 
normal aging may contribute to the risk for severe hypoglycemia in older diabetic patients 
treated with sulfonylureas and insulin. Glycemic control in the pregnant diabetic women 
has major consequence on maternal and fetal morbidity and mortality. The strict control that 
is recommended during pregnancy leads to a high risk for hypoglycemia, the incidence 
reported as high as 72% in several studies [Coustan et al., 1986; Rosenn et al., 1995]. The 
majority of episodes occur during the first 20 weeks of gestation [Kimmerle et al., 1992]. 
Factors that may contribute to the occurrence of hypoglycemia during pregnancy include 
anorexia, changes in hormonal counterregulation or the development of altered 
hypoglycemic awareness [Bjorklund et al., 1998; Dagogo-Jack et al., 1993]. Exercise is an 
important mode of therapy in both type 1 and type 2 diabetes. High levels of insulin 
resulting from therapy may prevent the increased mobilization of glucose normally induced 
by exercise, and hypoglycemia may ensure. Exercise may cause immediate, early, and 
delayed hypoglycemia, particularly in type 1 diabetic patients and in patients with type 2 
diabetes on insulin or sulfonylurea therapy. In general, hypoglycemia during exercise tends 
to be less of problem in this population. Injection of insulin into the arm or abdomen 
decreases the hypoglycemic effect of exercise by 57% and 89%, respectively, in comparison 
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normal [Charles et al., 1981]. This phenomenon is due to enhanced catecholamine release 
following a meal or enhanced sensitivity to normal postprandial noradrenaline 
(norepinephrine) and adrenaline (epinephrine) release. This condition is also known as 
pseudohypoglycemia [Foster & Rubenstein, 1998].  

4.2.3.2 Fasting hypoglycemia (postabsorptive hypoglycemia) 
Fasting hypoglycemia, also called postabsorptive hypoglycemia, is diagnosed from a blood 
samples that shows a blood glucose level below 50 mg/dL after an overnight fast, between 
meals, or after physical activity. Fasting hypoglycemia occurs when the stomach is empty. It 
usually develops in the early morning when a person awakens. In otherwise healthy people, 
prolonged fasting (even up to several days) and prolonged strenuous exercise (even after a 
period of fasting) are unlikely to cause hypoglycemia. However, there are several conditions 
or diseases in which the body fails to maintain adequate levels of sugar in the blood after a 
period without food. Causes of fasting hypoglycemia include certain medications, alcoholic 
beverages, critical illnesses, hormonal dificiences, some kinds of tumors, and certain 
conditions occurring in infancy and childhood. Drugs, including some used to treat 
diabetes, are the most common cause of hypoglycemia. Many other drugs have been 
reported to cause hypoglycemia, as for example: salicylates, sulfa medications, pentamidine, 
quinine [Cryer, 2008; Malouf & Brust, 1985; Murad et al, 2009]. In people who drink heavily 
without eating, alcohol can block the release of stored sugar from the liver. The body’s 
break-down of alcohol interferes with the liver’s efforts to raise blood glucose. The alcohol 
directly interferes with heaptic gluconeogenesis, but not glycogenolysis. The energy 
required for metabolism of alcohol is diverted from the energy needed to take up lactate. 
Patients who drink alcohol may become hypoglycemic after 12 – 24 hour when the glycogen 
stores are depleted. Hypoglycemia caused by excessive drinking can be serious and even 
fatal. Some illnesses that affect the liver, heart, or kidneys can cause hypoglycemia. Liver 
insufficiency/failure from any cause may result in deficient glycogen stores or inadequate 
gluconeogenesis. In advanced liver failure, the defects may be severe enough to cause 
hypoglycemia. The kidneys have the capacity to produce glucose by gluconeogenesis. 
Isolated renal failure is rarely associated with hypoglycemia. More often, renal failure is 
associated with hupoglycemia in patients who are on insulin or insulin secretagogues as 
insulin is cleared by the kidney. Sepsis is other cause of hypoglycemia. In this case, 
hypoglycemia can occur due to decreased gluconeogenesis. Hormonal deficiencies may 
cause hypoglycemia in very young children, but rarely in adults. Certain endocrine 
deficiencies are associated with poor gluconeogenesis, poor glycogenolysis, or both. These 
include: adrenal insufficiency, hypopituitarism, isolated growth hormone deficiency, 
hypothyroidism, isolated glucagon deficiency, and sympathetic nervous system defects. 
Shortages of cortisol, growth hormone, glucagon or epinephrine can lead to fasting 
hypoglycemia. Mesenchymal tumors, hepatocellular carcinoma, adrenocortical tumors, 
carcinoid tumors, leukemia and lymphomas are nonislet cell tumors most commonly 
associated with hypoglycemia [Diaz et al., 2008; Guettier & Gorden, 2006; Jayaprasad et al., 
2006; Ng, 2010]. Although the pathogenesis is incompletely understood, it is belived that 
these tumors may secrete an insulin like substance that may be biologically active. An 
alternative hypothesis is that these tumors are so large that they require a significant 
amount of glucose the liver/kidney are unable to match. Insulinomas can cause 
hypoglycemia by raising insulin levels too high in relation to the blood glucose level. These 
tumors are rare and do not normally spread to other parts of the body. The estimated 
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incidence is 1 case per 250 000 patients-years [Service et al., 1991]. It is characterized by 
neuroglycopenia spells and occurs primarily in a fasting state, and only occasionally in a 
postprandial period [Kar et al., 2006]. Approximately 60% of patients with insulinoma are 
female. Insulinomas are uncommon in persons younger than 20 years and are rare in those 
younger than 5 years. The median age at diagnosis is about 50 years. In some people, an 
autoimmune disorder lowers sugar levels in the body by changing insulin secretion or by 
some other means. Hypoglycemia due to anti-insulin antibody is a rare disorder occurring 
in people often with a history of autoimmune disease [Ng, 2010]. Pregnancy is associated 
with lower glucose level because of decreased gluconeogenesis due to decreased substrate 
supply [Pugh et al., 2009]. Inborn errors of carbohydrate metabolism are rare and present 
during the first days of life [Gustafsson, 2009; Menhesha et al., 2007]. Infants present with 
fasting hypoglycemia, especially at night. Children rarely develop hypoglycemia and causes 
may include the following: brief intolerance to fasting, often during an illness that disturbs 
regular eating patterns, hyperinsulinism, which can result in temporary hypoglycemia in 
newborns, which is commons in infants of mather with diabetes, enzyme deficiencies that 
affet carbohydrate metabolism and hormone deficiencies.  

5. Hypoglycemia in diabetes mellitus 
Hypoglycemia occurring as a complication of therapy for diabetes is common [Chen, 2010; 
Ito et al., 2010; Swinnen et al., 2010]. Mild hypoglycemia occurs in more than half of all 
patients with diabetes who are in therapy. Hypoglycemia can occur as a side effect of some 
diabetes medications, including insulin and oral diabetes medications that increase insulin 
production. Rapid-acting insulin analogues may decrease the frequency of hypoglycemia 
associated with regular insulin administration. Insulin lispro has been shown to decrease 
postprandial glucose excursions and to result in less hypoglycemia in the postabsorptive 
state [Holleman et al., 1997]. Long-acting analogues, such as glargine, may decrease the 
frequency of hypoglycemia in both type 1 and type 2 diabetic patients [Pieber et al., 2000; 
Rosenstock et al., 2001]. Several studies have demonstrated a reduction in hypoglycemic 
events during continuous subcutaneous insulin infusion using a portable electromechanical 
pump when compared with multiple injection regimens [Pickup & Keen, 2002]. The effect of 
normal aging may contribute to the risk for severe hypoglycemia in older diabetic patients 
treated with sulfonylureas and insulin. Glycemic control in the pregnant diabetic women 
has major consequence on maternal and fetal morbidity and mortality. The strict control that 
is recommended during pregnancy leads to a high risk for hypoglycemia, the incidence 
reported as high as 72% in several studies [Coustan et al., 1986; Rosenn et al., 1995]. The 
majority of episodes occur during the first 20 weeks of gestation [Kimmerle et al., 1992]. 
Factors that may contribute to the occurrence of hypoglycemia during pregnancy include 
anorexia, changes in hormonal counterregulation or the development of altered 
hypoglycemic awareness [Bjorklund et al., 1998; Dagogo-Jack et al., 1993]. Exercise is an 
important mode of therapy in both type 1 and type 2 diabetes. High levels of insulin 
resulting from therapy may prevent the increased mobilization of glucose normally induced 
by exercise, and hypoglycemia may ensure. Exercise may cause immediate, early, and 
delayed hypoglycemia, particularly in type 1 diabetic patients and in patients with type 2 
diabetes on insulin or sulfonylurea therapy. In general, hypoglycemia during exercise tends 
to be less of problem in this population. Injection of insulin into the arm or abdomen 
decreases the hypoglycemic effect of exercise by 57% and 89%, respectively, in comparison 
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with injection of insulin into the leg [Koivisto & Felig, 1978]. Nonselective β-blockers 
attenuate some components of the autonomic response to hypoglycemia and could increase 
the risk of hypoglycemia. In study with elderly diabetic patients, no significant impact on 
the rate of hypoglycemia could be associated with any particular class of antihypertensives 
[Shorr et al., 1997]. Although in general in type 2 diabetes mellitus there is less 
hypoglycemia risk versus type 1 diabetes mellitus, the frequency of hypoglycemia increases 
with increased diabetes and insulin treatment duration in type 2 diabetes mellitus [Cryer, 
2008 b]. Recent clinical trials have better quantified the risk of hypoglycemia in both type 1 
and type 2 diabetes [Leese et al., 2003; Pramming et al., 2000]. Severe hypoglycemia is 
operationally defined as an episode that the patient cannot self-treat, so that external help is 
required, regardless of the glucose concentration. Mild or moderate hypoglycemia refers to 
episodes that the patient can self-treat, regardless of the severity of symptoms, or when 
blood glucose levels are noted to be lower than 60 mg/dL. The incidence of mild or 
moderate hypoglycemia episodes is difficult to determine accurately because they are rarely 
reported, although they are common in insulin-treated patients [Gabriely & Shamoon, 2004]. 
Representative event rates for severe hypoglycemia in type 1 diabetes mellitus are from 62 
to 170 episodes per 100 patient-years [MacLeod et al., 1993]. These reported during 
aggressive insulin therapy of type 2 diabetes mellitus range from 3 to 73 episodes per 100 
patient-years [MacLeod et al., 1993]. When glucagon responses to hypoglycemia are 
deficient, epinephrine and autonomic warning symptoms become critical for the integrity of 
glucose counterregulation. Iatrogenic hypoglycemia attenuates the magnitude of adrenaline 
and autonomic symptom responses to a subsequent hypoglycemic episode [de Galan et al., 
2006]. Any hypoglycemia can provoke this phenomenon [Bolli et al., 1984; Davis & 
Shamoon, 1991; White et al., 1983]. Consequently, a downward vicious cycle of worsening 
counterregulation and recurrent hypoglycemia may ultimately lead to hypoglycemia 
unawareness. Clinical syndrome of hypoglycemia unawareness is defined as onset of 
neuroglycopenia before the appearance of autonomic warning symptoms and typified 
clinically by the inability to perceive hypoglycemia by symptoms [de Galan et al., 2006]. 
Patients with hypoglycemia unawareness are unable to manifest adequate behavioral 
defenses against developing hypoglycemia, therefore, hypoglycemia unawareness is also 
associated with a high frequency of severe iatrogenic hypoglycemia [Gold et al., 1994]. 
These patients are at a specifically high risk for severe disabling hypoglycemia (e. g. 
complicated by coma or seizures) that requires external assistance [Gold et al., 1994]. 
Hypoglycemia unawareness is generally though to be the result of reduced 
sympathoadrenal responses and the resultant reduced neurogenic symptom responses to a 
given level of hypoglycemia [Cryer, 2002; Hepburn et al., 1991]. According to de Galan and 
colleagues [de Galan et al., 2006], various terms are used for the combination of defective 
hormonal counterregulation and hypoglycemia unawareness, as for example: 
counterregulatory failure, hypoglycemia-associated autonomic failure (HAAF), and 
hypoglycemia unawareness syndrome. A reduced sympathoadrenal response is the key 
feature of hypoglycemia-associated autonomic failure and, thus, the pathogenesis of 
iatrogenic hypoglycemia in diabetes [Cryer, 2006]. According to suggestion described by 
Cryer [Cryer, 2005] “The concept of HAAF in type 1 [Dagogo-Jack et al., 1993] and advanced 
type 2 [Segel et al., 2002] diabetes posits that recent antecedent iatrogenic hypoglycemia 
causes both defective glucose counterregulation (by reducing epinephrine responses to a 
given level of subsequent hypoglycemia in the setting of absent decrements in insulin and 
absent increments in glucagon) and hypoglycemia unawareness (by reducing 
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sympathoadrenal and the resulting neurogenic symptom responses to a given level of 
subsequent hypoglycemia) a thus a vicious cycle of recurrent hypoglycemia”. Reduced 
sympathoadrenal actions play a key role in the pathogenesis of both defective 
counterregulation and hypoglycemia unawareness and thus HAAF in diabetes [Cryer, 
2004]. The mediators and mechanisms of HAAF are largely unknown [Cryer, 2005]. 
Different hypotheses are discussed [Cryer, 2001; Cryer, 2005; Cryer, 2006; Cryer et al., 2003; 
Cryer et al., 2009]. It is suggested that there are three causes of HAAF in diabetes: the 
originally recognized hypoglycemia-related HAAF, exercise-related HAAF, and sleep-
related HAAF [Cryer, 2004]. The clinical impact of HAAF is well established in type 1 
diabetes and it is less established in type 2 diabetes [Cryer, 2004]. Patients with iatrogenic 
hypoglycemia causes recurrent morbidity in most people with type 1 diabetes and many 
with type 2 diabetes, and it is sometimes fatal. Iatrogenic hypoglycemia often causes 
recurrent physical morbidity, recurrent or persistent psychosocial morbidity, or both and 
sometimes causes death [Cryer et al., 2003].  A direct relation between hypoglycemia and 
death has been proposed in the “dead-in-bed” syndrome [de Galan et al., 2006]. According 
to Maran et al. [1994] and Veneman et al. [1994], the dead-in-bed syndrome is rare disorder 
characterized by an unexpected death in young, previously healthy, tightly controlled 
patients with type 1 diabetes. Death in this syndrome is thought to be result of a fatal 
ventricular arrhythmia caused by hypoglycemia-induced lengthening of the QT interval 
[Bischof et al., 2004]. Corrected QT interval prolongation and increased QT dispersion have 
been demonstrated during acute-insulin-induced hypoglycemia in healthy subjects 
[Laitinen et al., 2008], in patients with type 1 and type 2 diabetes [Landstedt-Hallin et al., 
1999; Rothenbuhler et al., 2008] or during nocturnal hypoglycemia in patients with type 1 
diabetes [Murphy et al., 2004]. Myocardial cells can use either fatty acids or glucose 
oxidation as their source of energy [Stanley & Chandler, 2002]. Under normal conditions, the 
oxidation of fatty acids is prominent and in diabetic patients, the use of fatty acids is 
predominant [Lacherade et al., 2009]. During acute insulin-induced hypoglycemia or during 
nocturnal hypoglycemia in type 1 diabetes have been observed: cardiac rate and rhythm 
disturbances (tachycardia and brachycardia), and ventricular and atrial ectopy [Fisher et al., 
1990; Gill et al., 2009; Laitinen et al., 2008]. Ventricular repolarization abnormalities appear 
to be the main feature observed during episodes of hypoglycemia [Lacherade et al., 2009]. It 
is not yet known to what extent hypoglycemia contributes to mortality in type 2 diabetes 
mellitus [Lacherade et al. 2009]. Hospitalization is required in a minority of patients, usually 
for observation of neurologic signs during hypoglycemia, such as seizures, obtundation, 
coma, or focal neurologic signs. The need for hospitalization arises most commonly in 
diabetic patients, although hypoglycemia is frequently identified in patients with 
malnutrition and associated alcohol consumption, mental illness, or severe underlying 
medical illness [Hart & Frier, 1998]. Hypoglycemia occurs in 1.2% of hospitalized patients 
and is of somewhat more diverse etiology [Fischer et al., 1986]. Hypoglycemia in diabetes is 
fundamentally the result of treatments that raise insulin levels and thus lower plasma 
glucose concentration. 

5.1 Recommendations and prevention 
Cryer and colleagues [Cryer et al., 2009] recommend “1) that both the conventional risk 
factors and those indicative of compromised defenses against hypoglycemia be considered 
in a patient with recurrent treatment-induced hypoglycemia, and 2) with a history of 
hypoglycemia unawareness, a 2- to 3-wk period of scrupulous evidence of avoidance of 
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with injection of insulin into the leg [Koivisto & Felig, 1978]. Nonselective β-blockers 
attenuate some components of the autonomic response to hypoglycemia and could increase 
the risk of hypoglycemia. In study with elderly diabetic patients, no significant impact on 
the rate of hypoglycemia could be associated with any particular class of antihypertensives 
[Shorr et al., 1997]. Although in general in type 2 diabetes mellitus there is less 
hypoglycemia risk versus type 1 diabetes mellitus, the frequency of hypoglycemia increases 
with increased diabetes and insulin treatment duration in type 2 diabetes mellitus [Cryer, 
2008 b]. Recent clinical trials have better quantified the risk of hypoglycemia in both type 1 
and type 2 diabetes [Leese et al., 2003; Pramming et al., 2000]. Severe hypoglycemia is 
operationally defined as an episode that the patient cannot self-treat, so that external help is 
required, regardless of the glucose concentration. Mild or moderate hypoglycemia refers to 
episodes that the patient can self-treat, regardless of the severity of symptoms, or when 
blood glucose levels are noted to be lower than 60 mg/dL. The incidence of mild or 
moderate hypoglycemia episodes is difficult to determine accurately because they are rarely 
reported, although they are common in insulin-treated patients [Gabriely & Shamoon, 2004]. 
Representative event rates for severe hypoglycemia in type 1 diabetes mellitus are from 62 
to 170 episodes per 100 patient-years [MacLeod et al., 1993]. These reported during 
aggressive insulin therapy of type 2 diabetes mellitus range from 3 to 73 episodes per 100 
patient-years [MacLeod et al., 1993]. When glucagon responses to hypoglycemia are 
deficient, epinephrine and autonomic warning symptoms become critical for the integrity of 
glucose counterregulation. Iatrogenic hypoglycemia attenuates the magnitude of adrenaline 
and autonomic symptom responses to a subsequent hypoglycemic episode [de Galan et al., 
2006]. Any hypoglycemia can provoke this phenomenon [Bolli et al., 1984; Davis & 
Shamoon, 1991; White et al., 1983]. Consequently, a downward vicious cycle of worsening 
counterregulation and recurrent hypoglycemia may ultimately lead to hypoglycemia 
unawareness. Clinical syndrome of hypoglycemia unawareness is defined as onset of 
neuroglycopenia before the appearance of autonomic warning symptoms and typified 
clinically by the inability to perceive hypoglycemia by symptoms [de Galan et al., 2006]. 
Patients with hypoglycemia unawareness are unable to manifest adequate behavioral 
defenses against developing hypoglycemia, therefore, hypoglycemia unawareness is also 
associated with a high frequency of severe iatrogenic hypoglycemia [Gold et al., 1994]. 
These patients are at a specifically high risk for severe disabling hypoglycemia (e. g. 
complicated by coma or seizures) that requires external assistance [Gold et al., 1994]. 
Hypoglycemia unawareness is generally though to be the result of reduced 
sympathoadrenal responses and the resultant reduced neurogenic symptom responses to a 
given level of hypoglycemia [Cryer, 2002; Hepburn et al., 1991]. According to de Galan and 
colleagues [de Galan et al., 2006], various terms are used for the combination of defective 
hormonal counterregulation and hypoglycemia unawareness, as for example: 
counterregulatory failure, hypoglycemia-associated autonomic failure (HAAF), and 
hypoglycemia unawareness syndrome. A reduced sympathoadrenal response is the key 
feature of hypoglycemia-associated autonomic failure and, thus, the pathogenesis of 
iatrogenic hypoglycemia in diabetes [Cryer, 2006]. According to suggestion described by 
Cryer [Cryer, 2005] “The concept of HAAF in type 1 [Dagogo-Jack et al., 1993] and advanced 
type 2 [Segel et al., 2002] diabetes posits that recent antecedent iatrogenic hypoglycemia 
causes both defective glucose counterregulation (by reducing epinephrine responses to a 
given level of subsequent hypoglycemia in the setting of absent decrements in insulin and 
absent increments in glucagon) and hypoglycemia unawareness (by reducing 
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sympathoadrenal and the resulting neurogenic symptom responses to a given level of 
subsequent hypoglycemia) a thus a vicious cycle of recurrent hypoglycemia”. Reduced 
sympathoadrenal actions play a key role in the pathogenesis of both defective 
counterregulation and hypoglycemia unawareness and thus HAAF in diabetes [Cryer, 
2004]. The mediators and mechanisms of HAAF are largely unknown [Cryer, 2005]. 
Different hypotheses are discussed [Cryer, 2001; Cryer, 2005; Cryer, 2006; Cryer et al., 2003; 
Cryer et al., 2009]. It is suggested that there are three causes of HAAF in diabetes: the 
originally recognized hypoglycemia-related HAAF, exercise-related HAAF, and sleep-
related HAAF [Cryer, 2004]. The clinical impact of HAAF is well established in type 1 
diabetes and it is less established in type 2 diabetes [Cryer, 2004]. Patients with iatrogenic 
hypoglycemia causes recurrent morbidity in most people with type 1 diabetes and many 
with type 2 diabetes, and it is sometimes fatal. Iatrogenic hypoglycemia often causes 
recurrent physical morbidity, recurrent or persistent psychosocial morbidity, or both and 
sometimes causes death [Cryer et al., 2003].  A direct relation between hypoglycemia and 
death has been proposed in the “dead-in-bed” syndrome [de Galan et al., 2006]. According 
to Maran et al. [1994] and Veneman et al. [1994], the dead-in-bed syndrome is rare disorder 
characterized by an unexpected death in young, previously healthy, tightly controlled 
patients with type 1 diabetes. Death in this syndrome is thought to be result of a fatal 
ventricular arrhythmia caused by hypoglycemia-induced lengthening of the QT interval 
[Bischof et al., 2004]. Corrected QT interval prolongation and increased QT dispersion have 
been demonstrated during acute-insulin-induced hypoglycemia in healthy subjects 
[Laitinen et al., 2008], in patients with type 1 and type 2 diabetes [Landstedt-Hallin et al., 
1999; Rothenbuhler et al., 2008] or during nocturnal hypoglycemia in patients with type 1 
diabetes [Murphy et al., 2004]. Myocardial cells can use either fatty acids or glucose 
oxidation as their source of energy [Stanley & Chandler, 2002]. Under normal conditions, the 
oxidation of fatty acids is prominent and in diabetic patients, the use of fatty acids is 
predominant [Lacherade et al., 2009]. During acute insulin-induced hypoglycemia or during 
nocturnal hypoglycemia in type 1 diabetes have been observed: cardiac rate and rhythm 
disturbances (tachycardia and brachycardia), and ventricular and atrial ectopy [Fisher et al., 
1990; Gill et al., 2009; Laitinen et al., 2008]. Ventricular repolarization abnormalities appear 
to be the main feature observed during episodes of hypoglycemia [Lacherade et al., 2009]. It 
is not yet known to what extent hypoglycemia contributes to mortality in type 2 diabetes 
mellitus [Lacherade et al. 2009]. Hospitalization is required in a minority of patients, usually 
for observation of neurologic signs during hypoglycemia, such as seizures, obtundation, 
coma, or focal neurologic signs. The need for hospitalization arises most commonly in 
diabetic patients, although hypoglycemia is frequently identified in patients with 
malnutrition and associated alcohol consumption, mental illness, or severe underlying 
medical illness [Hart & Frier, 1998]. Hypoglycemia occurs in 1.2% of hospitalized patients 
and is of somewhat more diverse etiology [Fischer et al., 1986]. Hypoglycemia in diabetes is 
fundamentally the result of treatments that raise insulin levels and thus lower plasma 
glucose concentration. 

5.1 Recommendations and prevention 
Cryer and colleagues [Cryer et al., 2009] recommend “1) that both the conventional risk 
factors and those indicative of compromised defenses against hypoglycemia be considered 
in a patient with recurrent treatment-induced hypoglycemia, and 2) with a history of 
hypoglycemia unawareness, a 2- to 3-wk period of scrupulous evidence of avoidance of 
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hypoglycemia”. Patients with diabetes become concerned about the possibility of 
developing hypoglycemia when the self-monitored blood glucose concentration is falling 
rapidly or is no greater than 70 mg/dL [Cryer et al., 2009]. Therefore diabetic patients need 
to be well informed about: the symptoms of hypoglycemia, the physiologic factors that 
come into play, the time course of the drugs they use; how to prevent and treat episodes of 
hypoglycemia, how to monitor their blood glucose levels, and the warning symptoms of 
hypoglycemia [Gabriely & Shamoon, 2004]. One of the most important things to prevent 
hypoglycemia is to educate the patient. Patients should always have a rapidly available 
source of glucose with them to treat hypoglycemia at the first sign of low glucose. Briscoe & 
Davis [2006] suggest that: 1) if blood glucose is < 70 mg/dL, give 15 – 20 g of quick-acting 
carbohydrate; 2) if test blood glucose 15 minutes after treatment is still < 70 mg/dL, re-treat 
with 15 g of additional carbohydrate; 3) if blood glucose is not < 70 mg/dL but is > 1 hour 
until the next meal, have a snack with starch and protein; 4) keep glucagon injection kit 
available for patients who are unconscious or unable to take in oral carbohydrate. It is to 
note, that insulin preparations have different onsets of action, times of peak effect, and 
effective duration of action. These differences affect both glycemic control and 
hypoglycemic episodes. Therefore, these factors must be considered when adjusting the 
treatment. A history of recurrent hypoglycemia should be investigated. 

5.2 Hypoglycemia in type 1 diabetes mellitus 
5.2.1 Pathophysiology 
Secretion of the three main counterregulatory hormones normally responsible for rapid 
reversal of hypoglycemia is severely disrupted in type 1 diabetes. Insulin secretion is either 
insignificant or absent and glucagon release during hypoglycemia is also impaired soon 
after the onset of diabetes. The plasma glucagon concentration does not increase as it should 
during hypoglycemia [Gerich et al., 1973]. This is because the pancreatic α-cell glucagon 
secretory response to hypoglycemia is irreversibly lost [Cryer, 2001 b; Cryer et al., 2003]. The 
mechanism of the absent glucagon response to hypoglycemia that characterizes established 
type 1 diabetes is not known [Cryer et al., 2003]. Epinephrine is the main defense against 
hypoglycemia in patients with type 1 diabetes of > 5 years duration [Briscoe & Davis, 2006]; 
however, epinephrine release during hypoglycemia becomes progressively defective in type 
1 diabetes [Amiel et al., 1988; Bolli et al., 1983]. It is to note, that epinephrine secretory 
response to falling glucose levels is typically attenuated in type 1 diabetes [Amiel et al., 
1988; Dagogo-Jack et al., 1993]. HAAF in type 1 diabetes apparently results from antecedent 
episodes of mild hypoglycemia that further degrade the counterregulatory response 
[Dagogo-Jack et al., 1993]. Patients with type 1 diabetes already have a reduced 
counterregulatory response, therefore HAAF may play a role in the vicious circle of 
hypoglycemia begetting hypoglycemia. It is to note, that avoidance of hypoglycemia in type 
1 diabetes can improve the epinephrine response [Crauston et al., 1994]. Iatrogenic 
hypoglycemia in diabetes is the result of treatments that raise insulin levels and thus lower 
plasma glucose concentration. In type 1 diabetes iatrogenic hypoglycemia is the result of the 
interplay of relative or absolute insulin excess and compromised glucose counterregulation 
[Cryer, 2001]. It is suggested [Cryer, 2001] that absolute or relative insulin excess occurs 
when insulin or insulin secretagogue or sensitizer doses are excessive, exogenous glucose 
delivery is decreased, endogenous glucose production is decreased, glucose utilization is 
increased, sensitivity to insulin is increased, and insulin clearance is decreased. It is to note, 
that the conventional risk factors for iatrogenic hypoglycemia are based on the premise that 
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absolute or relative insulin excess is the sole determinant of risk [Cryer, 2001]. In patients 
with type 1 diabetes, treated with insulin, insulin levels are unregulated and do not decrease 
until the subcutaneous depot is depleted, even though the plasma glucose levels may have 
started to fall. Insulin injected subcutaneously enters the circulation much slower and 
therefore elevated insulin levels persist considerably longer. Differences in insulin 
absorption may explain why a dose of insulin to maintain normoglycemia at one time may 
be too much at other times and creating a risk for hypoglycemia.  

5.2.2 Frequency 
In type 1 diabetes, the Diabetes Control and Complications Triad reported 62 severe 
hypoglycemic episodes per 100 patient-years [The DCCT Research Group, 1993]. 
Population-based studies in northern Europe reported 100 to 160 patient-years [Leese et al., 
2003]. The average patient with type 1 diabetes suffers two episodes of symptomatic 
hypoglycemia per week, and one episode of temporarily disabling hypoglycemia (often 
with seizure or coma) per year [Cryer et al., 2009]. An estimated 2 to 4% of patients with 
type 1 diabetes die from hypoglycemia [Cryer et al., 2009]. In most instances, death cannot 
be attributed directly to hypoglycemia, but relates to the circumstances under which the 
hypoglycemic event envolved, e.g. in traffic, during swimming etc. 

5.3 Hypoglycemia in type 2 diabetes mellitus 
5.3.1 Pathophysiology 
Type 2 diabetes is characterized by a range of metabolic disorders: chronic hyperglycemia, 
declining β-cell effectiveness resulting in the absence of first-phase insulin response to 
nutrient ingestion, insulin insensitivity in fat and muscle cells, and hepatic glucose 
production in the prandial state [Aronoff, 2004; DeFronzo, 2004]. The traditional primary 
defects responsible for the development and progression of type 2 diabetes are impaired 
insulin secretion, increased hepatic glucose production and decreased peripheral glucose 
utilization. Insulin secretion may be increased early in the course of type 2 diabetes, as the 
pancreas attempts to compensate for the elevated fasting plasma glucose concentration and 
underlying insulin resistance. Insulin resistance is a key pathologic defect that is 
characteristic feature of type 2 diabetes [DeFronzo, 2009]. The liver, muscle and adipose 
tissue are severely resistant to the action of insulin. The current type 2 diabetes disease 
model supports more aggressive treatment later in the course of disorder and less 
aggressive treatment in its earlier stages [Stolar, 2010]. Hypoglycemia is a major barrier to 
care for physicians and their patients with type 2 diabetes. Certain agents prescribed for 
type 2 diabetes significantly increase the risk of hypoglycemia, whereas others are 
associated with a lower occurrence of hypoglycemia [DeFronzo, 2010; Kushner, 2011]. 
Exogenous insulin preparations have all been associated with hypoglycemia. Injected 
insulin can produce absolute or relative insulin excess largely because of dosing and 
pharmacokinetics[Briscoe & Davis, 2006; Gabriely & Shamoon, 2004]. Oral antidiabetic 
medications can be a source of iatrogenic hypoglycemia in patients with type 2 diabetes. 
Sulfonylurea drugs enhance insulin secretion and are associated with hypoglycemia, 
especially in the elderly [Nathan et al., 2009]. Most reported cases of severe hypoglycemia 
were in patients taking chlorpropamide or glyburide [Gordon et al., 2009; Nathan et al., 
2009]. Sulfonylurea drugs can interact with other agents to cause severe hypoglycemia. For 
example, the additive or possibly synergistic effects during combined insulin and 
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hypoglycemia”. Patients with diabetes become concerned about the possibility of 
developing hypoglycemia when the self-monitored blood glucose concentration is falling 
rapidly or is no greater than 70 mg/dL [Cryer et al., 2009]. Therefore diabetic patients need 
to be well informed about: the symptoms of hypoglycemia, the physiologic factors that 
come into play, the time course of the drugs they use; how to prevent and treat episodes of 
hypoglycemia, how to monitor their blood glucose levels, and the warning symptoms of 
hypoglycemia [Gabriely & Shamoon, 2004]. One of the most important things to prevent 
hypoglycemia is to educate the patient. Patients should always have a rapidly available 
source of glucose with them to treat hypoglycemia at the first sign of low glucose. Briscoe & 
Davis [2006] suggest that: 1) if blood glucose is < 70 mg/dL, give 15 – 20 g of quick-acting 
carbohydrate; 2) if test blood glucose 15 minutes after treatment is still < 70 mg/dL, re-treat 
with 15 g of additional carbohydrate; 3) if blood glucose is not < 70 mg/dL but is > 1 hour 
until the next meal, have a snack with starch and protein; 4) keep glucagon injection kit 
available for patients who are unconscious or unable to take in oral carbohydrate. It is to 
note, that insulin preparations have different onsets of action, times of peak effect, and 
effective duration of action. These differences affect both glycemic control and 
hypoglycemic episodes. Therefore, these factors must be considered when adjusting the 
treatment. A history of recurrent hypoglycemia should be investigated. 

5.2 Hypoglycemia in type 1 diabetes mellitus 
5.2.1 Pathophysiology 
Secretion of the three main counterregulatory hormones normally responsible for rapid 
reversal of hypoglycemia is severely disrupted in type 1 diabetes. Insulin secretion is either 
insignificant or absent and glucagon release during hypoglycemia is also impaired soon 
after the onset of diabetes. The plasma glucagon concentration does not increase as it should 
during hypoglycemia [Gerich et al., 1973]. This is because the pancreatic α-cell glucagon 
secretory response to hypoglycemia is irreversibly lost [Cryer, 2001 b; Cryer et al., 2003]. The 
mechanism of the absent glucagon response to hypoglycemia that characterizes established 
type 1 diabetes is not known [Cryer et al., 2003]. Epinephrine is the main defense against 
hypoglycemia in patients with type 1 diabetes of > 5 years duration [Briscoe & Davis, 2006]; 
however, epinephrine release during hypoglycemia becomes progressively defective in type 
1 diabetes [Amiel et al., 1988; Bolli et al., 1983]. It is to note, that epinephrine secretory 
response to falling glucose levels is typically attenuated in type 1 diabetes [Amiel et al., 
1988; Dagogo-Jack et al., 1993]. HAAF in type 1 diabetes apparently results from antecedent 
episodes of mild hypoglycemia that further degrade the counterregulatory response 
[Dagogo-Jack et al., 1993]. Patients with type 1 diabetes already have a reduced 
counterregulatory response, therefore HAAF may play a role in the vicious circle of 
hypoglycemia begetting hypoglycemia. It is to note, that avoidance of hypoglycemia in type 
1 diabetes can improve the epinephrine response [Crauston et al., 1994]. Iatrogenic 
hypoglycemia in diabetes is the result of treatments that raise insulin levels and thus lower 
plasma glucose concentration. In type 1 diabetes iatrogenic hypoglycemia is the result of the 
interplay of relative or absolute insulin excess and compromised glucose counterregulation 
[Cryer, 2001]. It is suggested [Cryer, 2001] that absolute or relative insulin excess occurs 
when insulin or insulin secretagogue or sensitizer doses are excessive, exogenous glucose 
delivery is decreased, endogenous glucose production is decreased, glucose utilization is 
increased, sensitivity to insulin is increased, and insulin clearance is decreased. It is to note, 
that the conventional risk factors for iatrogenic hypoglycemia are based on the premise that 
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absolute or relative insulin excess is the sole determinant of risk [Cryer, 2001]. In patients 
with type 1 diabetes, treated with insulin, insulin levels are unregulated and do not decrease 
until the subcutaneous depot is depleted, even though the plasma glucose levels may have 
started to fall. Insulin injected subcutaneously enters the circulation much slower and 
therefore elevated insulin levels persist considerably longer. Differences in insulin 
absorption may explain why a dose of insulin to maintain normoglycemia at one time may 
be too much at other times and creating a risk for hypoglycemia.  

5.2.2 Frequency 
In type 1 diabetes, the Diabetes Control and Complications Triad reported 62 severe 
hypoglycemic episodes per 100 patient-years [The DCCT Research Group, 1993]. 
Population-based studies in northern Europe reported 100 to 160 patient-years [Leese et al., 
2003]. The average patient with type 1 diabetes suffers two episodes of symptomatic 
hypoglycemia per week, and one episode of temporarily disabling hypoglycemia (often 
with seizure or coma) per year [Cryer et al., 2009]. An estimated 2 to 4% of patients with 
type 1 diabetes die from hypoglycemia [Cryer et al., 2009]. In most instances, death cannot 
be attributed directly to hypoglycemia, but relates to the circumstances under which the 
hypoglycemic event envolved, e.g. in traffic, during swimming etc. 

5.3 Hypoglycemia in type 2 diabetes mellitus 
5.3.1 Pathophysiology 
Type 2 diabetes is characterized by a range of metabolic disorders: chronic hyperglycemia, 
declining β-cell effectiveness resulting in the absence of first-phase insulin response to 
nutrient ingestion, insulin insensitivity in fat and muscle cells, and hepatic glucose 
production in the prandial state [Aronoff, 2004; DeFronzo, 2004]. The traditional primary 
defects responsible for the development and progression of type 2 diabetes are impaired 
insulin secretion, increased hepatic glucose production and decreased peripheral glucose 
utilization. Insulin secretion may be increased early in the course of type 2 diabetes, as the 
pancreas attempts to compensate for the elevated fasting plasma glucose concentration and 
underlying insulin resistance. Insulin resistance is a key pathologic defect that is 
characteristic feature of type 2 diabetes [DeFronzo, 2009]. The liver, muscle and adipose 
tissue are severely resistant to the action of insulin. The current type 2 diabetes disease 
model supports more aggressive treatment later in the course of disorder and less 
aggressive treatment in its earlier stages [Stolar, 2010]. Hypoglycemia is a major barrier to 
care for physicians and their patients with type 2 diabetes. Certain agents prescribed for 
type 2 diabetes significantly increase the risk of hypoglycemia, whereas others are 
associated with a lower occurrence of hypoglycemia [DeFronzo, 2010; Kushner, 2011]. 
Exogenous insulin preparations have all been associated with hypoglycemia. Injected 
insulin can produce absolute or relative insulin excess largely because of dosing and 
pharmacokinetics[Briscoe & Davis, 2006; Gabriely & Shamoon, 2004]. Oral antidiabetic 
medications can be a source of iatrogenic hypoglycemia in patients with type 2 diabetes. 
Sulfonylurea drugs enhance insulin secretion and are associated with hypoglycemia, 
especially in the elderly [Nathan et al., 2009]. Most reported cases of severe hypoglycemia 
were in patients taking chlorpropamide or glyburide [Gordon et al., 2009; Nathan et al., 
2009]. Sulfonylurea drugs can interact with other agents to cause severe hypoglycemia. For 
example, the additive or possibly synergistic effects during combined insulin and 
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sulfonylurea therapy account for an increasing number of such episodes. Metformin 
monotherapy is usually not associated with hypoglycemia. The frequency of severe 
hypoglycemia is lower with metformin than with sulfonylureas or insulin [Kushner, 2011; 
Gabriely & Shamoon, 2004]. Thiazolidinediones, that increase sensitivity of muscle, fat, and 
liver to endogenous and exogenous insulin, are associated with a low occurrence of 
hypoglycemia [Kushner, 2011]. However, these drugs, as monotherapy do not increase the 
risk for hypoglycemia, may cause hypoglycemia when insulin is used concomitantly 
[Gabriely & Shamoon, 2004]. α-Glucosidase inhibitors slow the rate of polysaccharide 
digestion in the small intestine, are not associated with hypoglycemia [Nathan et al., 2009]. 
The incretins and dipeptidyl peptidase-4 (DPP-4) inhibitors increase insulin secretion via a 
glucose-dependent mechanism. These agents do not increase the risk for hypoglycemia. 
Nonsulfonylurea insulin secretagogues, such as glinide, stimulate insulin secretion, and are 
known to increase the risk of hypoglycemia [Kushner, 2011]. Counterregulatory responses 
to hypoglycemia have been investigated less systematically in type 2 diabetes than in type 1 
diabetes [Cryer, 2002; Gerich, 1988; Zammitt & Frier, 2005]. Although various 
counterregulatory hormone deficiencies have been described in type 2 diabetes, these were 
mostly mild, and epinephrine secretion was invariably preserved. The studies have shown 
that counterregulatory hormonal release occurs at higher blood glucose levels than in non-
diabetic subjects and patients with type 1 diabetes [Levy et al., 1998; Spyer et al., 2000]. On 
the other hand, in type 2 diabetes, residual β-cell function largely preserves the first-line 
defence against hypoglycemia. Consequently, the glucagon response is retained, 
hypoglycemic risk is limited and further counterregulatory defects are prevented [Veneman 
et al., 1993]. 

5.3.2 Frequency 
Episodes of severe hypoglycemia are much less frequent in patients with intensively treated 
type 2 diabetes than with type 1 diabetes [MacLeod et al., 1993]. Obtained results indicate 
that 8 to 31% of insulin-treated patients with type 2 diabetes report having trouble in 
correctly identifying hypoglycemic events [Hepburn et al., 1990]. These patients have a nine 
fold higher risk for severe iatrogenic hypoglycemia than patients with normal hypoglycemic 
awareness [Bottini et al., 1997]. A study of patients with sulfonylureas and/or metformin 
observed that 20% of those taking sulfonylureas had experience symptoms of hypoglycemia 
in the preceding 6 months [Jennings et al., 1989]. Frequency of hypoglycemia in type 2 
diabetic patients in dependence on age, mode of therapy, nationality, sex etc. is described in 
details by Zammitt & Frier [2005]. To note, according to Rodbard and colleagues [Rodbard 
et al., 2009] “For some patients, the risk of hypoglycemia may warrant specific choices of 
therapy and reevaluation of therapeutic goals. These patients include those who have a 
duration of diabetes greater than 15 years and advanced macrovascular disease, 
hypoglycemia unawareness, limited life expectancy, or other serious comorbities”. 
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monotherapy is usually not associated with hypoglycemia. The frequency of severe 
hypoglycemia is lower with metformin than with sulfonylureas or insulin [Kushner, 2011; 
Gabriely & Shamoon, 2004]. Thiazolidinediones, that increase sensitivity of muscle, fat, and 
liver to endogenous and exogenous insulin, are associated with a low occurrence of 
hypoglycemia [Kushner, 2011]. However, these drugs, as monotherapy do not increase the 
risk for hypoglycemia, may cause hypoglycemia when insulin is used concomitantly 
[Gabriely & Shamoon, 2004]. α-Glucosidase inhibitors slow the rate of polysaccharide 
digestion in the small intestine, are not associated with hypoglycemia [Nathan et al., 2009]. 
The incretins and dipeptidyl peptidase-4 (DPP-4) inhibitors increase insulin secretion via a 
glucose-dependent mechanism. These agents do not increase the risk for hypoglycemia. 
Nonsulfonylurea insulin secretagogues, such as glinide, stimulate insulin secretion, and are 
known to increase the risk of hypoglycemia [Kushner, 2011]. Counterregulatory responses 
to hypoglycemia have been investigated less systematically in type 2 diabetes than in type 1 
diabetes [Cryer, 2002; Gerich, 1988; Zammitt & Frier, 2005]. Although various 
counterregulatory hormone deficiencies have been described in type 2 diabetes, these were 
mostly mild, and epinephrine secretion was invariably preserved. The studies have shown 
that counterregulatory hormonal release occurs at higher blood glucose levels than in non-
diabetic subjects and patients with type 1 diabetes [Levy et al., 1998; Spyer et al., 2000]. On 
the other hand, in type 2 diabetes, residual β-cell function largely preserves the first-line 
defence against hypoglycemia. Consequently, the glucagon response is retained, 
hypoglycemic risk is limited and further counterregulatory defects are prevented [Veneman 
et al., 1993]. 

5.3.2 Frequency 
Episodes of severe hypoglycemia are much less frequent in patients with intensively treated 
type 2 diabetes than with type 1 diabetes [MacLeod et al., 1993]. Obtained results indicate 
that 8 to 31% of insulin-treated patients with type 2 diabetes report having trouble in 
correctly identifying hypoglycemic events [Hepburn et al., 1990]. These patients have a nine 
fold higher risk for severe iatrogenic hypoglycemia than patients with normal hypoglycemic 
awareness [Bottini et al., 1997]. A study of patients with sulfonylureas and/or metformin 
observed that 20% of those taking sulfonylureas had experience symptoms of hypoglycemia 
in the preceding 6 months [Jennings et al., 1989]. Frequency of hypoglycemia in type 2 
diabetic patients in dependence on age, mode of therapy, nationality, sex etc. is described in 
details by Zammitt & Frier [2005]. To note, according to Rodbard and colleagues [Rodbard 
et al., 2009] “For some patients, the risk of hypoglycemia may warrant specific choices of 
therapy and reevaluation of therapeutic goals. These patients include those who have a 
duration of diabetes greater than 15 years and advanced macrovascular disease, 
hypoglycemia unawareness, limited life expectancy, or other serious comorbities”. 
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1. Introduction 
Unlike most other body tissues, the brain requires a continuous supply of glucose.  It has 
very limited endogenous glycogen stores, and does not produce glucose intrinsically.1 
Although it accounts for 2% of body weight, the brain utilizes 25% of the body’s glucose due 
to its high metabolic rate.2, 3 Evidence for the brains sole reliance on glucose came from 
obtaining a respiratory quotient of one after measuring differences between arterial and 
venous content of oxygen and carbon dioxide in blood traveling through the brain.4  
In the past, neurons were thought to directly metabolize glucose, however, more recent 
studies suggest astrocytes may play an important role in glucose metabolism.5 Astrocytic 
foot processes surround brain capillaries, which deliver glucose to the brain. With this, they 
form the first cellular barrier for entering glucose.5 Astrocytes contain the non-insulin 
dependent GLUT1 transporter, as well as the insulin dependent GLUT4 transporter, 
suggesting a possible role for astrocytes in regulating and storing brain glucose in an insulin 
dependent and independent manner (see figure 1).6-8 

In addition to glucose, the brain contains a very limited store of glycogen, (between 0.5 and 
1.5 g, or about 0.1% of total brain weight). Unlike peripheral tissue, where glycogen is 
readily mobilized during hypoglycemia, the brain can only function normally for a limited 
duration. Glycogen content seems to fall in areas of highest brain metabolic rate, suggesting 
at least some, albeit limited role as fuel during hypoglycemia.7   
Although the brain relies primarily on glucose during normal conditions, it can use ketone 
bodies during starvation. These ketone bodies cannot however meet all of the metabolic 
demands of the brain.9  

2. Pathophysiology  
The brain areas most vulnerable to hypoglycemia are (in order) the subiculum, small and 
medium sized caudate neurons, area CA1 of the hippocampus, the dentate gyrus and 
superficial cortical layers, specifically layers 2 and 3.10 Damage induced by hypoglycemia in 
the rat brain was not limited to a particular type of neuron, but those near the cerebrospinal 
fluid (CSF) spaces seemed to be more vulnerable.10 Similar distribution of injury was shown 
in autopsy of three human subjects with hypoglycemia.11  
Excitatory amino acids such as glutamate and aspartate were found in larger than normal 
quantities in the CSF space of hypoglycemic animals.12, 13 These increases occur as a result of 
less glucose as a substrate for the tricarboxylic acid (TCA) cycle during hypoglycemia. 
Lower glucose levels ultimately lead to lower acetate levels. This, in turn causes oxaloacetate  
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from Pellerin 1994 

Fig. 1. Schematic of the mechanism for glutamate-induced glycolysis in astrocytes during 
physiological activation. At glutamatergic synapses, glutamate depolarizes neurons by 
acting at specific receptor subtypes. The action of glutamate is terminated by an efficient 
glutamate uptake system located primarily in astrocytes. Glutamate is cotransported with 
Na+, resulting in an increase in[Na+]i, leading to activation of Na+/K+-ATPase. The pump, 
fuled by ATP provided by membrane-bound glycolytic enzymes[possibly phosphoglycerate 
kinase(PGK); see ref. 22], activates glycolysis-i.e., glucose utilization and lactate production-
in astrocytes. Lactate, once released, can bi taken up by neurons and serve as an adequate 
energy substrate. For graphic clarity, only lactate uptake into presynaptic terminals is 
indicated. However, this process  could also occur at the postsynaptic neuron. Based on 
recent evidence, glutamate receptors are also shown on astrocytes(12). This model, which 
summarizes in vitro experimental evidence indicating glutamate-induced glycolysis, is 
taken to reflect cellular and molecular events occurring during activation of a given cortical 
area[arrow labeled A(activation)]. Direct glucose uptake into neurons under basal 
conditions is also shown[arrow labeled B(basal conditions)]. Pyr, pyruvate; Lac, lactate; Gln, 
glutamine; G, guanine nucleotide binding protein. 

to form aspartate, and  ketoglutarate to form glutamate (see figure 2).14, 15 Glutamate and 
aspartate build up in the tissue, then interstitial space and ultimately CSF space.12 These 
findings suggest the possibility of an excitotoxic agent rather than insufficient glucose 
substrate as a cause for neuronal dysfunction and death during hypoglycemia.10 
Glutamate and aspartate cause sustained glutamate receptor activation, particularly at the 
NMDA receptor.16-19 The excess glutamate and aspartate activation leads initially to sodium 
and water influx which causes cellular edema.20 This is followed by calcium (an important 
neuronal second messenger) influx into the cells, which causes dysfunction of many 
intracellular processes.21-24 NMDA receptor activation leads to the production of reactive 
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oxygen species which damage neuronal DNA.25 The DNA damage in turn activates poly 
(ADP-ribose) polymerase-1 (PARP-1). Under normal conditions, PARP-1 acts to repair 
DNA, but with extensive damage, it can increase apoptosis inducing factor and stimulate 
cell death (see figure 3).26, 27 Hypoglycemic neuronal death can be halted by severing 
glutamatergic axons, or by blocking glutamate receptors in animals.17, 18 
 
 
 
 

 
from  Sutherland 2008 

 
 

Fig. 2. Truncation of the Krebs Cycle during Hypoglycemia. Adapted from Sutherland: 
Medicinal Chemistry , 2008, 4; 379-85 
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from Suh 2007 

Key aspects of hypoglycemia-induced neuronal death. (1) Neuronal depolarization is induced by 
hypoglycemia. (2) Depolarization leads to release of glutamate, aspartate, and zinc. Impaired astrocyte 
uptake may contribute to increased glutamate extracellular levels. (3) Glutamate receptor activation and 
zinc influx induce production of reactive oxygen species (ROS) from mitochondria or NADPH oxidase, 
subsequent DNA damage and activation of poly(ADP-ribose) polymerase-1 (PARP-1), mitochondrial 
permeability transition (MPT), and cell death. 

Fig. 3. Key Aspects of Hypoglycemia induced Neuronal Cell Death. From Suh : Glia55:1280–
1286 (2007)  
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3. Clinical manifestations 
Neuronal function is known to worsen at lower levels of blood glucose. Under normal 
conditions, endogenous insulin secretion ceases at levels of around 4.5mmol/l (81 mg/dL). 
Counterregulatory hormones such as glucagon and epinephrine are later secreted in 
response to a fall in blood glucose to 3.8 mmol/l (68 mg/dL). This causes autonomic 
symptoms such as sweating, irritability and tremulousness.  At 2.8 mmol/l (50 mg / dl) 
profound neurologlycopenic symptoms such as seizure, cognitive disturbance and 
confusion occur.  Below this level coma appears, electroencephalogram (EEG) becomes flat, 
and neuron death occurs below 1 mmol/L (18 mmol/dL)(see figure 4).1 

Hypoglycemia has been recognized as a clinical syndrome since 1924.28 In 1985, Malouf and 
Brust  evaluated 125 patients with hypoglycemia presenting to a local hospital over a one 
year period.29Among their study cohort, sixty-five patients were obtunded, stuporous, or 
comatose. Another 38 had confusion or “bizarre” behavior, 10 were dizzy or tremulous, 9 
had seizures, and 3 had hemiparesis. Diabetes mellitus, alcoholism, and sepsis, alone or in 
combination, accounted for 90% of predisposing conditions. Death occurred in 11%, but was 
only attributed directly to hypoglycemia in one patient. Four patients had residual 
neurologic symptoms after resolution of hypoglycemia.29  
The neurological manifestations of thirty patients with hypoglycemia from insulinoma were 
described by Daggett and Nabarro.30 They found that the most common presentation was 
confusion (20 cases), followed by coma (16 cases), seizures (8 cases) and weakness (8 
cases).30 Their review included information about 220 other patients with hypoglycemia and 
insulinoma from 7 series. Among these, 152 cases had confusion, 82 had coma, 58 had 
seizures, 18 had headache, and 6 had weakness.30  
Recurrent exposure to hypoglycemia, particularly in insulin treated type 1 diabetes, but to a 
lesser extent in type 2 diabetes can chronically impair the counterregulatory response to 
hypoglycemia. Two recognized syndromes are hypoglycemia associated autonomic failure 
(HAAF), and impaired awareness of hypoglycemia (IAH). After 20 years, around half of 
patients with type 1 diabetes have an impaired response of glucagon and epinephrine to 
hypoglycemia.31 Likely as a result of the blunted epinephrine response, IAH develops, as 
there are less of the typical clinical manifestations from epinephrine such as sweating and 
tremors.32  
Various other neurological manifestations of hypoglycemia have been described. These 
include headache, cognitive disturbance, hemiplegia, coma, and seizures.  

4. Headache 
Since 1933, fasting and hunger have been understood to precipitate migraine attacks.33-36 
One of the largest studies to demonstrate fasting as a migraine precipitant included 1883 
patients who responded to a questionnaire regarding dietary habits in the 24 hours before 
the migraine. Fasting was found to be a precipitating factor in 67% of patients.37 
A headache as a direct result of fasting, and without the autonomic features of migraine has 
been described.38 It is usually diffuse, nonpulsatile of moderate intensity, and should occur 
16 hours after fasting, with resolution within 72 hours of food intake (see table 1). The 
lifetime prevalence of this type of headache is estimated to be 4.1%.39 

Various other headache types have been attributable to fasting for religious reasons, and 
come under various names such as Yom Kippur Headache and Ramadan Headache. A study 
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Various other headache types have been attributable to fasting for religious reasons, and 
come under various names such as Yom Kippur Headache and Ramadan Headache. A study 
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from Cryer, 2007 

Fig. 4. Sequence of responses to falling arterial plasma glucose concentrations. The solid 
horizontal line indicates the mean and the dashed horizontal lines the upper and lower 
limits of physiological postabsorptive plasma glucoseconcentrations in humans. The 
glycemic thresholds for decrements in insulin secretion, increments in glucagon and 
epinephrine secretion, symptoms, and decrements in cognition. Have been defined in 
healthy humans (1) (see text). Those for seizure and coma and for neuronal death are 
extrapolated from clinical observations of humans (9) and studies in monkeys (12) as well as 
in other experimental animals (13–15). In this issue of the JCI, Suh and colleagues (13) report 
that glucose reperfusion increased brain neuronal death in their rodent model of profound 
hypoglycemia. 
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Diagnostic criteria for headache attributed to fasting 
(code 10.5) 
 
A. Headache with at least one of the following characteristics and  
fulfilling criteria C and D: 
1. Frontal location 
2. Diffuse pain 
3. Non-pulsating quality 
4. Mild or moderate intensity 
B. The patient has fasted for >16 h 
C. Headache develops during fasting 
D. Headache resolves within 72 h after resumption of food intake 

Table 1. International HA classification 

comparing 211 patients who observed a total fast for 25 hours during Yom Kippur to 136 
patients who did not found 82 (39%) of the fasters complained of headache compared to 7% 
of non-fasters.40 Although abstinence from caffeine and nicotine was observed in the fasting 
group, this did not appear to have an influence on headache. A questionnaire given to 91 
participants who had observed a complete fast on the first day of Ramadan and 25 who had 
not found 41% of the fasting group complained of headache, compared to only 8% in the 
control group (p=0.002).41 Although two of the subjects developed headache shortly after 
their last meal, suggesting to the author a possibility of reactive hypoglycemia, most of the 
headaches were attributable to caffeine withdrawal. Hypoglycemia was not formally 
evaluated in these studies. 
Blau and Cumings attempted to identify a correlation between blood glucose and migraine. 
They had 12 migraine subjects fast for 19 hours, and measured blood sugar levels at regular 
intervals. Six of these subjects developed migraine, at an average of 11 to 14 hours after the 
beginning of the fast. The lowest blood sugar levels varied from 44 to 77 mg/dl.42 
Pearce recorded serial blood glucose levels in 20 migraine patients, and 10 matched controls 
after injecting 0.15 units/kg body weight of insulin. Thirty minutes after the infusion, 
migraine patients had an average blood glucose level of 20.4 mg/dl. After 2 hours of 
observation, only one (5%) of the migraine patients developed a headache, and one (5%) 
developed aura without headache. None of the control subjects developed headache, and 
most patients complained of mild faintness, sweating and palpitations. The author 
concluded that hypoglycemia may be implicated only in a minority of migraine patients, 
and that more  complex metabolic factors are likely implicated.34 

5. Cognitive disturbance and dementia 
Hypoglycemia can affect cognitive performance and learning acutely. There are well 
documented reports and experimental trials linking various cognitive disturbances with 
hypoglycemia. A link between long term development of dementia and repeated 
hypoglycemia is more controversial. 
Memory and learning was tested among thirty-six type 1diabetics during an episode of 
controlled hypoglycemia with a target blood glucose of 2.5 mmol/l for 60 minutes. Subjects 
attempted to memorize instructions during euglycemia and recall was assessed during 
hypoglycemia. Word recall, story recall, visual recall was also assessed during 
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hypoglycemia. Euglycemia was then restored and delayed memory for the conventional 
tasks was tested. Euglycaemic control subjects performed the same tasks at blood glucose of 
4.5 mmol/l. Hypoglycemia impaired performance on the prospective memory task 
(p=0.004) as well as both immediate and delayed recall for the word (p<0.01) and story 
recall tasks (p<0.01). No difference was found among subject with normal or impaired 
glycemic awareness. There was no significant change on the visual memory task.43 
McCrimmon et. Al. found diminished visual processing speed despite normal visual acuity 
in 20 non-diabetic subjects during controlled hypoglycemia.44 Significant reductions in 
speed of naming and labeling skills at hypoglycemia without associated impairment in 
accuracy has been observed.45  Immediate and delayed memory were impaired in 16 type 1 
diabetic patients during controlled hypoglycemia of 2.5 mmol/l as assessed by the Trail 
Making B Test, and the Digit Symbol Test.46 Similar tests have shown impairment in visuo-
spatial ability during hypoglycemia.47  
Tests of sensory perceptual processing, simple motor abilities, attention, learning, memory, 
language, and spatial and constructional abilities at plasma glucose levels of 2.2 mmol/l 
were diminished when compared to basal levels of performance at 8.9 mmol/L among 42 
type 1 diabetics. Tests involving associative learning, attention, and mental flexibility were 
the most affected.48 Others have shown similar disruptions in various cognitive domains 
during hypoglycemia, leading to little doubt of the acute effects of hypoglycemia on 
cognition.49 
The role of hypoglycemic episodes on long term cognitive outcomes, and development of 
dementia is however more controversial. The 2007 Diabetes Control and Complications Trial 
(DCCT) and its follow-up Epidemiology of Diabetes Interventions and Complications 
(EDIC) followed 1144 diabetic patients for an average of 18 years.50 Forty percent of these 
patients reported at least one episode of hypoglycemic seizure or coma. Despite this, there 
was no associated decline in any cognitive domain. Those with elevated glycated 
hemoglobin had moderate declines in motor speed (P=0.001) and psychomotor efficiency 
(P<0.001).50 
More recently, a longitudinal cohort of 16,667 patients showed a greater risk of dementia 
among those with hypoglycemic episodes, with an attributable risk of dementia   of  2.39% 
per year (95% CI 1.72%-3.01%).51  This study was limited in that it was a retrospective 
review of electronic medical records. Furthermore, reverse causation may account for the 
association. Patients with dementia may have been more likely to have irregular food intake 
and make dosing errors in their glycemic medications. Further trials are needed to 
investigate a possible association between hypoglycemia and long term cognition.  

6. Hypoglycemic hemiplegia 
The clinical syndrome of hypoglycemic hemiplegia has been recognized for over 50 years.52, 53 
It appears to be rare, with case series reporting an incidence of  2% among those admitted with 
hypoglycemia.29 Objective weakness was found in 7 patients with hypoglycemia from 
insulinoma; 3 had hemiparesis, 2 had paraparesis and 2 had  monoparesis. On average the 
weakness resolved over a period of 1 hr to 3 days once normoglycaemia was maintained.29, 30 
Wallis et. al. reviewed 16 patients presenting with weakness and blood glucose of less than 
45 mg/dl.54 Most patients were initially misdiagnosed as stroke, all but one were conscious 
during the attack, four had associated aphasia, most (12/16) had right sided weakness and 
all had resolution without recurrence within 15 minutes of glucose infusion. One of the 
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patients had a total of four episodes of transient hemiplegia before hypoglycemia was 
diagnosed. He was left with permanent dysarthria and ataxia. One patient died after 
multiple recurrent hypoglycemic episodes and subsequent deep coma related to insulinoma. 
Autopsy of this patient showed diffuse cortical injury, but no focal lesions.54 
Another review involving 29 patients found 72% were caused by insulin treatment, and 
mean serum glucose was 35 mg/dL. Most (78%) had recurrent attacks, and on average 3.5 
attacks occurred before a diagnosis of hypoglycemic hemiparesis was made. Interestingly, 
the  majority of patients (72%) had right sided weakness, most with aphasia.55  
Hypoglycemia must be excluded in a patient presenting with symptoms consistent with 
transient ischemic attack or stroke. Current guidelines for the treatment of stroke patients with 
IV tissue plasminogen activator exclude those with a glucose level below 50 mg/dL if their 
symptoms are likely attributable to the hypoglycemia.56 This presentation is however much 
more rare than ischemic stroke. During a one year period, three patients were admitted with 
hypoglycemic hemiplegia compared to 400 with ischemic stroke in an urban hospital.29 
 

 
From Botcher 2005 

Fig. 5. A, Initial DWI (repetition time/echo time/_ 4100/96/90;__1000 s/mm2; field of view 
230 mm; matrix: 128_128) with increased signal intensities in bilateral corona radiata and 
splenium. B, Initial ADC maps with signal reduction also in bilateral corona radiata and 
splenium corresponding to DWI images. 
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Reports suggest that brain imaging during hypoglycemic hemiplegia, and coma may be 
similar to that observed during ischemic stroke. Specifically, in the setting of ischemic 
stroke, MRI shows restricted diffusion of water molecules due to ionic pump failure. This 
leads to restriction on diffusion weighted imaging (DWI) and prolongation of apparent 
diffusion coefficient (ADC).  ADC changes were found to occur in association with the onset 
of EEG isoelectricity in insulin induced hypoglycemic rats.57 
Case reports have shown ADC and DWI changes in patients with hypoglycemic hemiplegia. 
These changes usually reverse after clinical improvement with glucose recussitation.58-60 
Unlike ischemic stroke, hypoglycemic changes on MRI are often bilateral, affect the cortex, 
hippocampus and basal ganglia, and do not necessarily correspond to a vascular 
territory(see figure 5).61  
Although hypoglycemic hemiplegia is initially clinically indistinguishable from an ischemic 
stroke, the pathophysiology is likely different. Autopsy studies have not demonstrated 
lesions in vascular territories, but rather diffuse damage.11, 54 Hypoglycemia has been shown 
to produce vasodilatation in animals, unlike vasoconstriction seen in stroke.62 Although case 
reports have shown patients with hypoglycemic hemiplegia and associated carotid artery 
stenosis, most others have not validated this observation.54, 55, 63 The notion of underlying 
cerebrovascular disease as a cause for hypoglycemic hemiplegia does not seem to be 
supported. 
Profound hypoglycemia causes tissue alkalosis resulting from ammonia formation and 
consumption of metabolic acids, unlike tissue acidosis seen in cerebral ischemia.64 
Hypoglycemic brain death preferentially affects neurons, whereas ischemia tends to affect 
glial and endothelial cells as well.65 Hypoglycemia generally spares axons while damage 
from ischemia affects all parts of the neuron.66 

7. Hypoglycemic coma 
One of the most feared, and occasionally devastating effects of hypoglycemia is coma. The 
relationship between insulin treatment and coma was first recognized by Sakel in the 
1930s.67 He and others noticed that when treating schizophrenics with insulin (a now 
abandoned practice), a duration of treatment under 30 minutes allowed the patients to 
recover from the coma, but much longer, the coma would be irreversible.67, 68 Insulin 
induced hypoglycemia to a level of 0.7 mmol/l (13 mg/dl) was found to produce significant 
brain damage after 5-6 hours in monkeys. 69  
A retrospective analysis over a 7 year period evaluated 102 patients admitted with coma and 
blood glucose of below 49 mg/dL, and improvement with glucose administration. Most 
patients were type 2 diabetics (92/102) taking glycemic agents. Risk factors included age 
over 60, renal dysfunction decreased energy intake or infection. Sixty two patients 
responded within 12 hours of treatment, while the others had no resolution for up to 72 
hours. Death occur in 5 patients(4.9%).70 
A prospective one year study found sixty five of 125 (52%) admissions for hypoglycemia 
presented with obtundation, stupor or coma.29 While the length of time in coma could not 
always be determined, the one death related to hypoglycemia occurred in a patient with 
coma lasting over 20 hours. Of the 11 patients determined to be comatose for 12 hours or 
more, 10 remained comatose. Blood glucose level did not predict coma, as there was a wide 
range of blood glucose levels among these comatose patients, and similar results in those 
without coma.29 
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MR images of those in persistent vegetative state from hypoglycemia revealed lesions in the 

bilateral basal ganglia, cerebral cortex, substantia nigra, and hippocampus, which suggests 
the particular vulnerability of these areas.61 Involvement of the basal ganglia seems to 
portend a worse outcome, though evidence is limited to case reports.71 
Two markers of neuronal injury, NSE and S-100 may predict death or otherwise poor 
outcome in profound hypoglycemic coma. They showed no change in diabetics with mild 
hypoglycemic episodes, but were markedly elevated in 3 patients who died from 
hypoglycemic brain injury.72, 73 The disappearance of EEG activity is a prerequisite for 
hypoglycemia induced brain damage.66 

8. Seizures 
In autopsy studies, the cortex and hippocampus were most frequently involved in 
hypoglycemic brain damage.11 These areas are also commonly involved in seizures from 
other causes. 
In a prospective study of symptomatic hypoglycemia admissions over one year, 9 of 125 
(7.2%) patients presented with seizures related to hypoglycemia. Among the 9 seizure 
patients, 3 had comorbid epilepsy, and 6 were intoxicated with alcohol. The majority of the 
seizures were generalized tonic clonic, most recurred, and one patient had status 
epilepticus.29  
The landmark Diabetes Control and Complications Trial found 16  episodes of coma or 
seizure per 100 patient-years in the aggressive glucose control group, compared to 5 in the 
moderate control group.74 Another prospective study had a rate of severe events (the 
combination of seizure or coma) at 4.8/100 patient-years. Most of the severe events were 
seizures, and risk factors were age under 6 and glycosalated hemoglobin <7%.75 
A prospective study of 1382 patients with new onset seizures found that hypoglycemia was 
never found to be the inciting cause.76 This apparent discrepancy may be due to the fact that 
serum glucose was drawn after dextrose was given to presenting patients. Furthermore, this 
study focused on all those presenting with seizures, indicating hypoglycemia leading to 
seizures may be a rare event in non-diabetics. 
The NLSTEPSS study evaluated causes of status epilepticus in children, and found 4% were 
from metabolic causes.77 Metabolic causes of status epilepticus were found in 11% of adult 
patients.78 Unfortunately, these studies did not separate blood glucose from other metabolic 
causes.78 
Quantitative EEG recordings have shown that epileptiform activity (spikes) occurred at 
higher blood glucose levels in diabetic than non-diabetic children, and overall, occurred at 
higher glucose levels in children(3mmol/l) compared with adults (2 mmol/l)(see figure 6).79, 

80 In a case review of four children wearing a continuous glucose monitor, hypoglycemia 
occurred on average 2-4 hours before seizure onset.73 

During hypoglycemia, multiple metabolic derangements occur. In particular, the excitatory 
amino acids glutamate and aspartate increase out of proportion to a slight rise in 
extracellurlar GABA. The resulting brain excitatory milieu may account for seizure 
activity.64 
Investigators showed that fasting and insulin infusion in rats increased the incidence of 
barrel rotations, which is a characteristic phenotype of hypoglycemic seizures in the animal. 
In particular, they showed a decreased release of GABA in the substantia nigra pars 
reticulate in rats with  seizures.81 
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In particular, they showed a decreased release of GABA in the substantia nigra pars 
reticulate in rats with  seizures.81 
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children (open circles) Bjorgaas 1998 

9. Conclusion 
Hypoglycemia has profound effects on the brain. At the cellular level, energy failure and 
excitotoxicity lead to interruptions of many critical cellular activities. Clinically, this can 
manifest as headache, seizure, stroke-like episodes, cognitive dysfunction, and coma. 
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1. Introduction 
Type B insulin resistance is a rare syndrome caused by anti-insulin receptor antibody. The 
anti-insulin receptor antibody inhibits binding of insulin to insulin receptor and severe 
insulin resistance results. Type B insulin resistance usually associates with systemic lupus 
erythematosus (SLE) or Sjögren syndrome (SjS). In United States, Patients are usually 
African American women with hyperandorogenism and acanthosis nigricans. To control 
abnormal autoantibody, predonisolone (PSL), cyclophosphamide, cyclosporine A, 
azathiopurine, methotrexate, plasmapheresis, mycophenolate mofetil and rituximab are 
used with various effects. In some cases, hypoglycemia follows after severe hyperglycemia 
is ameliorated with various therapies. Occasionally, the anti-insulin receptor antibody has 
partial agonist activity and hypoglycemia is the first symptom. We have experienced a case 
of hypoglycemia complicated with type B insulin resistance and polymyositis. We reviewed 
case reports of type B insulin resistance from Japan. The Japanese patients with type B 
insulin resistance are usually not obese and more men than women were found. 
Hypoglycemia was observed relatively frequently. Complication with SLE was common, 
however a rare case complicated with Helicobacter pyroli infection was also reported.  

2. Case presentation 
In Augst 2009, a 54-year-old man admitted to the hospital for muscle pain and weakness. 
One month before admission, he noticed edema on both feet and swelling of his fingers of 
both hands. He had no pain however the hotness of the fingers disturbed sleeping. Ten days 
before admission, he had difficulty in moving his fingers because of the edema and he had 
pain on the palmar side of his hands. Then, swelling of both thighs and muscle pain of both 
shoulders had developed. He found weakness of the legs but could still walk on the stairs. His 
family doctor found elevation of creatin kinase (1580 mU/ml) and thrombocytopenia (79000 
/μl) and he was referred to this hospital. On admission, his body height was 167.6 cm, body 
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insulin resistance results. Type B insulin resistance usually associates with systemic lupus 
erythematosus (SLE) or Sjögren syndrome (SjS). In United States, Patients are usually 
African American women with hyperandorogenism and acanthosis nigricans. To control 
abnormal autoantibody, predonisolone (PSL), cyclophosphamide, cyclosporine A, 
azathiopurine, methotrexate, plasmapheresis, mycophenolate mofetil and rituximab are 
used with various effects. In some cases, hypoglycemia follows after severe hyperglycemia 
is ameliorated with various therapies. Occasionally, the anti-insulin receptor antibody has 
partial agonist activity and hypoglycemia is the first symptom. We have experienced a case 
of hypoglycemia complicated with type B insulin resistance and polymyositis. We reviewed 
case reports of type B insulin resistance from Japan. The Japanese patients with type B 
insulin resistance are usually not obese and more men than women were found. 
Hypoglycemia was observed relatively frequently. Complication with SLE was common, 
however a rare case complicated with Helicobacter pyroli infection was also reported.  

2. Case presentation 
In Augst 2009, a 54-year-old man admitted to the hospital for muscle pain and weakness. 
One month before admission, he noticed edema on both feet and swelling of his fingers of 
both hands. He had no pain however the hotness of the fingers disturbed sleeping. Ten days 
before admission, he had difficulty in moving his fingers because of the edema and he had 
pain on the palmar side of his hands. Then, swelling of both thighs and muscle pain of both 
shoulders had developed. He found weakness of the legs but could still walk on the stairs. His 
family doctor found elevation of creatin kinase (1580 mU/ml) and thrombocytopenia (79000 
/μl) and he was referred to this hospital. On admission, his body height was 167.6 cm, body 
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weight was 69.6kg and the body mass index (BMI) was 24.0 kg/m2. Pitting edema on lower 
legs and feet was found. His grasping power was difficult to measure because of the 
swelling of his fingers. However no apparent muscle weakness was observed by manual 
muscle testing. On his skin, no Gottron’s sign or Heliotrope rash was observed. He had 
muscle pain in the thigh. He had history of left VIIth nerve palsy when he was 40. VIIth 
nerve palsy recurred on the right side in April and then he was diagnosed as diabetes 
mellitus. He smoked one pack of cigarette and drinks a can of beer every day. His mother 
had diabetes and otherwise no particular family history was noticed. The results of the 
laboratory tests are listed in Table 1. 
 
     
WBC 
Hb 
Ht 
Platelet 
AST 
ALT 
LDH 
CK 
CK-MM 
CK-MB 
HbA1c 
Blood glucose after  
75 g oral glucose 
0 min 
60 min 
120 min 
Plasma insulin after 
75 g oral glucose  
0 min 
60 min 
120 min 

6970 /μl 
12.5 g/dl 
38.7% 
167000/μl 
163 mU/ml 
91 mU/ml 
523 mU/ml 
3296 mU/ml
97% 
3% 
6.6% 
 
 
54 mg/dl 
186 mg/dl 
249 mg/dl 
 
 
10 μU/ml 
517μU/ml 
981μU/ml 

C3 
C4 
D-dimer 
Anti-Jo-1 antibody 
Anti-RNP antibody 
Anti-nuclear antibody 
Anti-Scl-70 antibody 
Anti-SSA antibody 
Anti-SSB antibody 
Anti-mitochondria M2 antibody
KL-6 
SP-D 
SAA 
CRP 
CEA 
CA19-9 
Anti-insulin antibody 
Anti-insulin receptor antibody
electromyogram 
 
 
 

53 mg/dl (65-135) 
11 mg/dl 
2.9 μg/ml 
2 
Negative 
80 (diffuse, nuclear) 
Negative 
16 
Negative 
12 
331 U/ml 
31.8 ng/ml 
10.8 μg/ml 
0.35 mg/dl 
3.1 ng/ml 
3.3 U/ml 
Negative 
Inhibition rate 41% 
Low & short NMU in 
biceps, brachioradial, 
quadriceps femoris 
and tibialis anterior 
muscles 

Table 1. Laboratory data of the case NMU: neuromuscular unit 

He presented symptoms of fasting hypoglycemia and his fasting plasma glucose showed 
values between 50 and 70mg/dl repeatedly. His fasting plasma immunoreactive insulin 
(IRI) level was 21.2 μU/ml and was inappropriately high when the plasma glucose was 
62mg/dl. At two hours after breakfast, his plasma glucose was 139mg/dl and the IRI at this 
time point was 379 μU/ml. The HbA1c at admission was 6.6%. To confirm diagnosis, 75 g 
oral glucose tolerance test was performed. The blood glucose level after 2 hours was 249 
mg/dl. The IRI and C-peptide levels 2 hours after load were 981 μU/ml and 12.5 ng/ml 
respectively. Anti-insulin antibody was negative. Anti-insulin receptor antibody was 
present and the inhibition rate was 41%. During the course, serum creatine kinase level 
increased to over 7000 mU/ml and AST and ALT also moderately increased over 300 
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mU/ml. The antinuclear antibody, anti-SSA antibody and the Jo-1 antibody were positive, 
but not for anti-Scl70 or anti-SSB antibodies. Anti-mitochondria M2 antibody was also 
positive. The electromyogram was compatible with myopathy. A diagnosis of polymyositis 
complicated with type B insulin resistance was given. After that he was re-evaluated by a 
dermatologist for the presence of acanthosis nigricans and mild lesions were found in the 
axilla and the periumbilical region. Predonisolone therapy was started from 60 mg/day. The 
fasting plasma glucose increased to 198mg/dl and the plasma insulin level was 1399 μU/ml. 
To control the hyperglycemia, insulin therapy was started from 2 units of ultra-rapid insulin 
before each meal, then increased to 15 U/day. Severe hyperglycemia was ameliorated 
within one week and insulin therapy was stopped because fasting hypoglycemia recurred. 
Fasting hypoglycemia occurred repeatedly after discontinuation of insulin therapy but was 
manageable by oral glucose intake. The clinical course is presented in Figure 1. 
 

 
Fig. 1. Clinical course of the case 

The creatine kinase and AST responded gradually, however the response was slow and 
methotrexate 10 mg/week was added to prednisolone therapy. After one month 
predonisolone was tapered to 50mg/day then 40mg/dl three weeks later. Thereafter tapering 
schedule was slowed to 2.5mg/day every two weeks. The creatine kinase level decreased to 
upper normal limit at two months after admission. The HbA1c at this time point was 6.0%.  
Type B insulin resistance syndrome in Japan compared with that in the United States (US) 
have some differences. 
Our case was positive for anti-insulin receptor antibody however his insulin resistance was 
weak and hyperglycemia after PSL therapy was easily controlled by short term insulin 
therapy. Relatively low inhibition rate of insulin binding (41%) may be the cause of this 
observation. The difference of clinical course compared with the typical case in US may be 
related to ethnicity. Therefore we screened case reports on type B insulin resistance in Japan 
(Table 2). 
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No Age sex AN BMI Underlying 
disease 

Hypoglycemia OHA or insulin 
usage before 
hypoglycemia 

Reference 

1 54 M Yes 24 polymyositis Yes No This case 

2 47 F NR NR SLE No  Takeda 

3 48 F NR NR SLE, 
depression No  Sakai1 

4 50 F Yes NR SLE Yes Yes (IGF-1) Yamasaki 

5 59 M NR 16 SLE Yes No Kawashiri 

6 55 M NR NR SLE(possible) Yes No Gojo 

7 57 M NR NR SLE Yes Yes Ogata 

8 56 M No 22.7 SLE Yes No Sato, 
Shigihara 

9 23 F Yes 20.4 SLE Yes No Nagayama 

10 61 F NR NR SjS No  Ito 

11 72 F No 21.2 SjS No  Furukawa 

12 44 F Yes Not 
obese

SjS,  
Hashimoto No  Hirano 

13 60 M NR NR RA Yes No Tokumori 

14 67 M NR NR UCTD Yes No Yamagata 

15 59 M NR NR 
CH(C),  
PEG-IFN+ 
ribavirin 

No  Miyamoto 

16 74 M Yes 18.4 IPMT No  Uehara 

17 48 F Yes 19 T2DM only Yes Yes Sakai2 

18 68 M NR 22.6 AP No  Tashiro 

19 
84 M No 23 ITP,  Yes No Imai 

86  NR NR ITP Yes No Yamamiya 

AN: acanthosis nigricans, BMI: body mass inex (kg/m2), SLE: systemic lupus erythematosus, SjS: 
Sjögren’s syndrome, RA: rheumatoid arthritis, UCTD: undifferentiated collagen tissue disease, CH(C): 
chronic hepatitis virus C infection, PEG-IFN: pegylated interferon, IPMT: intrapancreatic duct 
mucinous tumor, AP: angina pectoris, ITP: idiopathic thrombocytopenic purpura, IGF-1: insulin-like 
growth factor-1, NR: not reported 
 

Table 2. Patients’ profiles of type B insulin resistance in Japan 
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No HbA1c 
(%) 

Insulin dose
(U/day) 

FPG 
(mg/dl) 

IRI 
(U/ml) 

CPR 
(ng/ml) 

PSL dose 
(mg/day) 

Other treatments 

1 6.0 15 62 21.2  60 MTX 

2 13.4 80 NR NR NR 50 IGF-1, CyA, 
rituximab 

3 NR 340  NR NR 25 CyA 200mg/day, 
rituximab 500mg 
x2 

4 NR 610 220 821 3.7 nM 30 IGF-1 

5 9.5 68 67 316 3.08 30 Plasma exchange 
immunoadsorptio
n 
CPA, CyA, IGF-1 

6 NR - NR NR NR NR Bed time snack 

7 NR >300 NR NR # >450 Pulse Plasma exchange 

8 9.1 - 38 697.7 14.2 60 - 

9 NR - 116 2313 55 mPSL 0.5g 
x2 
PSL 30 

- 

10 NR NR NR NR NR 50 IGF-1 

11 11.1 160 NR 462 5.1 - IGF-1 

12 NR 300 131 699.5 NR 40 IGF-1 

13 6.3 - 48 581 0.42 40 - 

14 NR NR NR NR NR 50 H.p. eradication 

15 NR NR NR NR NR NR - 

16 13.8 138 NR NR #138.4   

17 11.2 >200 180 490 6.52 - - 

111 NR 6.52 

66 15.9 0.7 

18 8.5 -(OHA) NR >1000 NR 2.5 - 

19 5.0 - 56 NR NR - H.p. eradication 

 - NR NR NR 20  

FPG: fasting plasma glucose, IRI: immunoreactive insulin, CPR: C-peptide reactivity, PSL: predonisolone, 
mPSL: methyl predonisolone, MTX: methotrexate, IGF-1: insulin-like growth factor-1, CyA: cyclosporine 
A, CPA: cyclophosphamide, #: urinary excretion of C-peptide (μg/day), H.p.: Helicobactor pyroli, OHA: 
oral hypoglycemic agent 

Table 3. Treatments of type B insulin resistance in Japan 
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In US, the majority of patients with type B insulin resistance are African American woman. 
Hyperandorogenism and acanthosis nigricans are common. Severe insulin resistance is the 
predominant symptoms and fasting or reactive hypoglycemia may follow after 
hyperglycemia is ameliorated by various treatments. Among reports on Japanese patients 
with type B insulin resistance, we found more men (11) than women (8). The description of 
acanthosis nigricans was not common. Among 9 cases with available report, 6 had 
acanthosis nigricans and 3 had not. Severe obesity was also rare. In the 24 cases of type B 
insulin resistance reported by Arioglu et al. three cases presented hypoglycemia after 
prolonged hyperglycemia (Arioglu 2002). Among the 19 cases in Japan, 11 cases had 
hypoglycemia somewhere during the course. Eight of these 11 cases were not using oral 
hypoglycemic agent or insulin when hypoglycemia was first noticed. Examples are briefly 
introduced below. 
A 23-year-old Japanese woman with SLE and on hemodialysis developed severe general 
fatigue (Nagayama et al. 2008). Her fasting blood glucose was between 25 to 45mg/dl. Her 
serum insulin level was 2313.8 μU/ml and anti-insulin receptor antibody was positive by 
125I –insulin binding inhibition assay. She also presented with acanthosis nigricans. Her 
hypoglycemia was restored after steroid pulse followed by high dose steroid therapy. 
A 56-year-old Japanese man was admitted to the hospital because of unconsciousness and 
hypoglycemia (Sato 2010). Anti-insulin antibody was positive. Episodes of hypoglycemia 
and hyperglycemia repeated despite predonisolone therapy (5-10 mg/day) Laboratory test 
revealed pancytopenia, positive antinuclear antibody and mild proteinuria. He also 
presented persistent discoid lesion of the skin. Renal biopsy was consistent with lupus 
nephritis. He was diagnosed as SLE and the dose of predonisolone was increased to 60 
mg/day. After that his blood glucose improved along with proteinuria. The dose of 
predonisolone could be successfully tapered to 30 mg/day. 

3. Underlying disease 
Type B insulin resistance associates most frequently with SLE and related connective tissue 
diseases. Sjögren’s syndrome and rheumatoid arthritis were also found. On the other hand, 
what is the prevalence of anti-insulin receptor antibody in SLE patients? Rosenstein et al. 
analyzed consecutive 38 patients with SLE or undifferentiated connective tissue disease 
(UCTD) for anti-insulin receptor antibody (Rosenstein et al. 2001). Within 26 SLE patients 
one was positive for anti-insulin receptor antibody and none in the 12 UCTD patients. None 
of their patients presented insulin resistance syndrome. In our case, polymyositis was the 
underlying disease. We searched PubMed for “polymyositis” and “insulin resistance” and 
found several reports on juvenile dermatomyositis (JDA) associated with lipodystrophy. In 
a report from Canada, 4 of 20 patients with JDA had lipodystrophy and severe insulin 
resistance (Huemer 2001). However anti-insulin receptor antibody was not detected by 
radioimmunoassay in these cases. Their pathophysiology was explained in the context of 
lipodystrophy. Lipodystrophy associated with dermatomyositis is not confined to pediatric 
patients. A case of 55-year-old woman with dermatomyositis complicated with 
lipodystrophy is reported (Lee and Hobbs). She developed hypertriglyceridemia 3 years 
after diagnosis of dermatomyositis and then lipodystrophy in the thigh appeared. Severe 
insulin resistance was not reported in this case. Our case did not have typical skin lesions 
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suggestive of dermatomyositis nor lipodystrophy. Therefore our case is not categorized in 
these insulin resistance associated with dermatomyositis. There are also reports of type B 
insulin resistance associated with interferon-alpha treatment (Miyamoto). Unfortunately, the 
detail of this case was not described in the literature. A similar case is reported by Daniel et 
al. A 55-year-old African American man with hepatitis C developed severe hyperglycemia 
eight months after treatment with interferon-alpha and ribavirin. He needed up to 125 U/hr 
of insulin and anti-insulin receptor antibody was detected in his serum. After 
discontinuation of interferon-alpha and ribavirin, his insulin resistance resolved 
spontaneously. Type B insulin resistance associated with idiopathic thrombocytopenic 
purpura (ITP) is also reported. Helicobactor pyroli infection is one of the causes of ITP and 
eradication of H. pyroli by proton pump inhibitor and antibiotics may relieve the 
thrombocytopenia. In Japan a case of type B insulin resistance that was ameliorated after 
eradication of H. pyroli has been reported (Imai). Interestingly, three years after the first 
episode, hypoglycemia recurred in this patient (Yamamiya). This time his plasma insulin 
was below detection limit when he was hypoglycemic. Anti-insulin receptor antibody was 
not proved by 125I-insulin binding inhibition assay. Unfortunately, other method to detect 
anti-insulin receptor antibody has not been performed. Imunoprecipitation of insulin 
receptor by the patient’s serum may probe anti-insulin receptor antibody. The change of the 
epitope of the anti-insulin receptor antibody may result in agonistic activity without 
inhibiting insulin binding. 

4. Treatment of abnormal glucose metabolism 
The dose of insulin utilized to control hyperglycemia was substantially small compared 
with that in the US (Arioglu, Lupsa, Malek). The Japanese patients with type B insulin 
resistance were treated no more than several hundred units a day. In the cases reported by 
Arioglu, on average 5100 U/day was used. A case with type B insulin resistance and SLE 
reported by Bao et al. required up to 4500 U/day insulin to control hyperglycemia. She was 
treated with azathiopurine for 3 months. Another severe insulin resistance case reported by 
Ostwal et al. required up to 2800 U/day. She had SLE and anti-insulin receptor antibody 
was probed by immunoprecipitation assay. A steroid pulse therapy with 
mehylpredonisolone 1 g for 3 days was performed followed by maintenance dose of steroid 
and azathiopurine. Her insulin requirement decreased gradually and stopped. After that she 
required 3-hourly meals to avoid hypoglycemia. In the treatment of hyperglycemia, insulin 
like growth factor-I (IGF-I, Astellas Pharmaceutical Co. Ltd. Tokyo) injection was tried in 
several Japanese patients with varying effectiveness. The anti-insulin receptor antibody does 
not necessarily affect insulin-like growth factor receptor. Therefore IGF-1 injection is worth 
trying if there are no contraindications such as proliferative retinopathy or malignancy. 
Type B insulin resistance is potentially a self-limited disease. However to treat severe 
hyperglycemia in a certain time frame may require immunosuppressive medications and/or 
plasma exchange. In our patient, severe hyperglycemia developed only after initiation of 
predonisolone therapy. His hyperglycemia was controlled with relatively small dose of 
insulin in a short time and hypoglycemia repeated after discontinuation of insulin therapy. 
This may reflect the agonistic character of anti-insulin receptor antibody in his case. Because 
predonisolone is frequently used to treat underlying disease, hypoglycemia is relatively 
easy to control although timed snack may be required to avoid fasting hypoglycemia. 
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In US, the majority of patients with type B insulin resistance are African American woman. 
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5. Treatment of autoimmunity 
Attempt to control abnormal autoantibody is mainly through control over underlying 
disease. Because SLE is the most predominant underlying disease, predonisolone therapy 
with or without pulse therapy is most commonly attempted. Methotrexate, azathiopurine, 
cyclophosphamide and mycophenolate mofetil are also used in resistant cases. 
Plasmapheresis or immunoadsorption is used in some cases to remove anti-insulin receptor 
antibody in a short time. Recently rituximab is another choice to reduce B-cells producing 
autoantibodies. Because the case of type B insulin resistance is rare, randomized control 
study is difficult to perform. Therefore the comparison of effectiveness of these various 
therapies is difficult. The choice of treatment seems to be determined by the familiarity of 
the doctors to each treatment. Also the anti-insulin receptor antibody may disappear 
spontaneously at least in some cases. This complicates the analysis of result. Therefore it 
seems to be prudent to choose treatment based on the effectiveness to control the underlying 
disease. 

6. Prognosis 
Arioglu reported that the prognosis of type B insulin resistance may be poor especially in 
those with hypoglycemia. Among the 19 cases at least two was reported as deceased. One of 
the two, a 23 year-old woman was on hemodialysis complicated with SLE when her 
hypoglycemia developed. She had intractable lung infection during the treatment of 
exacerbated SLE. Another case, a 56 year-old man with severe SLE died of sepsis. 
Hypoglycemia was not the direct cause of death for these cases. We have no data for other 
cases.  

7. Characterization of anti-insulin receptor antibody 
The presence of anti-insulin receptor antibody is probed with various methods. Inhibition of 
binding of 125I-labelled insulin to insulin receptor is the method commonly used by 
commercial laboratory in Japan. The result is reported as inhibition rate. One problem of 
binding inhibition is that we cannot know whether the anti-insulin receptor antibody has 
agonist activity to insulin receptor. Another problem is that insulin binding is interfered by 
anti-insulin antibody if it coexists. This is a rare occasion however there are several cases in 
whom both anti-insulin antibody and anti-insulin receptor antibody were probed. The anti-
insulin receptor is polyclonal and the character of the antibody may change during the 
course. Yamasaki et al. analyzed the insulin-like activity of the patient’s serum during the 
course from severe hyperglycemia to fasting hypoglycemia. At first, her hyperglycemia was 
resistant to insulin at maximum 610 μU/day. After treatment with PSL, fasting 
hypoglycemia occurred. The activity to stimulate 2-deoxyglucose uptake was most 
prominent in the serum during the hyperglycemic phase and the serum during the 
hypoglycemic phase showed weaker activity. The activity to stimulate insulin receptor 
autophosphorylation was also most strong in the serum during the hyperglycemic phase. 
Their data suggest that antibody with agonistic activity may also present in patients who 
show no hypoglycemia. Receptor down regulation caused by autoantibody may modify the 
patient’s response.  
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8. Epitopes of the autoantibodies 
The extracellular part of the insulin receptor is composed of leucine rich domain 1, 
cysteine rich domain, leucine rich domain 2 and three fibronectin type III domains 
(McKern). Analysis using chimeric receptor has provided clue to the epitope of the anti-
insulin receptor antibodies. Chimeric IGF-I receptor containing residues 450-601 of the 
insulin receptor was recognized by 12 of 15 sera from type B insulin resistance (Zhang & 
Roth). Residues 471-593 is the first fibronectin type III domain and monoclonal antibody 
to this region can inhibit high affinity insulin binding (Surinya). The epitopes of anti-
insulin receptor antibody were analyzed by recognition of peptides from human insulin 
receptor expressed in bacteria (Pritgent 1990). A monoclonal antibody (83-14) mimics 
insulin action and inhibits insulin binding. This antibody recognizes amino acids 469-592. 
Another monoclonal antibody (18-44) also mimics insulin action but does not inhibit 
insulin binding. This antibody recognizes amino acids 765-770 within the third fibronectin 
type III domain in the N-terminus of the beta subunit. Chrystallographic study of the 
ectodomain of human insulin receptor revealed that the insulin binding pocket is made of 
N-terminal leucine rich repeat and the first fibronectin type III domain (McKern). The 
third fibronectin type III domain is outside the insulin binding pocket. Therefore if 
antibody to amino acids 765-770 is predominant, hypoglycemia without insulin resistance 
will result. In such a case, anti-insulin receptor antibody cannot be proved by binding 
inhibition assay. In the case reported by Yamamiya, anti-insulin receptor antibody was 
not detected by insulin binding inhibition when hypoglycemia recurred. This may result 
from change in the epitopes of the autoantibody. We should recall the possibility of anti-
insulin receptor antibody when we see hypoglycemia associated with very low insulin 
level.   
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1. Introduction 
Type 2 diabetes mellitus (T2DM) is increasing in prevalence worldwide, and is expected to 
affect 440 million people by 2030 (IDF, 2009). Despite the development and use of several 
medications to control patients’ blood glucose levels, the effective management of T2DM 
continues to be a challenge to physicians. In order to achieve HbA1c targets (<7.0%), 
patients must reach desirable fasting (90 mg/dL - 130 mg/dL) and postprandial glucose 
levels (<180 mg/dL) (American Diabetes Association, 2006). However, two thirds of patients 
with T2DM remain unable to reach the HbA1c targets (Koro, 1988; Fan, 2006).  
Blood glucose levels are dependent on the dynamic processes of hepatic production of 
glucose and skeletal muscle use of glucose. Treatment strategies designed to improve these 
processes have as a result the improvement in patient’s glycemic status. Different agents are 
currently available, providing physicians with several options for the management of 
T2DM. These clinical therapies include insulin and oral drugs that are classified as insulin 
sensitizers (e.g., biguanides and thiazolidinediones), insulin secretagogues (e.g., 
sulfonylureas and meglitinides), and alpha-glucosidase inhibitors. Newer treatment agents, 
incretin mimetics and dipeptidyl peptidase 4 (DPP-4) inhibitors, have been recently added 
to clinicians’ therapeutic choices (Drucker, 2003; Drucker, 2006a). 

2. The incretin effect 
The concept that gut factors stimulate pancreatic endocrine secretion was hypothesized soon 
after secretin was discovered in 1902 (Kieffer, 1999). In 1906, this notion was tested by giving 
gut extracts to patients with diabetes, which reduced their glycosuria (Moore, 1906). In the 
1920s, based on studies in dogs, the term incretins was introduced for the gastrointestinal 
hormones released in response to food ingestion (Zunz, 1929). These hormones are 
responsible for approximately 60% of the insulin secretion following a meal and for the so-
called incretin effect. The incretin effect describes the phenomenon that oral glucose leads to 
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a greater insulin response than an isoglycaemic intravenous glucose load (McIntyre, 1964; 
Nauck, 1986).  
There are two major incretins: glucosedependent insulinotropic polypeptide (GIP) and 
glucagon-like peptide 1 (GLP-1). In this chapter we will focus on GLP-1 actions, since this 
molecule is preserved in patients with T2DM. 

3. Physiological actions of GLP-1 
GLP-1 is a product of the glucagons gene, which is expressed in pancreatic α-cells and in L-
cells, located mostly in the lower small intestine and colon. GLP-1 concentrations increase as 
early as 5 to 10 minutes following ingestion of carbohydrates and lipids, well before the 
nutrients pass into the lower gut where most L-cells are located (Eissele, 1992; Deacon, 
1995). Once released from L- cells, GLP-1 is rapidly metabolized by a widely distributed 
serine protease, DPP-4, resulting in a half-life of 1 to 2 minutes in the circulation. DPP-4, 
which is located on endothelial cells as well as in soluble form in plasma, cleaves the two N-
terminal amino acids from GLP-1, causing a substantial loss of insulinotropic activity 
(Deacon, 1995; Vahl, 2003). 
GLP-1 stimulates insulin secretion of the β-cells and inhibits glucagon secretion from the α-
cells. Both actions occur in a glucose-dependent manner and lead to a normalisation of 
postprandial and fasting hyperglycaemia (Drucker, 2006b). In the gastrointestinal tract, 
GLP-1 has a direct effect on motility and slows gastric emptying. This effect contributes to a 
normalisation of postprandial hyperglycaemia and explains why long-term treatment with 
GLP-1 receptor agonists leads to weight loss (Drucker, 2006b). Under hypoglycaemic 
conditions the counter-regulation by glucagon is not affected and insulin secretion is not 
stimulated and, therefore, GLP-1 does not elicit hypoglycaemia (Drucker, 2006b).  
Except for its antidiabetic actions, recent findings have shown that application of GLP-1 
receptor agonists led to an improvement in cardiovascular parameters (reduction of systolic 
blood pressure, beneficial effects on myocardial ischaemia in animal models, positive effects 
on left ventricular function in heart failure) (Papazafiropoulou, 2011). In addition, animal 
studies in rodents and isolated human islets showed beneficial long-term actions of GLP-1 
to β-cell mass (Fehmann, 1992; Brubaker, 2004). Whether these findings will have a positive 
effect on preventing T2DM progression is not known yet. 

4. Incretins and the pathogenesis of T2DM 
In T2DM patients the incretin effect is diminished. Incretins does not act as an insulinotropic 
hormones under chronic hyperglycaemia in T2DM. However, GLP-1 is still able to stimulate 
insulin secretion under hyperglycaemia in T2DM (Drucker, 2006). In addition, the effects of 
GLP-1 on gastric emptying and glucagon secretion are maintained in patients with T2DM 
(Nauck, 1993a).  
A study confirmed that the incretin effect is reduced in patients with T2DM (Knop, 2007). 
Another study showed a significant reduction in the incretin effect and the GLP-1 response 
to oral glucose in T2DM patients compared with individuals with normal or impaired 
glucose tolerance (Muscelli, 2008). Notably, impaired actions of GLP-1 may be partially 
restored by improved glycemic control (Knop, 2007). The findings from a study of obese 
diabetic mice suggest that the effect of GLP-1 therapy may be caused by improvements in β-
cell function and insulin sensitivity, as well as by a reduction in gluconeogenesis in the liver 
(Lee, 2007).  
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Several studies in T2DM patients have shown that synthetic GLP-1 administration induces 
insulin secretion, (Nathan, 1992; Nauck, 1993a) slows gastric emptying, and decreases 
inappropriately elevated glucagons secretion (Nauck, 1993a; Kolterman, 2003). Acute GLP-1 
infusion studies showed that GLP-1 improved fasting and post prandial plasma glucose 
concentrations (Nathan, 1992; Nauck, 1993b). Long-term studies showed that this hormone 
exerts euglycemic effects, leading to improvements in HbA1c, and induces weight loss 
(Zander, 2002). 

5. T2DM and incretin-based therapies  
The incretin-based therapies offer a good alternative choice to the established antidiabetic 
compounds due to their satisfying antihyperglycaemic efficacy, their lack of risk of 
hypoglycaemia and their positive effects on body weight. In order to utilise GLP-1 action for 
T2DM, two options are presently available: 
1. GLP-1-receptor agonists (or GLP-1 mimetics) as injectable compounds 
2. DPP-4 inhibitors as orally active substances  

6. GLP-1-receptor agonists 
6.1 Exenatide 
Exenatide is the synthetic form of exendin-4, a peptide first discovered in the saliva of the 
gila monster (heloderma suspectum) in 1992. It has a 53% amino acid sequence homology to 
human GLP-1 and is a GLP-1 receptor agonist (Eng, 1992). It is administered subcutaneously 
twice daily. A slow release formulation for once-weekly administration (Exenatide LAR 
[long-acting release]) is presently in clinical phase III studies (Drucker, 2008). Exenatide has 
a prolonged half-life in comparison to native GLP-1 of approximately 3.5 h. After 
subcutaneous injection sufficient plasma concentrations are reached for 4–6 hours 
(Kolterman, 2005). 
In clinical studies exenatide lowered the HbA1c by 0.8–1.1% (Buse, 2004; DeFronzo, 2005). 
Exenatide in combination with metformin (Kendall, 2005), sulfonylurea (DeFronzo, 2005), or 
both (Buse, 2004) resulted in significant mean HbA1c reductions from baseline ranging from 
–0.77% to –0.86%. Patients also had statistically significant reductions in mean body weight 
from baseline (–1.6 kg to -2.8 kg). Comparative studies with insulin showed that effects of 
exenatide on glycaemic parameters are comparable to the improvement seen with insulin 
therapy (Heine 2005; Gallwitz, 2006; Barnett, 2007; Nauck, 2007). The comparative studies 
with insulin showed a difference in weight development of 4–5 kg in 30 weeks between the 
insulin and exenatide treated groups (Heine 2005; Barnett, 2007a; Nauck, 2007a).  
An improvement of β-cell function [measured with HOMA-β (homeostatic modelling 
assessment of beta cell function) and the proinsulin: insulin ratio] was also observed in the 
clinical studies. First phase of insulin secretion was restored after an intravenous glucose 
bolus under treatment with exenatide (Gallwitz, 2006; Barnett, 2007b).  
Severe hypoglycaemic events were only observed in exenatide-treated patients who had 
received combination therapy with sulfonylurea. For this reason a reduction in the dosage of 
sulfonylurea should be considered when initiating exenatide therapy. In the comparative 
studies comparing exenatide with insulin treatment, the incidence of nocturnal 
hypoglycaemic events was lower in the exenatide-treated patients (Gallwitz, 2006;  
Barnett, 2007).  
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The most frequent adverse events  with exenatide were fullness and nausea. Nausea was the 
most common reason to stop therapy; with 2–6.4% drop-outs in the clinical studies with 
exenatide (Gallwitz, 2006; Barnett, 2007). Escalating the dose of exenatide from 5 μg to 10 μg 
after 4 weeks led to a transient increase in nausea which diminished with continued 
exposure to the higher dose (Gallwitz, 2006; Barnett, 2007).  
In approximately 40% of exenatide-treated patients, anti-exenatide antibodies can be 
detected. However, over a time period of at least 3 years, these antibody titres did not have 
any obvious effect on glycaemic control (Drucker, 2008). Cases of acute pancreatitis have 
been reported since exenatide has been used (Ahmad, 2008; Cure, 2008). In total, the 
incidence of pancreatitis was low and similar to the elevated risk of pancreatitis that was 
observed in obese T2DM patients (Dore, 2009). 
Exenatide is predominantly eliminated by glomerular filtration followed by proteolytic 
degradation (Yoo, 2006). Exenatide should not be used in patients with severe renal 
impairment (creatinine clearance <30 ml/min) or end stage renal disease. Additionally, 
caution should be applied when initiating or increasing doses of exenatide in patients with 
moderate renal impairment (creatinine clearance 30–50 ml/min) (Gallwitz, 2006; Barnett, 
2007). 

6.2 Liraglutide 
Liraglutide is the first human GLP-1 analogue. It has two modifications in the amino acid 
sequence of native GLP-1 and an attachment of a fatty acid side chain to the peptide. It is 
injected subcutaneously once daily (Agerso, 2002). Liraglutide lowers blood glucose, body 
weight and food intake in animal models (Sturis, 2003). In clinical studies in approximately 
4,200 T2DM patients liraglutide was efficacious and safe (Marre, 2009; Nauck, 2009; Zinman, 
2009). In animal studies with diabetic rodents, liraglutide has been shown to increase  
β-cell mass. 
Liraglutide in monotherapy in newly diagnosed T2DM patients led to HbA1c reduction of 
0.9–1.1% in a dose of 1.2 or 1.8 mg once daily respectively, over a period of up to 2 years 
(Garber, 2008). In other studies, the same doses of liraglutide effectively lowered glycaemic 
parameters in various combinations with oral antidiabetic agents by approximately 1.0–1.5% 
(Garber, 2008; Garber, 2009).  
Liraglutide treatment led to a significant weight loss (Deacon, 2009a; Vilsboll, 2009). The 
weight loss was accompanied by a more pronounced loss in visceral fat than subcutaneous 
fat (Deacon, 2009a; Vilsboll, 2009). Furthermore, systolic blood pressure was lowered by 2–6 
mmHg in the liraglutide-treated patients. This effect was independent of the weight loss, as 
the reduction of blood pressure was already observed early on in therapy, when weight loss 
had not yet occurred (Garber, 2008; Garber, 2009; Zinman, 2009).  
The incidence of hypoglycaemic episodes was comparable to placebo in all studies, where 
no sulfonylurea was used in the combination with liraglutide (Deacon, 2009a; Vilsboll, 
2009). Gastrointestinal symptoms were also common, but nausea and vomiting were 
reported for a short period at the beginning of therapy (Buse, 2009). In the liraglutide clinical 
trials, there was no evidence of neutralizing antibodies (Garber, 2008; Garber, 2009;  
Zinman, 2009).  
Animal studies showed that a rare type of thyroid cancer known as medullary thyroid cancer 
was associated with liraglutide in mice and rats, although the relevance of this finding to 
humans remains unknown. FDA has stipulated that liraglutide be contraindicated in patients 
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with a personal or family history of medullary thyroid cancer and in patients with multiple 
endocrine neoplasia syndrome type 2 (US Food and Drug Administration, 2010).  
Data on the pharmacokinetic profile of liraglutide in mild to moderate renal impairment 
showed no alteration of the profile (Deacon, 2009a; Vilsboll, 2009).  

7. DPP-4 Inhibitors 
7.1 Sitagliptin 
Sitagliptin was the first DPP-4 inhibitor approved for the T2DM treatment. The 
recommended dose of once-daily oral sitagliptin is 100 mg. At this dose, sitagliptin can 
inhibit ~80% of endogenous DPP-4 activity over a 24-hour period (Herman, 2005). Increases 
in HOMA-β ranging from 4% to 20% have been shown in the sitagliptin trials. 
In the monotherapy trials, sitagliptin compared to placebo, resulted in statistically significant 
improvements in HbA1c and fasting glucose (Aschner, 2006; Raz, 2006; Scott, 2007). Sitagliptin 
given as add-on therapy to metformin (Charbonnel, 2006) resulted in similar HbA1c and 
fasting glucose reductions as in the monotherapy trials. Τhe same result was observed, in a 24-
week trial, when sitagliptin was added to pioglitazone vs pioglitazone and placebo 
(Rosenstock, 2006). In another study, reductions from baseline in HbA1c and fasting glucose 
were similar when sitagliptin was compared to glipizide, (Nauck, 2007). Increases in HOMA-β 
ranging from 4% to 20% have been shown in the sitagliptin trials. 
Sitagliptin therapy has been shown to be weight neutral in all clinical trials except in one 
study in which sitagliptin given with metformin resulted in weight reduction of 1.5 kg after 
52 weeks of treatment (Nauck, 2007b). The most common side effects of sitagliptin were 
headache, arthritis, nasopharyngitis, respiratory or urinary tract infections and rarely skin 
reactions (Aschner, 2006; Raz, 2006; Rosenstock, 2006). The incidence of hypoglycemia was 
low in these trials (<2%) and was similar to the placebo arms. Dose reduction of sitagliptin 
has been recommended for patients with moderate or severe renal insufficiency or end stage 
renal disease (Bergman, 2007).  

7.2 Vildagliptin 
Vildagliptin also acts by inhibiting circulating DPP-4 activity. It is available as a 50 mg 
twice-daily in combination with metformin, sulfonylurea or pioglitazone. Vildagliptin has 
been studied as monotherapy (Ristic, 2005; Pratley, 2006; Dejager, 2007), in combination 
with other oral antidiabetic agents (Ahren, 2004; Fonseca, 2007; Rosenstock, 2007), and 
against active comparator therapies including glitazones (Rosenstock, 2007) and metformin 
(Schweizer, 2007) Vildagliptin therapy was associated with an increase in HOMA-β (11% 
and 23%) in two monotherapy trials (Ristic, 2005; Pratley, 2006).  
In placebo-controlled trials, vildagliptin monotherapy reduced HbA1c (range 0.5% to 0.9%) 
and fasting glucose (14.4 mg/dL to 19.8 mg/dL) from baseline. The HbA1c reductions 
observed with monotherapy were statistically significantly greater than placebo in all trials. 
In clinical studies testing vildaglitpin in monotherapy or combination therapy with 
metformin, glimepiride, pioglitazone or insulin, vildagliptin was able to decrease the HbA1c 
by approximately 0.5–1.0% (Ahren, 2008; Pratley, 2008; Barnett, 2009). Vildagliptin therapy 
was associated with an increase HOMA-β (11% and 23%) in two monotherapy trials (Ristic, 
2005; Pratley, 2006), but improvement relative to placebo was only observed in one trial 
(Ristic, 2005).  
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Vildagliptin has a good safety and tolerability profile and the most common adverse events 
are flu-like symptoms, headache, dizziness, and rarely liver enzyme elevations. Vildagliptin, 
like the other DPP-4 inhibitors, is weight-neutral. The incidence of hypoglycemia was low in  
trials with vildagliptin and similar to the placebo (Fonseca, 2007; Rosenstock, 2007). No dose 
adjustment is required in patients with mild renal impairment (creatinine clearance 50 
ml/min). Vildagliptin should not be used in patients with hepatic impairment, including 
patients with pre-treatment alanine aminotransferase or aspartate aminotransferase >3x the 
upper limit of normal.  

7.3 Saxagliptin 
Saxagliptin also acts by inhibiting circulating DPP-4 activity and is available as a 5 mg once-
daily in combination with metformin, sulfonylurea or pioglitazone. Saxagliptin causes a 
reduction in HbA1c by 0.7–0.9%. Fasting plasma glucose is also lowered dose dependently 
lowered by saxagliptin (Rosenstock, 2008). In a study with drug-naïve patients, saxagliptin 
lowered all glycaemic parameters significantly (Rosenstock, 2009). As an add-on medication 
to a therapy with either metformin or glitazone, saxagliptin also led to significant metabolic 
improvements (Chacra, 2009; Deacon, 2009b; DeFronzo, 2009).  
Saxagliptin did not cause hypoglycaemia, was well-tolerated and was weight-neutral. A 
meta-analysis of clinical phase III studies with saxagliptin showed favourable data on the 
development of cardiovascular events (Wolf, 2009). 

8. In conclusion 
Incretin-based therapies offer an alternative treatment option for T2DM patients by 
targeting pancreatic β-cell dysfunction. Both GLP-1 receptor agonists and DPP-4 inhibitors 
have been shown to be effective in improving glycemic control in patients with T2DM. They 
appear to be well tolerated, have a low risk of hypoglycaemia, lead to weight reduction or 
have a neutral effect on weight. 
Choice of therapy should be based on a patient’s profile and preference, with consideration 
given to the unique characteristics of the GLP-1 receptor agonists and DPP-4 inhibitors. The 
most patient-relevant and striking difference between the incretin-based therapies is that 
GLP-1 receptor agonists are injectable agents, while DPP-4 inhibitors are effective orally. 
GLP-1 receptor agonists offer more robust HbA1c level reductions and the potential for 
weight loss. Nausea, the most common adverse event observed with GLP-1 receptor agonist 
therapy is not observed in treatment with DPP-4 inhibitors. Advances in the investigation of 
incretin therapies will further improve treatment outcomes for patients with T2DM and help 
them reach target goals. 
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1. Introduction 
Hypoglycemia is a common but serious problem among type1 and type 2 diabetic patients 
receiving intensive treatment with glucose-lowering drugs such as insulin or sulfonylurea. 
Moderate hypoglycemia is occurring 0.1-0.3 episode/patient per day and is usually 
corrected by patients themselves or just ignored. However, severe hypoglycemia causes 
unconsciousness and it may lead to neuronal injury in the cerebral cortex and hippocampus. 
Hypoglycemic neuronal death is resulted from a cascade of several events after prolonged 
period of lack of glucose since brain exclusively use glucose (Auer et al., 1984a; Auer and 
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blocked by extracellular zinc chelator, CaEDTA (Yin et al., 2002). In addition, hippocampal 
slices prepared from zinc transporter 3 (ZnT3) knockout mouse, which have little or no 
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with zinc chelator or with ZnT3 KO mice suggest that the zinc signal observed in post-
synaptic hippocampal neurons as shown in our previous study (Suh et al., 2003) was a result 
of zinc translocation from the presynaptic terminals. 
 

 
Fig. 1. Vesicular zinc release and translocation after hypoglycemia.  
A) TSQ fluorescent images show vesicular zinc release from presynaptic terminals of 
hippocampal mossy fibers after hypoglycemia/ glucose reperfusion (HG/GR). Intense TSQ 
fluorescent signal (white color in the figure) in the mossy fiber of sham operated rats 
indicates high vesicular zinc contents in the vesicle. However, the diminished TSQ 
fluorescent intensity in the HG/GR rats indicates that bulk of vesicular zinc has been 
released and therefore presynaptic vesicular zinc contents are reduced at the time when the 
brain section was evaluated. TSQ fluorescent intensity in mossy fiber is decreased after 60 
minutes of hypoglycemia (HG alone). TSQ fluorescent intensity is further decreased after 30 
minutes hypoglycemia  and  30 minutes glucose reperfusion (HG/GR), which represents 
mossy fiber vesicular zinc release from presynaptic terminals. A schematic drawing 
represents vesicular zinc release from presynaptic terminals after HG/GR. B) TSQ 
fluorescent images show zinc translocation into postsynaptic neurons of hippocampal CA1 
pyramidal neurons 3 hours after hypoglycemia. Zinc accumulation in the intracellular space 
can be detected in this early time point. A schematic drawing represents intracellular zinc 
accumulation 3 hours after HG/GR. C) TSQ fluorescent images show zinc accumulation into 
postsynaptic neurons 24 hours after HG/GR. Intense zinc accumulation in the intracellular 
space is detected in this time point. A schematic drawing represents intracellular zinc 
accumulation 24 hours after HG/GR. Scale bar in (A) is 200 μm and in (B) and (C) are 20 μm. 
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2. Role of zinc in hypoglycemic neuronal death 
Chelatable zinc (free or weakly bound to proteins) is present in a subset of glutamatergic 
axon terminals throughout the mammalian forebrain, especially in the hippocampus and in 
the cerebral cortex (Danscher et al., 1985) (Frederickson, 1989). The chelatable zinc is mainly 
localized in synaptic vesicles of excitatory presynaptic neuron terminals (Perez-Clausell and 
Danscher, 1985) and is released into the extracellular space during paroxysmal neuronal 
activity or membrane depolarization (Assaf and Chung, 1984; Howell et al., 1984). This zinc 
release has been suggested to contribute to neuronal death in several disease conditions, 
such as seizure (Frederickson et al., 1988; Suh et al., 2001), ischemia (Koh et al., 1996; Tonder 
et al., 1990) and traumatic brain injury (Suh et al., 2000). Zinc can induce the production of 
reactive oxygen species (ROS) and PARP-1 activation in cell cultures (Kim et al., 1999; Sensi 
et al., 1999a; Sheline et al., 2000), suggesting a possible role of zinc in hypoglycemia-induced 
neuronal death. Our previous study showed that hypoglycemia induces vesicular zinc 
release from the synaptic terminals. We also found that hypoglycemia increases neuronal 
zinc accumulation in postsynaptic neurons, which is prevented by intracerebroventricular 
injection of the Zn2+ chelator CaEDTA (Suh et al., 2004; Suh et al., 2008) or intraperitoneal 
injection of clioquinol (CQ) (Shin et al., 2010).   

2.1 Vesicular zinc release and translocation after hypoglycemia 
Oxidative stress and zinc release are both known to contribute to neuronal death after 
hypoglycemia; however, the temporal relationships between these events are not well 
established. Our study demonstrated that the vesicular zinc release from hippocampal 
mossy fiber and subsequent translocation into postsynaptic neurons occurs immediately 
after HG/GR. We used the fluorescent dye TSQ, which binds free zinc (Frederickson et al., 
1987). The vesicular zinc signal detected by TSQ showed a partial decrease (release  from 
mossy fiber terminal) after 60 minutes of hypoglycemia alone (HG alone), but was almost 
completely absent after 30 minutes of hypoglycemia followed by 30 minutes of glucose 
reperfusion (HG/GR) (Figure 1A) (Suh et al., 2004; Suh et al., 2007). This result suggests that 
vesicular zinc release from hippocampal mossy fiber is not caused by hypoglycemia itself 
but caused by a combination of hypoglycemia and subsequent glucose reperfusion. 
Conversely, TSQ staining in the postsynaptic pyramidal neuron bodies was absent under 
sham operated conditions or hypoglycemia alone, but TSQ intensity in the cytoplasm of 
CA1 neurons was increased 3 hours after 30 minutes of hypoglycemia and 30 minutes 
glucose reperfusion (HG/GR) (Figure 1B). This represents translocation of presynaptic zinc 
to postsynaptic neuron of CA1 pyramidal neurons. This initial cytoplasmic zinc increase 
was prevented by intracerebroventricular (i.c.v) injection of the zinc chelator, CaEDTA. 
Without zinc chelation, this intraneuronal zinc accumulation continued to increase until 24 
hours after hypoglycemia and glucose reperfusion (Suh et al., 2008). However, CaEDTA 
treatment also prevented this continuous intracellular zinc accumulation when evaluated at 
24 hours later, suggesting that released zinc from the synaptic vesicles translocated into the 
post-synaptic neurons during several hours after hypoglycemia and glucose reperfusion 
conditions (Figure 1C). From these findings, we speculate that zinc release/translocation is a 
key upstream step in the sequence of events leading to neuronal death after HG/GR (Suh et 
al., 2004; Suh et al., 2007). However, the identity of the factor(s) involved in the 
intermediating step(s) for HG/GR-induced vesicular zinc release and translocation process 
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is unknown. In our prior study, nitrotyrosine formation was detected shortly after glucose 
reperfusion, but not during hypoglycemia per se (Suh et al., 2003). Subsequently we found 
that a neuron specific NOS inhibitor, 7-NI, significantly inhibited hypoglycemia-induced 
vesicular zinc release from hippocampal mossy fiber (Fig 2A). 7-NI also prevented 
intracellular zinc accumulation and neuronal death at 24 hour post-HG/GR time point (Fig. 
2B) (Suh et al., 2003). These findings suggest that nitric oxide production is an event 
upstream of vesicular zinc release and postsynaptic zinc accumulation. This observation is 
consistent with previous studies in which intra-hippocampal injection of nitric oxide donor 
(Spermino-NONOate) induced vesicular zinc release and intracellular zinc accumulation 
(Cuajungco and Lees, 1998; Frederickson et al., 2002).  
 

 
Fig. 2. A) Vesicular zinc release after hypoglycemia/glucose reperfusion is prevented by 
NOS inhibitor. Vesicular zinc release was evaluated at hippocampal hilus by TSQ 
fluorescence. The TSQ signal loss is apparent after 30 minutes of HG and 30 minutes of GR. 
SOD-1 over-expressing rats (SOD-1 Tg) show similar zinc release after HG/GR 
(HG+GR+SOD), whereas the NOS inhibitor 7-NI almost completely prevented vesicular 
zinc release from the hilus mossy fiber area. Graph shows TSQ fluorescence intensity. Data 
are mean + s.e.m; n = 10; * P < 0.05. # P < 0.05. B) Intracellular zinc accumulation and 
neuronal death after hypoglycemia/ glucose reperfusion (HG/GR). Images show neuronal 
zinc accumulation at 3 or 24 hours after HG/GR and neuronal death at 24 hours after 
HG/GR. TSQ intensity in CA1 pyramidal neurons is increased compared to sham operated 
rats by 3 hours after HG, and further increased at 24 hours. CA1 pyramidal neurons show 
Fluoro-Jade B staining (green) at 24 hours after HG/GR. Scale bar = 50 μm. n = 3-4. This 
figure is modified from our previous published paper (Suh et al., JCBFM, 2008). 
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Fig. 3. Key aspects of hypoglycemia-induced neuronal death by zinc. 
1) Nitric oxide (NO) production after hypoglycemia/ glucose reperfusion leads to release of 
zinc together with glutamate from presynaptic terminals. 2) Zinc translocates into 
intracellular space. 3) Translocated zinc activates NADPH oxidase. 4) NADPH oxidase 
activation induces ROS production. 5) Production of superoxide from NADPH oxidase 
induces DNA damage and activation of poly(ADP-ribose) polymerase-1 (PARP-1) in the 
nucleus. 6) Neuron death. 

Since peroxynitrite (highly neurotoxic) is formed by reaction of nitric oxide (NO) with 
superoxide (Beckman and Koppenol, 1996), our previous study also sought to clarify the 
role of superoxide formation on presynaptic zinc release from hippocampal mossy fiber and 
postsynaptic zinc accumulation in the hippocampal CA1 neurons after hypoglycemic insult. 
This study showed that over-expression of SOD-1 significantly reduced hypoglycemia-
induced neuronal death (Suh et al., 2007). To determine whether the neuroprotective role of 
SOD-1 over-expression was due to reduced release of vesicular zinc, SOD-1 transgenic rats 
were subjected to hypoglycemia. From this study, we concluded that SOD-1 overexpression 
had no effect on hypoglycemia-induced vesicular zinc release or on the initial zinc 
translocation into hippocampal postsynaptic neurons when evaluated at 3 hours after 
hypoglycemia, but that SOD-1 overexpression did reduce neuronal death and neuronal zinc 
accumulation when evaluated at 24 hours after hypoglycemia. These results suggest that 
vesicular zinc release occurs upstream of ROS production, but that ROS production 
continues to promote to zinc accumulation in post-synaptic neurons at later time points 
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(Figure 2, 3). This suggests that protein-bound zinc can be liberated by reactive oxygen 
species (ROS) such as superoxide.  Thus, if neuronal SOD concentrations are adequate for 
clearance of superoxide, further intracellular free zinc release can be prevented even though 
initial zinc translocation event has occurred. Conversely, if superoxide production is not 
cleared or stabilized, intracellular free zinc will continue to increase to the point of neuronal 
demise. This result suggests that in addition to presynaptically-released Zn2+ , hippocampal 
neurons also have a pool of intracellularly releasable Zn2+. Intracellularly derived zinc may 
arise from metallothionein (MTs) or other zinc binding proteins. MTs play a major role in 
modulating neuron death after seizure or ischemia as these proteins release a substantial 
amount of Zn2+ under conditions of oxidative stress. This notion is supported by prior 
studies suggesting that non-vesicular zinc may be also important in promoting brain injury 
(Lee et al., 2000).  

2.2 The role of zinc on hypoglycemia-induced ROS production 
The mechanism by which ROS production is aggravated by intracellular zinc influx has not 
been firmly established. Several lines of evidence suggest that zinc induces increased 
mitochondrial ROS production (Sensi et al., 1999b). However, in cell culture models, zinc 
has been identified as an activator of NADPH oxidase, an enzyme that produces superoxide. 
NADPH oxidase is present in many cell types including neurons (Kim and Koh, 2002; Noh 
and Koh, 2000). NADPH oxidase is a multi-component enzyme comprising a plasma 
membrane-bound subunit, gp91; a membrane-associated flavocytochrome, cytochrome 
b558; and at least three cytosolic subunits, p47phox, p67phox and the small G protein Rac2 
(Groemping and Rittinger, 2005). During activation, the p47phox component is 
phosphorylated and translocates to the plasma membrane, where it associates with the other 
subunits to form the active enzyme complex. The methoxy-substituted catechol, apocynin, 
blocks this assembly but does not inhibit mitochondrial dehydrogenases (Dodd and Pearse, 
2000; Stolk et al., 1994). Interestingly, our previous studies examining the production of ROS 
in the brain during hypoglycemic insult suggest that superoxide is formed primarily during 
the glucose reperfusion period. The mechanism by which NADPH oxidase is activated in 
non-phagocytic cells is not well understood, but zinc has been identified as both an inducer 
of neuronal NADPH oxidase activity (Kim and Koh, 2002; Noh and Koh, 2000) and a 
contributor to hypoglycemic neuronal death (Suh et al., 2008). High concentrations of 
presynaptic zinc are present in the brain regions most vulnerable to hypoglycemic injury 
(Frederickson et al., 2005; Suh et al., 2004). Recently, we published that vesicular zinc release 
is required for NADPH oxidase activation in HG/GR (Suh et al., 2007). Rats pre-treated 
with an intracerebroventricular injection of the zinc chelator CaEDTA showed reduced 
neuronal ROS formation, suggesting that vesicular zinc release is an upstream event of 
NADPH oxidase activation. ZnEDTA, used as a control, showed no effect on ROS 
production.  The translocation of NADPH oxidase subunits, p47phox or p61phox, to the plasma 
membrane in cortical neuronal cultures subjected to glucose deprivation followed by 
glucose reperfusion was blocked by CaEDTA, but not by ZnEDTA (Figure 4). Moreover we 
demonstrated that zinc-induced ROS production in neuron cultures was almost completely 
absent in cultures from mice deficient in the p47phox subunit of NADPH oxidase and in wt 
neurons treated with the NADPH oxidase assembly inhibitor apocynin (Stolk et al., 1994; 
Suh et al., 2008). These results suggest that NADPH oxidase subunit assembly is triggered 
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by glucose reperfusion through a process requiring extracellular zinc signaling.  To further 
confirm that vesicular zinc release is involved in HG/GR-induced ROS production and 
neuron death, we used the ZnT3-/- mouse, which has no vesicular zinc in the presynaptic 
terminals (Suh et al., 2007). The ZnT3-/- mice showed diminished ROS production at 3 hours 
after HG/GR and reduced neuronal death 7 days after HG/GR (Figure 5). This result 
confirms prior reports that zinc chelation prevents ROS production and neuron death after 
HG/GR (Suh et al., 2004; Suh et al., 2007) and strongly suggests that it is the vesicular zinc 
pool that contributes to neuronal demise in this setting.   
 
 
 

 
 

Fig. 4. Hypoglycemia/ glucose reperfusion-induced ROS production is mediated by zinc-
induced NADPH oxidase activation. ROS production in neurons detected by ethidium (Et) 
fluorescence. 
A) The zinc chelator, CaEDTA, reduces HG/GR-induced Et production in the CA1 neurons. 
ZnEDTA is the control.  Rats were treated with saline, 100 mM CaEDTA, or 100 mM 
ZnEDTA. Scale bar is 50 μm. B) Schematic drawing of p47phox and p67phox translocation to 
plasma membrane by zinc translocation into neuron.  
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by glucose reperfusion through a process requiring extracellular zinc signaling.  To further 
confirm that vesicular zinc release is involved in HG/GR-induced ROS production and 
neuron death, we used the ZnT3-/- mouse, which has no vesicular zinc in the presynaptic 
terminals (Suh et al., 2007). The ZnT3-/- mice showed diminished ROS production at 3 hours 
after HG/GR and reduced neuronal death 7 days after HG/GR (Figure 5). This result 
confirms prior reports that zinc chelation prevents ROS production and neuron death after 
HG/GR (Suh et al., 2004; Suh et al., 2007) and strongly suggests that it is the vesicular zinc 
pool that contributes to neuronal demise in this setting.   
 
 
 

 
 

Fig. 4. Hypoglycemia/ glucose reperfusion-induced ROS production is mediated by zinc-
induced NADPH oxidase activation. ROS production in neurons detected by ethidium (Et) 
fluorescence. 
A) The zinc chelator, CaEDTA, reduces HG/GR-induced Et production in the CA1 neurons. 
ZnEDTA is the control.  Rats were treated with saline, 100 mM CaEDTA, or 100 mM 
ZnEDTA. Scale bar is 50 μm. B) Schematic drawing of p47phox and p67phox translocation to 
plasma membrane by zinc translocation into neuron.  
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Fig. 5. Hypoglycemia/ glucose reperfusion-induced ROS production and neuronal injury is 
prevented by ZnT3 gene deletion in mice. 
A) Vesicular zinc in the mouse hippocampus imaged with TSQ fluorescence (white) from 
wild-type mice and from ZnT3-/- mice. Scale bar is 500 μm. B) To characterize the source of 
ROS production in hypoglycemic neuronal injury, we used a rat model of insulin-induced 
hypoglycemia and evaluated the production of reactive oxygen species with 
dihydroethidium. Dihydroethidium is oxidized by superoxide and superoxide reaction 
products to form fluorescent ethidium (Et) species, which are then trapped within cells by 
DNA binding.  In the ZnT3-/- mice, hypoglycemia-induced ROS production is almost 
completely prevented. Scale bar is 50 μm. C) Neuronal death (FJB (+) neurons) in ZnT3-/- 
mice was significantly less than wild type mice. Scale bar is 100 μm. Part of this figure is 
modified from our previous published paper (Suh et al., JCBFM, 2008). 

2.3 The role of zinc on hypoglycemia-induced PARP-1 activation 
PARP-1 activation has been shown to mediate neuronal death in a variety of disorders 
including ischemia, trauma, and inflammation (Virag and Szabo, 2002). PARP-1 uses the 
ADP-ribose group of NAD+ to form branched ADP-ribose polymers on specific acceptor 
proteins in the vicinity of DNA strand breaks or kinks (Burzio et al., 1979; D'Amours et al., 
1999). Formation of these polymers facilitates DNA repair and prevents chromatid 
exchange, but extensive PARP-1 activation can promote cell death through a processes 
involving mitochondrial permeability transition and release of apoptosis inducing factor 
(Alano et al., 2004; Ha and Snyder, 1999; Yu et al., 2002). Our previous study showed that 
PARP-1 activation was substantially increased in hippocampal neurons after HG/GR. Rats 
treated with PARP-1 inhibitors after HG/GR showed a striking reduction in neuronal death, 
coupled with improved performance on the Morris water maze, a test of spatial learning 
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and memory (Suh et al., 2003). Administration of PARP-1 inhibitors at time points up to 3 
hours after HG/GR was effective in reducing neuronal death, suggesting both that PARP-1 
is a downstream event in the HG/GR cell death pathway and that PARP-1 inhibitors might 
be useful in the clinical treatment of hypoglycemic brain injury (Figure 6).  
A link between zinc release and PARP-1 activation has been suggested by studies showing 
PARP-1 activation and PARP-1 mediated neuronal death after neuronal exposure to zinc in 
cell culture, and the ability of PARP-1 inhibitors to abrogate zinc-induced cell death (Kim and 
Koh, 2002; Sheline et al., 2000; Sheline et al., 2003; Virag and Szabo, 2002). How zinc leads to 
PARP-1 activation has not been firmly established, but zinc has been shown to induce 
formation of reactive oxygen species through actions on mitochondria (Ichord et al., 1999) and 
through up-regulation of NADPH oxidase and neuronal nitric oxide synthase (Kim et al., 
2002). Our previous study showed that the zinc chelator CaEDTA attenuated poly(ADP-
ribose) formation in the post-synaptic pyramidal cells after HG/GR, suggesting that zinc 
translocation may be an upstream event in hypoglycemia-induced PARP-1 activation. This 
result, coupled with the marked reduction in neuronal death observed with CaEDTA, and the 
prior observation that PARP-1 inhibitors reduce hypoglycemic neuronal death (Frederickson 
et al., 2002), suggests a sequential process of zinc entry, PARP-1 activation, and cell death 
triggered by HG/GR. These results do not, however, exclude other mechanisms by which 
vesicular zinc release could contribute to hypoglycemic neuronal death. 
 

 
Fig. 6. Hypoglycemia/ glucose reperfusion-induced poly(ADP-ribose) formation in CA1 
hippocampus in rats.  
A) Poly(ADP-ribose) immunoreactivity was only modestly increased at termination of 
immediately after HG/GR (0 hr), but was markedly increased at 3 hr after insult, and then 
slowly declined after that point in the hippocampal CA1 and DG area. Scale bar is 50 μm.  
B) Poly(ADP-ribose) formation was reduced by administration of zinc chelator, CaEDTA, at 
the time of glucose correction. Scale bar is 50 μm. 
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2.4 The role of zinc on hypoglycemia-induced microglia activation 
Microglia is thought to be the resident immune cells of the central nervous system (CNS). 
Under physical conditions, resting microglia adopts the characteristic ramified 
morphological appearance and scatter throughout mature CNS to play role in the immune 
surveillance and host defense. The resting microglia transform into an activated states 
including amoeboid morphology, up-regulation of proliferation and release of 
proinflammatory mediators, when the cells bind to pathogen-derived molecules or other 
microglial activating agents. The pro-inflammatory cytokines such as interleukin-1 and 
tumor necrosis factor alpha, released from activated microglia following ischemia, brain 
trauma and the other brain damages (Clausen et al., 2005; Sairanen et al., 1997; Saito et al., 
1996; Taupin et al., 1993), are thought to be associated with neuronal death (Loddick and 
Rothwell, 1996; Lu et al., 2005; Yamasaki et al., 1995). On the other hand, these cytokines 
have been reported to induce nerve growth factor expression or cell survival signaling 
(DeKosky et al., 1994), (Fontaine et al., 2002) (Herx et al., 2000). Moreover activated 
microglia have been reported to release neurotrophic factors such as brain-derived 
neurotrophic factor (Lee et al., 2002b). These reports are implying that microglia activation is 
not only neurotoxic but neurotrophic. However, the factors that trigger microglial activation 
have not been completely understood. Recently, poly (ADP-ribose) polymerase (PARP)-1 
has been known to act as a coactivator of nuclear factor kappa B (NF-kB), which leads to 
microglial migration on excitotoxically damaged organotypic hippocampal slice culture, and 
neuronal cell death (Chiarugi and Moskowitz, 2003) and (Ullrich et al., 2001). Furthermore, 
in zinc-induced cell death of neuron cultures, PARP-1 has been reported to be activated by 
zinc through NADPH oxidase pathway (Sheline et al., 2003), (Kim and Koh, 2002). In our 
previous study, we sought to examine whether zinc induces microglial activation and how 
microglia is activated by zinc. We found that zinc can induce microglial activation which 
mediated by PARP-1 activation though NADPH oxidase pathway and that microglial 
activation in mice ischemic brain are blocked by zinc chelator (Kauppinen et al., 2008). 
During severe hypoglycemia, glucose reperfusion and its neurotoxic cascade may not only 
damage neurons directly, but may also promote neuronal injury indirectly via microglia 
activation. Microglia activation is a gradual process including change of morphology from 
highly ramified into an amoeboid shape, proliferation, migration to injury site, increased 
expression of surface molecules, increased secretion of cytokines, chemokines, free radicals 
and proteases, and assumption of phagocytotic activity (Kreutzberg, 1996). We tested 
whether zinc chelation prevents microglia activation after hypoglycemia. Both CaEDTA and 
CQ substantially decreased hypoglycemia-induced microglia activation in the hippocampal 
CA1 pyramidal area (Figure 7).  

2.5 Prevention of hypoglycemia-induced neuronal death by hypothermia 
Our previous study presented that mild hypothermia reduces hypoglycemia-induced 
neuronal death in the hippocampus, whereas hyperthermia aggravates those brain injuries. 
We suggested that hypothermia (lowering brain temperature) prevents hypoglycemia-
induced neuronal death by reduction of vesicular zinc release, superoxide production and 
microglia activation, where temperature dependent vesicular zinc release was a key event 
upstream of hypoglycemia-induced superoxide production and microglia activation.  
Mild hypothermia has been known as the most effective approach to prevent neuronal 
death after cerebral ischemia (Busto et al., 1987; Maier et al., 2002), traumatic brain injury 
(Clifton et al., 1991; Suh et al., 2006) and prolonged seizure (Liu et al., 1993). We found that 
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Fig. 7. Hypoglycemia-induced microglia activation is prevented by zinc chelation. 
(A) Morphological change and intensity of immunostaining of microglia after hypoglycemia 
is affected by zinc chelation. Hypoglycemia (HG+saline) substantially increased microglia 
activation in the hippocampal CA1 region. However, zinc chelation by CaEDTA 
(HG+CaEDTA) or clioquinol (HG+CQ) significantly reduced microglia activation in the 
above areas. Scale bar=100 μm. (B) Quantification of microglia activation was performed in 
the hippocampal CA1 area. As shown in the images, microglia activation is strongly 
prevented by zinc chelation. Data are mean±s.e.m. (n=3 to 6); *P<0.05 compared with the 
saline treated group. 

mild hypothermia also can prevent hypoglycemia-induced neuronal death. Neuronal death 
evaluated in hippocampal area shows that hypothermia significantly reduced neuronal 
death while hyperthermia applied after hypoglycemic events aggravated the neuronal death 
(Shin et al., 2010). The neuroprotective effects of hypothermia after hypoglycemia in our 
previous study, however, differ from those reported in previous studies (Agardh et al., 
1992). Agardh et al. reported that mild hypothermia applied before and during of 
hypoglycemia (before and entire period of iso-EEG period) produced a similar degree of 
neuronal death compared to normothermic animals. No neuroprotective effect of 
hypothermia was seen in the hypoglycemic animals. The differences between our study and 
Agardh et al.’s may be explained by the onset of hypothermia application. Agardh et al. 
applied hypothermia before and during the iso-EEG period. However, in our study, 
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mild hypothermia also can prevent hypoglycemia-induced neuronal death. Neuronal death 
evaluated in hippocampal area shows that hypothermia significantly reduced neuronal 
death while hyperthermia applied after hypoglycemic events aggravated the neuronal death 
(Shin et al., 2010). The neuroprotective effects of hypothermia after hypoglycemia in our 
previous study, however, differ from those reported in previous studies (Agardh et al., 
1992). Agardh et al. reported that mild hypothermia applied before and during of 
hypoglycemia (before and entire period of iso-EEG period) produced a similar degree of 
neuronal death compared to normothermic animals. No neuroprotective effect of 
hypothermia was seen in the hypoglycemic animals. The differences between our study and 
Agardh et al.’s may be explained by the onset of hypothermia application. Agardh et al. 
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hypothermia applied after the iso-EEG period was terminated, i.e. brain temperature was 
decreased during the glucose reperfusion period after hypoglycemia. Since we have 
previously shown that hypoglycemia-induced neuronal death is not initiated during the 
period of glucose deprivation but instead during glucose reperfusion period, it may be that 
the hypothermic application before and during the isoelectric period was not sufficient to 
prevent neuronal death after hypoglycemic events. In our experimental setting we also 
found that hypothermia application before and during the iso-EEG period had no 
statistically significant neuroprotective effects as seen in the previous study (Agardh et al., 
1992), strengthening our hypothesis that brain temperature is a critical factor during glucose 
reperfusion period after hypoglycemia.  
Suggested neuroprotective mechanisms of mild hypothermia on several brain injuries are 
based on decreases in cerebral metabolic requirement (Erecinska et al., 2003), intracranial 
pressure (Soukup et al., 2002), glutamate release from presynaptic vesicles (Arai et al., 1993; 
Ichord et al., 1999), free radical generation (Globus et al., 1995; Horiguchi et al., 2003) and 
inflammatory reaction (Kumar and Evans, 1997; Wang et al., 2002). Previously, we have 
shown that hypothermia reduced vesicular zinc release and subsequent neuronal death after 
traumatic brain injury (Suh et al., 2006). We also have shown that hypoglycemia-induced 
neuronal death is mediated by vesicular zinc release and translocation (Suh et al., 2004; Suh 
et al., 2008). Therefore, we hypothesized that mild hypothermia has neuroprotective effects 
by reduction of the vesicular zinc release after hypoglycemia. Although zinc is released from 
presynaptic terminals as a component of normal physiologic signaling at zinc-modulated 
synapses (Li et al., 2001), a large amount of vesicular zinc released together with glutamate 
may enter postsynaptic neurons through glutamate receptors (Weiss and Sensi, 2000; Weiss 
et al., 2000) or voltage-sensitive calcium channels (Sensi et al., 1999b). Zinc translocation into 
post-synaptic neurons after hypoglycemia has been demonstrated by our lab (Suh et al., 
2004; Suh et al., 2007; Suh et al., 2008). Many brain areas with high vesicular zinc level 
exhibit high vulnerability to hypoglycemia, but this correlation is not always true. Some 
brain areas with high vesicular zinc concentration are not correspondingly sensitive to 
hypoglycemia, and conversely some brain areas that are highly sensitive to hypoglycemia 
are not rich in vesicular zinc (Frederickson et al., 2000). Thus vesicular zinc is not the sole 
determinant of neuronal vulnerability to hypoglycemia, but may be a contributory factor in 
areas where vesicular concentrations are high. The zinc chelator CaEDTA was used to 
evaluate a causal role for extracellular zinc elevations in subsequent post-synaptic neuronal 
zinc accumulation and death after hypoglycemia. The utility of CaEDTA as a zinc chelator 
has been established in ischemia, brain trauma and epilepsy studies (Frederickson et al., 
2002; Koh et al., 1996; Lee et al., 2002a). Interestingly, Aizenmann et al. suggested that the 
large fraction of zinc existing in the form of thiol-zinc-metalloproteins can be released from 
oxidation of intracellular zinc binding proteins (e.g. metallothionein) by oxidative stress. 
Zinc liberated in such a manner may then become cytotoxic (Aizenman et al., 2000). Our 
study showed that application of mild hypothermia significantly reduced hypoglycemia-
induce neuronal death by reducing presynaptic zinc release and translocation into 
postsynaptic neurons (Figure 8) (Shin et al., 2010). Hyperthermia applied after 
hypoglycemia aggravates this zinc release and translocation compared to normothermia 
applied animals. From these results, we conclude that neuroprotective effects of mild 
hypothermia after hypoglycemia can be achieved by reduction of synaptic zinc release and 
subsequent zinc translocation. However, our study also found that zinc dependent DG 
neuron degeneration was prevented by the cell permeable zinc chelator, CQ. We therefore 
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Fig. 8. Temperature dependent hypoglycemic neuronal death is mediated by zinc release 
and translocation.  
(A-D) Vesicular zinc release and translocation is aggravated by hyperthermia but is prevented 
by hypothermia. (A) represents TSQ fluorescence images of hippocampus from sham operated 
(Sham) and hypoglycemia (HG) experienced rats. Hypothermia group (Hypo) almost 
completely prevented synaptic zinc release. Scale bar = 500 μm. (B) Bar graph shows 
quantitated TSQ fluorescence intensity from hilus area. Data are mean + s.e.m. (n=7-12). * P < 
0.05 compared with normothermic reperfusion group. (C) Photomicrographs of TSQ 
fluorescence staining shows zinc accumulation in the hippocampal CA1 neurons after 
hypoglycemia. Scale bar = 100 μm. (D) Bar graph shows quantitated TSQ (+) neurons in the 
CA1 area. Data are mean ± s.e.m. (n = 5-7). *p < 0.05 compared with normothermic glucose 
reperfusion group. (E-H) Zinc chelators, CaEDTA or clioquinol (CQ), prevents hypoglycemia-
induced neuronal death. (E and G). FJB (+) neurons were reduced by CaEDTA or CQ injection 
even after hyperthermic reperfusion. Scale bar = 100 μm. (F and G) graphs represent 
quantitated neuronal death in the hippocampal CA1 and subiculum area after hypoglycemia. 
Data are the mean ± s.e.m (n=5-7) *p < 0.05 compared with saline treated rats. Part of this 
figure is modified from our previous published paper (Suh et al., JCBFM, 2010). 

cannot exclude the possibility that intracellularly originated free zinc also contributes to 
hippocampal neuron cell death after hypoglycemia as previously suggested (Aizenman et 
al., 2000). Anatomical and physiological studies have shown that DG neurons contain a high 
concentration of vesicular zinc in their synaptic terminals which is released with neuronal 
activity. Intraneuronal accumulation of zinc may arise from cytoplasmic organelles or 
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induce neuronal death by reducing presynaptic zinc release and translocation into 
postsynaptic neurons (Figure 8) (Shin et al., 2010). Hyperthermia applied after 
hypoglycemia aggravates this zinc release and translocation compared to normothermia 
applied animals. From these results, we conclude that neuroprotective effects of mild 
hypothermia after hypoglycemia can be achieved by reduction of synaptic zinc release and 
subsequent zinc translocation. However, our study also found that zinc dependent DG 
neuron degeneration was prevented by the cell permeable zinc chelator, CQ. We therefore 
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Fig. 8. Temperature dependent hypoglycemic neuronal death is mediated by zinc release 
and translocation.  
(A-D) Vesicular zinc release and translocation is aggravated by hyperthermia but is prevented 
by hypothermia. (A) represents TSQ fluorescence images of hippocampus from sham operated 
(Sham) and hypoglycemia (HG) experienced rats. Hypothermia group (Hypo) almost 
completely prevented synaptic zinc release. Scale bar = 500 μm. (B) Bar graph shows 
quantitated TSQ fluorescence intensity from hilus area. Data are mean + s.e.m. (n=7-12). * P < 
0.05 compared with normothermic reperfusion group. (C) Photomicrographs of TSQ 
fluorescence staining shows zinc accumulation in the hippocampal CA1 neurons after 
hypoglycemia. Scale bar = 100 μm. (D) Bar graph shows quantitated TSQ (+) neurons in the 
CA1 area. Data are mean ± s.e.m. (n = 5-7). *p < 0.05 compared with normothermic glucose 
reperfusion group. (E-H) Zinc chelators, CaEDTA or clioquinol (CQ), prevents hypoglycemia-
induced neuronal death. (E and G). FJB (+) neurons were reduced by CaEDTA or CQ injection 
even after hyperthermic reperfusion. Scale bar = 100 μm. (F and G) graphs represent 
quantitated neuronal death in the hippocampal CA1 and subiculum area after hypoglycemia. 
Data are the mean ± s.e.m (n=5-7) *p < 0.05 compared with saline treated rats. Part of this 
figure is modified from our previous published paper (Suh et al., JCBFM, 2010). 

cannot exclude the possibility that intracellularly originated free zinc also contributes to 
hippocampal neuron cell death after hypoglycemia as previously suggested (Aizenman et 
al., 2000). Anatomical and physiological studies have shown that DG neurons contain a high 
concentration of vesicular zinc in their synaptic terminals which is released with neuronal 
activity. Intraneuronal accumulation of zinc may arise from cytoplasmic organelles or 
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proteins rather than from presynaptic terminals of stratum moleculare. However, the source 
of intraneuronal accumulation of zinc in DG neurons still requires further study. An 
additional unsolved question arises regarding how the extracellular zinc chelator, CaEDTA 
also prevented DG neuron death if intraneuronal zinc accumulation originates from 
cytoplasmic sources.  
Taken together, the present study shows that post-hypoglycemic (glucose reperfusion 
period) brain temperature can modulate the outcome of brain injury, i.e. hypothermia 
significantly reduces, while hyperthermia aggravates, neuronal death after hypoglycemia 
through inhibition of vesicular zinc release, reduction of ROS production and prevention of 
microglia activation. Therefore, cautious brain temperature monitoring and maintaining 
lower brain temperature during glucose reperfusion period may predict a better clinical 
outcome after a severe hypoglycemic episode.  

3. Proposed intervention strategies for hypoglycemia-induced neuron death 
Taken together the present book chapter suggests a sequence of events that lead to neuronal 
death after HG/GR. Glucose reperfusion initiates nitric oxide production, which leads to 
vesicular zinc release, which in turn activates neuronal NADPH oxidase. ROS produced by 
NADPH oxidase leads to increased zinc accumulation, PARP-1 activation, and resultant cell 
death. Therefore, based on these studies, the present review suggests that following 
intervention strategies for preventing hypoglycemia-induced neuron death. As we 
described in schematic drawing (Figure 9), there are at least 6 different possible approaches.  
 

 
Fig. 9. Proposed intervention strategies for preventing hypoglycemia/ glucose reperfusion-
induced neuron death. This schematic drawing indicates that hypoglycemia/ glucose 
reperfusion-induced neuron death can be prevented by several intervention methods. 1) 
Vesicular zinc content modulation by gene or chemical manipulation. 2) Vesicular zinc 
release inhibition by NO inhibitor. 3) Vesicular zinc release inhibition by hypothermia. 4) 
Zinc chelation in the extracellular space. 5) Inhibition of NADPH oxidase activation. 6) 
Scavenging or dismutating of reactive oxygen species. 7) Inhibition of PARP-1 activation. 
Round red colored dot represents ionic zinc. Symbol X represents intervention. 
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1) Modulation of vesicular zinc release by gene manipulation; 2) Prevention of vesicular zinc 
release by NOS inhibition; 3) hypothermia; 4) Chelation of extracellular zinc by zinc 
chelators; 5) Inhibition of NADPH oxidase activation; 6) Increase of SOD function; 7) PARP-
1 inhibition.  Among them, we speculate that prevention of vesicular zinc release and 
translocation would be the most promising intervention strategies. However, this 
intervention strategy requires a highly zinc specific chelator, which also can permeate blood 
brain barrier and has no side effects. No such agent is currently available and further 
investigation will be necessary to identify and develop candidate drugs for this purpose.  

4. Conclusion 
Vesicular zinc release and subsequent translocation of this ion into postsynaptic neurons has 
been known as a key upstream event of hypoglycemia-induced neuron death. Thus, zinc 
chelation is a promising target for the treatment of severe hypoglycemia-induced neuron 
death. However, still further studies will be needed to apply this concept to human. 
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translocation would be the most promising intervention strategies. However, this 
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investigation will be necessary to identify and develop candidate drugs for this purpose.  
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1. Introduction 
Congenital hyperinsulinism (CHI) is the most common cause of persistent and recurrent 
hypoglycaemia in neonates and infants during their first year of livies. CHI may lead to 
severe mental retardation and epilepsy if not treated properly. Both sporadic and familial 
variants of CHI are recognized, and of which sporadic forms is relatively uncommon 
(incidence 1 per 35,000 live births), comparing with the highly consanguinious familial 
forms high rates of consanguinity; with incidence may be as high as 1 in 2,500 live births in 
the corresponding communities. The clinical severity of CHI varies mainly with age of onset 
of hypoglycaemia (severe hypoglycaemia in neonates) and is remarkedly predictive in terms 
of therapeutic outcome and genetic counseling. 

2. Physiopathology of hypoglycemia 
Hypoglycemia in children is defined by a glucose plasma level below 2.8 or 3 mmol/l, It is a 
life-threatening condition that requires being diagnosed and treated promptly and 
appropriately to avoid brain damage and general distress. Congenital hyperinsulinism is due 
to an inappropriate insulin over-secretion by the β-cells. Insulin is known to be the only 
hormone to decrease plasma glucose level, and the function of which is realized by inhibiting 
hepatic glycogenolysis and boosting muscle uptake as well as reducing lipolysis and 
ketogenesis. Mechanisms above might explain the major characteristic clinical findings of 
neonatal hyperinsulinism (HI): the increased glucose requirement to correct hypoglycemia, the 
responsiveness to exogenous glucagon , and the absence of ketone bodies detected.  
Several pathways are involved in the regulation of insulin secretion by the pancreatic β-cell, 
helping explaining the effectiveness of diazoxide, somatostatin, calcium channel inhibitors 
and protein restricted diet treatments(Fig. 1). Glucose and other substrates, such as amino 
acids, stimulate insulin secretion , by raising the intracytosolic ATP/ADP ratio. Glucokinase 
enzyme initiates the β-cell glucose metabolism. It has a high Km for glucose so that the 
blood concentration of glucose directly determines the rate in glucose oxidation of β-cell and 
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subsequently controls the insulin release. The increase in the cytosolic ATP/ADP ratio 
activates the plasma membrane sulfonylurea receptor 1 (SUR1), leading to the closure of the 
potassium channel (KATP channel) which depolarizes the plasma membrane and opens a 
voltage dependant calcium channel. The calcium cellular concentration consequently 
increases, which triggers the release of insulin from storage granules. Leucine, one of the 
most potent amino acids in stimulating insulin secretion, acts indirectly as a positive 
allosteric affector of glutamate dehydrogenase (GDH) which catalyses the oxidative 
deamination of glutamate to alpha-ketoglutarate and ammonia, using NAD or NADP as co-
factor. Hyperactivation of GDH is responsible for an increased alpha of the β-cell ATP/ADP 
ratio. Diazoxide blocks insulin secretion by activating (opening) the SUR1. Somatostatin 
analogues act by inhibiting the insulin release through different mechanisms involving 
adenylyl cyclase and protein kinase A, and dietary protein restriction decreases the 
stimulation of GDH by leucine 
 

 
 
Fig. 1. Mechanisms of insulin secretion by the pancreatic beta cell. +: stimulation;  
-: inhibition; ADP: adenosine diphosphate; ATP: adenosine triphosphate; α-KG:  
α-ketoglutarate; G-6-P: glucose-6-phosphate; GDH: glutamate dehydrogenase. 

3. Genetics 
Insulin secretion from -cells is precisely regulated to maintain plasma glucose levels within 
a normal range (3.5–5.5 mmol/l). The genetic basis of CHI involves defects in key genes 
which regulate insulin secretion from -cells. The most common cause of CHI are recessive 
inactivating mutations in ABCC8 and KCNJ11 which encode the two subunits of the 
adenosine triphosphate sensitive potassium channels (ATP sensitive KATP channels) in the 
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pancreatic -cell. These -cell KATP channels play a key role in transducing signals derived 
from glucose metabolism to -cell membrane depolarisation and regulated insulin secretion. 
Another recessive form of CHI is due to mutations in HADH (encoding for-3-hydroxyacyl-
coenzyme A dehydrogenase). Dominant forms of CHI are due to inactivating mutations in 
ABCC8 and KCNJ11 and activating mutations in GLUD1 (encoding glutamate 
dehydrogenase), GCK (encoding glucokinase), HNF4A (encoding hepatocyte nuclear factor 
4a) and SLC16A1 (encoding monocarboxylate transporter 1). Mutations in all these genes 
account for about 50% of the revealed causes of CHI, and in some populations mutations in 
these genes contributes to only about 20% of CHI cases, suggesting other novel genetic 
aetiologies. Table 1 summarises the known genetic causes of CHI. 
 
Gene locus OMIM Protein Mechanism 

ABCC8 11p15.1 600509 Sulfonylurea 
receptor1 (SUR1) 

Defects in KATP biogenesis 
and turnover, trafficking and 
nucleotide regulation 

KCNJ11 11p15.1 600937 
Inward rectifying 
potassium channel 
(Kir6.2) 

Defects in KATP biogenesis 
and turnover, trafficking and 
nucleotide regulation 

GLUD1 10q23.3 138130 
Glutamate 
dehydrogenase 
(GDH) 

Loss of inhibition of GDH by 
GTP and increased basal 
GDH activity 

GCK 7p15–13 138079 Glucokinase Increased affinity of GCK for 
glucose 

HADH 4q22–26 601609 3-hydroxyacyl-CoA 
dehydrogenase Unknown 

SLC16A1 1p13.2–p12 600682 Monocarboxylate 
transporter 1 (MCT1) 

Increased expression of 
MCT1 

HNF4A 20q12–13.1 600281 Hepatocyte nuclear 
factor 4 alpha Unknown 

Table 1. The genes implicated in congenital hyperinsulinism with the gene loci and proteins 
affected  

3.1 Role of pancreatic -cell KATP channels in glucose-induced insulin secretion 
KATP channels have a key role in the physiology of many cells, and defects in either structure 
or regulation is pathogenic. Functionally KATP channels provide a means of linking the 
electrical activity of a cell to its metabolic state by sensing changes in the concentration of 
intracellular nucleotides, and in some cases they mediate the actions of hormones and 
transmitters. The pancreatic KATP channel is a functional complex of the sulfonylurea 
receptor 1(SUR1) and an inward rectifier potassium channel subunit (Kir6.2) and acts 
pivotally in regulating insulin secretion from the -cell. The Kir6.2 forms the pore of the 
channel and the SUR1 (an ATP binding cassette transporter) acts as a regulatory subunit. 
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subsequently controls the insulin release. The increase in the cytosolic ATP/ADP ratio 
activates the plasma membrane sulfonylurea receptor 1 (SUR1), leading to the closure of the 
potassium channel (KATP channel) which depolarizes the plasma membrane and opens a 
voltage dependant calcium channel. The calcium cellular concentration consequently 
increases, which triggers the release of insulin from storage granules. Leucine, one of the 
most potent amino acids in stimulating insulin secretion, acts indirectly as a positive 
allosteric affector of glutamate dehydrogenase (GDH) which catalyses the oxidative 
deamination of glutamate to alpha-ketoglutarate and ammonia, using NAD or NADP as co-
factor. Hyperactivation of GDH is responsible for an increased alpha of the β-cell ATP/ADP 
ratio. Diazoxide blocks insulin secretion by activating (opening) the SUR1. Somatostatin 
analogues act by inhibiting the insulin release through different mechanisms involving 
adenylyl cyclase and protein kinase A, and dietary protein restriction decreases the 
stimulation of GDH by leucine 
 

 
 
Fig. 1. Mechanisms of insulin secretion by the pancreatic beta cell. +: stimulation;  
-: inhibition; ADP: adenosine diphosphate; ATP: adenosine triphosphate; α-KG:  
α-ketoglutarate; G-6-P: glucose-6-phosphate; GDH: glutamate dehydrogenase. 

3. Genetics 
Insulin secretion from -cells is precisely regulated to maintain plasma glucose levels within 
a normal range (3.5–5.5 mmol/l). The genetic basis of CHI involves defects in key genes 
which regulate insulin secretion from -cells. The most common cause of CHI are recessive 
inactivating mutations in ABCC8 and KCNJ11 which encode the two subunits of the 
adenosine triphosphate sensitive potassium channels (ATP sensitive KATP channels) in the 
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pancreatic -cell. These -cell KATP channels play a key role in transducing signals derived 
from glucose metabolism to -cell membrane depolarisation and regulated insulin secretion. 
Another recessive form of CHI is due to mutations in HADH (encoding for-3-hydroxyacyl-
coenzyme A dehydrogenase). Dominant forms of CHI are due to inactivating mutations in 
ABCC8 and KCNJ11 and activating mutations in GLUD1 (encoding glutamate 
dehydrogenase), GCK (encoding glucokinase), HNF4A (encoding hepatocyte nuclear factor 
4a) and SLC16A1 (encoding monocarboxylate transporter 1). Mutations in all these genes 
account for about 50% of the revealed causes of CHI, and in some populations mutations in 
these genes contributes to only about 20% of CHI cases, suggesting other novel genetic 
aetiologies. Table 1 summarises the known genetic causes of CHI. 
 
Gene locus OMIM Protein Mechanism 

ABCC8 11p15.1 600509 Sulfonylurea 
receptor1 (SUR1) 

Defects in KATP biogenesis 
and turnover, trafficking and 
nucleotide regulation 

KCNJ11 11p15.1 600937 
Inward rectifying 
potassium channel 
(Kir6.2) 

Defects in KATP biogenesis 
and turnover, trafficking and 
nucleotide regulation 

GLUD1 10q23.3 138130 
Glutamate 
dehydrogenase 
(GDH) 

Loss of inhibition of GDH by 
GTP and increased basal 
GDH activity 

GCK 7p15–13 138079 Glucokinase Increased affinity of GCK for 
glucose 

HADH 4q22–26 601609 3-hydroxyacyl-CoA 
dehydrogenase Unknown 

SLC16A1 1p13.2–p12 600682 Monocarboxylate 
transporter 1 (MCT1) 

Increased expression of 
MCT1 

HNF4A 20q12–13.1 600281 Hepatocyte nuclear 
factor 4 alpha Unknown 

Table 1. The genes implicated in congenital hyperinsulinism with the gene loci and proteins 
affected  

3.1 Role of pancreatic -cell KATP channels in glucose-induced insulin secretion 
KATP channels have a key role in the physiology of many cells, and defects in either structure 
or regulation is pathogenic. Functionally KATP channels provide a means of linking the 
electrical activity of a cell to its metabolic state by sensing changes in the concentration of 
intracellular nucleotides, and in some cases they mediate the actions of hormones and 
transmitters. The pancreatic KATP channel is a functional complex of the sulfonylurea 
receptor 1(SUR1) and an inward rectifier potassium channel subunit (Kir6.2) and acts 
pivotally in regulating insulin secretion from the -cell. The Kir6.2 forms the pore of the 
channel and the SUR1 (an ATP binding cassette transporter) acts as a regulatory subunit. 
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KATP channels are regulated by adenine nucleotides to convert changes in cellular metabolic 
levels into membrane excitability. Each subunit of the KATP channel is known to be regulated 
differentially. The Kir6.2 subunit determines the biophysical properties of the channel 
complex including K+ selectivity, rectification, inhibition by ATP and activation by acyl-
CoAs. The sulfonylurea receptors endow KATP channels with sensitivity to the stimulatory 
actions of Mg-nucleotides and KATP channel openers (for example, diazoxide, nicorandil) 
and the inhibitory effects of sulfonylureas and glinides and endosulfins. 
KATP channels can only function if they are assembled and correctly transported to the cell 
membrane surface (trafficking). The assembly and trafficking of KATP channels are intricately 
linked processes. Only octameric KATP channel complexes are capable of expressing on the 
cell membrane surface. For example both Kir6.2 and SUR1 possess an endoplasmic 
reticulum (ER) retention signal (RKR) that prevents the trafficking of each subunit to the 
plasma membrane in the absence of the other subunit. Correct assembly of the two subunits 
masks these retention signals, allowing them to traffic to the plasma membrane. The 
retention signal is present in the C-terminal region of Kir6.2 and in an intracellular loop 
between TM11 and NBF-1 in SUR1. Truncation of the C-terminus of Kir6.2 deletes its 
retention signal, allowing functional expression of Kir6.2 in the absence of SUR1 subunit. In 
addition to these retrograde signals, the C-terminus of SUR1 has an anterograde signal, 
composed in part of a dileucine motif and downstream phenylalanine, which is required for 
KATP channels to exit the ER/cis-Golgi compartments and transit to the cell surface. Deletion 
of as few as seven amino acids, including the phenylalanine, from SUR1 markedly reduces 
surface expression of KATP channels. Thus,one function of SUR is as a chaperone protein, to 
facilitate the surface expression of Kir6.2. There is also some evidence that Kir6.2 provides a 
reciprocal service for SUR. 

3.2 Mutations that affect KATP channels in pancreatic -cells 
The commonest genetic causes of CHI are autosomal recessive mutations in ABCC8 and 
KCNJ11 genes encoding the two subunits of the pancreatic -cell KATP channels. Autosomal 
dominant mutations have also been described. These mutations result in differing 
abnormalities of recombinant KATP channels including protein folding, protein synthesis 
defects, assembly and trafficking defects, and alterations in both nucleotide regulation and 
open-state frequency.  
The SUR1 and Kir6.2 proteins are encoded by adjacent genes (ABCC8 and KCNJ11, 
respectively) located on chromosome 11p15.1. Recessive inactivating mutations in ABCC8 
and KCNJ11 cause the most common and most severe forms of CHI. Patients with 
mutations in these genes are usually unresponsive to medical therapy and may require 
pancreatectomy.  Autosomal-dominant mutations in ABCC8 and KCNJ11 cause mild, 
medically responsive HH. In general, mutations in ABCC8 and KCNJ11 account for 
approximately 50% of the cases of CHI. 
Recessive inactivating mutations in ABCC8 and KCNJ11 are typically associated with the 
diffuse type of CHI. Typical diffuse disease is characterized by enlarged nuclei of pancreatic 
-cells, although the degree of nuclear enlargement might show variation from one islet to 
another. Other changes in the -cells include an increase in quantity of proinsulin in the 
Golgi area and an increased amount of cytoplasm.By contrast, the focal form of the disease 
is characterized by the presence of adenomatous hyperplasia confined to a single region of 
the pancreas. In the majority of cases this hyperplasia is macroscopically invisible; loci can 
be 2−10 mm in diameter. 
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The genetic basis of focal disease involves the paternal inheritance of a recessive ABCC8 or 
KCNJ11 mutation and the somatic loss of heterozygosity in the distal portion of the short 
arm of the maternal chromosome 11. Somatic loss of heterozygosity represents the loss of 
normal function of one allele of a gene, the other allele of which was already inactivated in a 
cell (in this case, a pancreatic -cell). Patients with focal, congenital HH might have more 
than one focal pancreatic lesion, which can be caused by a separate somatic maternal 
deletion of the 11p15.1 region. Focal lesions are different from insulinomas (which are also 
called adenomas) in terms of their histology and molecular mechanisms of insulin secretion. 

3.3 Mutations that affect leucine and glucose metabolism in pancreatic -cells 
Metabolopathies cause CHI either by altering the concentration of intracellular signalling 
molecules (such as ATP/ADP) or by the accumulation of intermediary metabolites. 
Autosomal dominant mutations in the genes encoding glutamate dehydrogenase (GDH) 
(GLUD1) and glucokinase (GCK) lead to inappropriate insulin secretion by increasing the 
amount of ATP in the -cells. More recently autosomal recessive mutations in short-chain L-
3-hydroxyacyl- CoA dehydrogenase (HADHSC) have been linked to defects in fatty acid 
oxidation and hyperinsulinism. 

3.3.1 Gain of function mutations in glutamate dehydrogenase 
The GLUD1 gene is located on chromosome 10q23.3 and contains 13 exons coding for a 505 
amino acid mature enzyme, glutamate dehydrogenase (GDH). This enzyme catalyses the 
oxidative deamination of glutamate to α-ketoglutarate and ammonia using NAD+ and/or 
NADP+ as co-factors.In the β-cells α-ketoglutarate enters the tricarboxylic acid cycle and 
leads to an increase in the cellular ATP concentration. This increases the ATP/ADP ratio 
which triggers closure of the KATP channels and depolarisation of the β-cell membrane. This, 
in turn, opens the voltage gated calcium channel, raises the cytosolic calcium, and triggers 
the release of insulin.  
Activating mutations (heterozygous missense single amino acid substitutions) in the 
GLUD1 gene are the second most common cause of CHI. GLUD1 gene mutations cause a 
form of CHI in which affected children have recurrent symptomatic HH together with a 
persistently elevated plasma ammonia value, the hyperinsulinism/hyperammonaemia 
(HI/HA) syndrome. The mutations causing HI/HA reduce the sensitivity of the enzyme to 
allosteric inhibition by the high energy phosphate GTP and in rare cases increase basal GDH 
activity. The loss of inhibition by GTP increases the rate of oxidation of glutamate in the 
presence of leucine, thereby increasing insulin secretion. The clinical picture is hence 
characterised by postprandial hypoglycaemia following a protein meal (fasting 
hypoglycaemia may also occur). The hypoglycaemia in patients with HI/HA syndrome is 
usually responsive to medical treatment with diazoxide. The hyperammonaemia is 
considered to be asymptomatic and hence efforts to reduce plasma ammonia values with 
sodium benzoate or N-carbamylglutamate do not seem to be beneficial. 

3.3.2 Congenital hyperinsulinism due to gain of function mutations in glucokinase 
Heterozygous inactivating mutations in GCK cause maturity onset diabetes of the young 
(MODY), homozygous inactivating in GCK mutations result in permanent neonatal 
diabetes, whereas heterozygous activating GCK mutations cause CHI. So far seven 
activating GCK mutations (V455M, A456V, Y214C, T65I, W99R, G68V, S64Y) have been 
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KATP channels are regulated by adenine nucleotides to convert changes in cellular metabolic 
levels into membrane excitability. Each subunit of the KATP channel is known to be regulated 
differentially. The Kir6.2 subunit determines the biophysical properties of the channel 
complex including K+ selectivity, rectification, inhibition by ATP and activation by acyl-
CoAs. The sulfonylurea receptors endow KATP channels with sensitivity to the stimulatory 
actions of Mg-nucleotides and KATP channel openers (for example, diazoxide, nicorandil) 
and the inhibitory effects of sulfonylureas and glinides and endosulfins. 
KATP channels can only function if they are assembled and correctly transported to the cell 
membrane surface (trafficking). The assembly and trafficking of KATP channels are intricately 
linked processes. Only octameric KATP channel complexes are capable of expressing on the 
cell membrane surface. For example both Kir6.2 and SUR1 possess an endoplasmic 
reticulum (ER) retention signal (RKR) that prevents the trafficking of each subunit to the 
plasma membrane in the absence of the other subunit. Correct assembly of the two subunits 
masks these retention signals, allowing them to traffic to the plasma membrane. The 
retention signal is present in the C-terminal region of Kir6.2 and in an intracellular loop 
between TM11 and NBF-1 in SUR1. Truncation of the C-terminus of Kir6.2 deletes its 
retention signal, allowing functional expression of Kir6.2 in the absence of SUR1 subunit. In 
addition to these retrograde signals, the C-terminus of SUR1 has an anterograde signal, 
composed in part of a dileucine motif and downstream phenylalanine, which is required for 
KATP channels to exit the ER/cis-Golgi compartments and transit to the cell surface. Deletion 
of as few as seven amino acids, including the phenylalanine, from SUR1 markedly reduces 
surface expression of KATP channels. Thus,one function of SUR is as a chaperone protein, to 
facilitate the surface expression of Kir6.2. There is also some evidence that Kir6.2 provides a 
reciprocal service for SUR. 

3.2 Mutations that affect KATP channels in pancreatic -cells 
The commonest genetic causes of CHI are autosomal recessive mutations in ABCC8 and 
KCNJ11 genes encoding the two subunits of the pancreatic -cell KATP channels. Autosomal 
dominant mutations have also been described. These mutations result in differing 
abnormalities of recombinant KATP channels including protein folding, protein synthesis 
defects, assembly and trafficking defects, and alterations in both nucleotide regulation and 
open-state frequency.  
The SUR1 and Kir6.2 proteins are encoded by adjacent genes (ABCC8 and KCNJ11, 
respectively) located on chromosome 11p15.1. Recessive inactivating mutations in ABCC8 
and KCNJ11 cause the most common and most severe forms of CHI. Patients with 
mutations in these genes are usually unresponsive to medical therapy and may require 
pancreatectomy.  Autosomal-dominant mutations in ABCC8 and KCNJ11 cause mild, 
medically responsive HH. In general, mutations in ABCC8 and KCNJ11 account for 
approximately 50% of the cases of CHI. 
Recessive inactivating mutations in ABCC8 and KCNJ11 are typically associated with the 
diffuse type of CHI. Typical diffuse disease is characterized by enlarged nuclei of pancreatic 
-cells, although the degree of nuclear enlargement might show variation from one islet to 
another. Other changes in the -cells include an increase in quantity of proinsulin in the 
Golgi area and an increased amount of cytoplasm.By contrast, the focal form of the disease 
is characterized by the presence of adenomatous hyperplasia confined to a single region of 
the pancreas. In the majority of cases this hyperplasia is macroscopically invisible; loci can 
be 2−10 mm in diameter. 
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The genetic basis of focal disease involves the paternal inheritance of a recessive ABCC8 or 
KCNJ11 mutation and the somatic loss of heterozygosity in the distal portion of the short 
arm of the maternal chromosome 11. Somatic loss of heterozygosity represents the loss of 
normal function of one allele of a gene, the other allele of which was already inactivated in a 
cell (in this case, a pancreatic -cell). Patients with focal, congenital HH might have more 
than one focal pancreatic lesion, which can be caused by a separate somatic maternal 
deletion of the 11p15.1 region. Focal lesions are different from insulinomas (which are also 
called adenomas) in terms of their histology and molecular mechanisms of insulin secretion. 

3.3 Mutations that affect leucine and glucose metabolism in pancreatic -cells 
Metabolopathies cause CHI either by altering the concentration of intracellular signalling 
molecules (such as ATP/ADP) or by the accumulation of intermediary metabolites. 
Autosomal dominant mutations in the genes encoding glutamate dehydrogenase (GDH) 
(GLUD1) and glucokinase (GCK) lead to inappropriate insulin secretion by increasing the 
amount of ATP in the -cells. More recently autosomal recessive mutations in short-chain L-
3-hydroxyacyl- CoA dehydrogenase (HADHSC) have been linked to defects in fatty acid 
oxidation and hyperinsulinism. 

3.3.1 Gain of function mutations in glutamate dehydrogenase 
The GLUD1 gene is located on chromosome 10q23.3 and contains 13 exons coding for a 505 
amino acid mature enzyme, glutamate dehydrogenase (GDH). This enzyme catalyses the 
oxidative deamination of glutamate to α-ketoglutarate and ammonia using NAD+ and/or 
NADP+ as co-factors.In the β-cells α-ketoglutarate enters the tricarboxylic acid cycle and 
leads to an increase in the cellular ATP concentration. This increases the ATP/ADP ratio 
which triggers closure of the KATP channels and depolarisation of the β-cell membrane. This, 
in turn, opens the voltage gated calcium channel, raises the cytosolic calcium, and triggers 
the release of insulin.  
Activating mutations (heterozygous missense single amino acid substitutions) in the 
GLUD1 gene are the second most common cause of CHI. GLUD1 gene mutations cause a 
form of CHI in which affected children have recurrent symptomatic HH together with a 
persistently elevated plasma ammonia value, the hyperinsulinism/hyperammonaemia 
(HI/HA) syndrome. The mutations causing HI/HA reduce the sensitivity of the enzyme to 
allosteric inhibition by the high energy phosphate GTP and in rare cases increase basal GDH 
activity. The loss of inhibition by GTP increases the rate of oxidation of glutamate in the 
presence of leucine, thereby increasing insulin secretion. The clinical picture is hence 
characterised by postprandial hypoglycaemia following a protein meal (fasting 
hypoglycaemia may also occur). The hypoglycaemia in patients with HI/HA syndrome is 
usually responsive to medical treatment with diazoxide. The hyperammonaemia is 
considered to be asymptomatic and hence efforts to reduce plasma ammonia values with 
sodium benzoate or N-carbamylglutamate do not seem to be beneficial. 

3.3.2 Congenital hyperinsulinism due to gain of function mutations in glucokinase 
Heterozygous inactivating mutations in GCK cause maturity onset diabetes of the young 
(MODY), homozygous inactivating in GCK mutations result in permanent neonatal 
diabetes, whereas heterozygous activating GCK mutations cause CHI. So far seven 
activating GCK mutations (V455M, A456V, Y214C, T65I, W99R, G68V, S64Y) have been 
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described that lead to CHI. Activating GCK mutations increase the affinity of GCK for 
glucose and alter (reset) the threshold for glucose stimulated insulin secretion. All reported 
activating mutations cluster in a region of the enzyme, which has been termed the allosteric 
activator site and is remote to the substrate binding site. The allosteric site of GCK is where 
small molecule activators bind, suggesting a critical role of the allosteric site in the 
regulation of GCK activities. There is no evidence to suggest that over-expression of GCK 
(increased gene dosage effect) is a likely cause of CHI. 
The clinical symptoms and course of patients with GCK mutations cover a broad spectrum 
from asymptomatic hypoglycaemia to unconsciousness and seizures, even within the same 
family with the same mutation, implicating a complex mechanism for GCK regulation. 
Patients with activating GCK mutations may present with postprandial hyperinsulinaemic 
hypoglycaemia. Most of the GCK mutations reported to date cause mild diazoxide 
responsive CHI. 

3.4 Mutations in the HNF4A gene 
Heterozygote mutations in the human HNF4A gene classically lead to maturity onset 
diabetes of the young subtype 1 (MODY1), which is characterised by autosomal dominant 
inheritance and impaired glucose stimulated insulin secretion from pancreatic β-cell. These 
mutations in the HNF4A gene cause multiple defects in glucose stimulated insulin secretion 
and in expression of HNF4A dependent genes.Recently mutations in the HNF4A gene were 
reported to cause macrosomia and both transient and persistent HH.In one retrospective 
study the birth weight of the HNF4A mutation carriers compared to non-mutation family 
members was increased by a median of 790 g.Transient hypoglycaemia was reported in 
8/54 infants with heterozygous HNF4A mutations and documented HH in three cases. 

3.5 Mutations that cause defective fatty-acid metabolism in pancreatic -cells 
Loss-of-function mutations in the HADH gene are associated with CHI. The clinical 
presentation of all patients reported is heterogeneous, with either mild late onset 
intermittent HH or severe neonatal hypoglycaemia. All reported cases have presented with 
increased 3-hydroxyglutarate in urine and hydroxybutyrylcarnitine in blood which may be 
diagnostically useful markers for HADH deficiency. In the first patient reported sequencing 
of the HADH genomic DNA from the fibroblasts showed a homozygous mutation (C773T) 
changing proline to leucine at amino acid 258.Analysis of blood from the parents showed 
they were heterozygous for this mutation. Western blot studies showed undetectable levels 
of immunoreactive HADH protein in the patient’s fibroblasts. 
The molecular mechanism of how loss of function in the HADH gene leads to unregulated 
insulin secretion is still unclear. Several recent studies in rodents have begun to give some 
insights into how HADH regulates insulin secretion and its interaction with other genes 
involved in -cell development and function. The normal  -cell phenotype is characterised 
by a high expression of HADH and a low expression of other b-oxidation enzymes. 
Downregulation of HADH causes an elevated secretory activity suggesting that this enzyme 
protects against inappropriately high insulin values and hypoglycaemia. Hence, HADH 
seems to be a negative regulator of insulin secretion in -cells. Further studies will be 
required to understand fully the biochemical pathways by which defects in HADH lead to 
dysregulated insulin secretion. 
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4. Histology 
Two major histological forms of CHI have been described (diffuse and focal), there are still 
some cases which represent a diagnostic challenge, as they cannot be easily classified into 
focal or diffuse. Both the diffuse and focal forms share a similar clinical presentation, but 
result from different pathphysiological and molecular mechanisms. The histological form of 
CHI can be a guide as to the mode of inheritance,diffuse CHI usually presents as an 
autosomal recessive disorder, whereas focal CHI is sporadic.  
The typical diffuse form affects all the -cells within the islets of Langerhans and is most 
commonly due to recessive mutations in the genes encoding the two subunits of the KATP 
channel. Typical diffuse disease is characterized by an increase in the size of the pancreatic  
-cell nuclei throughout the pancreas.  
The ‘focal’ form (focal adenomatous pancreatic hyperplasia) of CHI is found in about 40–
50% of the children and appears to be localized to one region of the pancreas. Focal 
pancreatic lesions appear as small regions of islet adenomatosis measuring 2–10 mm, which 
are characterized by -cells with enlarged nuclei surrounded by normal tissue.Focal disease 
results from paternal uniparental disomy (UPD) encompassing chromosome 11p15.5-
11p15.1 within a single pancreatic β-cell which unmasks a paternally inherited KATP channel 
mutation at 11p15.1. In addition, the lesion exhibits a somatic loss of a part of the maternally 
inherited chromosome 11p which includes imprinted maternally expressed tumour 
suppressor genes (H19 and P57 KIP2) , paternally expressed insulin growth factor-2, as well 
as (non-imprinted) SUR1/Kir6. This results in a corresponding reduction to homozygosity 
of the paternal mutation, and the outcome is unregulated insulin secretion. -cells within the 
focal lesion do not express p57 KIP2 , but insulin growth factor-2 is mildly increased. The 
somatic loss of heterozygosity is associated with increased proliferation. The focal lesion is 
different from the insulinoma (also called adenoma) in histology and molecular mechanisms 
of insulin secretion. 

5. Clinical presentation 
CHI typically presents in the first few days after birth in term and preterm infants with 
symptomatic hypoglycaemia. The patients may present with non-specific symptoms of 
hypoglycaemia such as poor feeding, lethargy, and irritability or symptoms such as seizures 
and coma. In CHI a blood sample taken at the time of hypoglycaemia will show an 
inappropriately raised serum insulin level with low serum fatty acid levels and ketone 
bodies. Most infants with hyperinsulinism present within the early neonatal period 
although infantile and childhood onset forms are also recognized. Transient  
hyperinsulinism is seen in association with maternal diabetes, birth asphyxia, 
polycythaemia,and rhesus incompatibility. Other syndromic associations which might be 
evident at birth include Beckwith syndrome, Sotos’ syndrome, Perlman’s syndrome, and the 
clinical phenotype characteristic of phosphomannose isomerase deficiency (carbohydrate-
deficient glycoprotein syndrome type 1b). 
Most neonates with HI are born at term and are either normal or large for gestational age, 
although HI is described in preterm infants. Many of these infants are overtly macrosomic 
and plethoric and may have characteristic facial appearances comprising high forehead, 
small nasal tip, and short columella giving the impression that the nose is large and bulbous, 
smooth philtrum, and thin upper lip. The key events in early neonatal management of 



 
Diabetes – Damages and Treatments 

 

326 

described that lead to CHI. Activating GCK mutations increase the affinity of GCK for 
glucose and alter (reset) the threshold for glucose stimulated insulin secretion. All reported 
activating mutations cluster in a region of the enzyme, which has been termed the allosteric 
activator site and is remote to the substrate binding site. The allosteric site of GCK is where 
small molecule activators bind, suggesting a critical role of the allosteric site in the 
regulation of GCK activities. There is no evidence to suggest that over-expression of GCK 
(increased gene dosage effect) is a likely cause of CHI. 
The clinical symptoms and course of patients with GCK mutations cover a broad spectrum 
from asymptomatic hypoglycaemia to unconsciousness and seizures, even within the same 
family with the same mutation, implicating a complex mechanism for GCK regulation. 
Patients with activating GCK mutations may present with postprandial hyperinsulinaemic 
hypoglycaemia. Most of the GCK mutations reported to date cause mild diazoxide 
responsive CHI. 

3.4 Mutations in the HNF4A gene 
Heterozygote mutations in the human HNF4A gene classically lead to maturity onset 
diabetes of the young subtype 1 (MODY1), which is characterised by autosomal dominant 
inheritance and impaired glucose stimulated insulin secretion from pancreatic β-cell. These 
mutations in the HNF4A gene cause multiple defects in glucose stimulated insulin secretion 
and in expression of HNF4A dependent genes.Recently mutations in the HNF4A gene were 
reported to cause macrosomia and both transient and persistent HH.In one retrospective 
study the birth weight of the HNF4A mutation carriers compared to non-mutation family 
members was increased by a median of 790 g.Transient hypoglycaemia was reported in 
8/54 infants with heterozygous HNF4A mutations and documented HH in three cases. 

3.5 Mutations that cause defective fatty-acid metabolism in pancreatic -cells 
Loss-of-function mutations in the HADH gene are associated with CHI. The clinical 
presentation of all patients reported is heterogeneous, with either mild late onset 
intermittent HH or severe neonatal hypoglycaemia. All reported cases have presented with 
increased 3-hydroxyglutarate in urine and hydroxybutyrylcarnitine in blood which may be 
diagnostically useful markers for HADH deficiency. In the first patient reported sequencing 
of the HADH genomic DNA from the fibroblasts showed a homozygous mutation (C773T) 
changing proline to leucine at amino acid 258.Analysis of blood from the parents showed 
they were heterozygous for this mutation. Western blot studies showed undetectable levels 
of immunoreactive HADH protein in the patient’s fibroblasts. 
The molecular mechanism of how loss of function in the HADH gene leads to unregulated 
insulin secretion is still unclear. Several recent studies in rodents have begun to give some 
insights into how HADH regulates insulin secretion and its interaction with other genes 
involved in -cell development and function. The normal  -cell phenotype is characterised 
by a high expression of HADH and a low expression of other b-oxidation enzymes. 
Downregulation of HADH causes an elevated secretory activity suggesting that this enzyme 
protects against inappropriately high insulin values and hypoglycaemia. Hence, HADH 
seems to be a negative regulator of insulin secretion in -cells. Further studies will be 
required to understand fully the biochemical pathways by which defects in HADH lead to 
dysregulated insulin secretion. 
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4. Histology 
Two major histological forms of CHI have been described (diffuse and focal), there are still 
some cases which represent a diagnostic challenge, as they cannot be easily classified into 
focal or diffuse. Both the diffuse and focal forms share a similar clinical presentation, but 
result from different pathphysiological and molecular mechanisms. The histological form of 
CHI can be a guide as to the mode of inheritance,diffuse CHI usually presents as an 
autosomal recessive disorder, whereas focal CHI is sporadic.  
The typical diffuse form affects all the -cells within the islets of Langerhans and is most 
commonly due to recessive mutations in the genes encoding the two subunits of the KATP 
channel. Typical diffuse disease is characterized by an increase in the size of the pancreatic  
-cell nuclei throughout the pancreas.  
The ‘focal’ form (focal adenomatous pancreatic hyperplasia) of CHI is found in about 40–
50% of the children and appears to be localized to one region of the pancreas. Focal 
pancreatic lesions appear as small regions of islet adenomatosis measuring 2–10 mm, which 
are characterized by -cells with enlarged nuclei surrounded by normal tissue.Focal disease 
results from paternal uniparental disomy (UPD) encompassing chromosome 11p15.5-
11p15.1 within a single pancreatic β-cell which unmasks a paternally inherited KATP channel 
mutation at 11p15.1. In addition, the lesion exhibits a somatic loss of a part of the maternally 
inherited chromosome 11p which includes imprinted maternally expressed tumour 
suppressor genes (H19 and P57 KIP2) , paternally expressed insulin growth factor-2, as well 
as (non-imprinted) SUR1/Kir6. This results in a corresponding reduction to homozygosity 
of the paternal mutation, and the outcome is unregulated insulin secretion. -cells within the 
focal lesion do not express p57 KIP2 , but insulin growth factor-2 is mildly increased. The 
somatic loss of heterozygosity is associated with increased proliferation. The focal lesion is 
different from the insulinoma (also called adenoma) in histology and molecular mechanisms 
of insulin secretion. 

5. Clinical presentation 
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symptomatic hypoglycaemia. The patients may present with non-specific symptoms of 
hypoglycaemia such as poor feeding, lethargy, and irritability or symptoms such as seizures 
and coma. In CHI a blood sample taken at the time of hypoglycaemia will show an 
inappropriately raised serum insulin level with low serum fatty acid levels and ketone 
bodies. Most infants with hyperinsulinism present within the early neonatal period 
although infantile and childhood onset forms are also recognized. Transient  
hyperinsulinism is seen in association with maternal diabetes, birth asphyxia, 
polycythaemia,and rhesus incompatibility. Other syndromic associations which might be 
evident at birth include Beckwith syndrome, Sotos’ syndrome, Perlman’s syndrome, and the 
clinical phenotype characteristic of phosphomannose isomerase deficiency (carbohydrate-
deficient glycoprotein syndrome type 1b). 
Most neonates with HI are born at term and are either normal or large for gestational age, 
although HI is described in preterm infants. Many of these infants are overtly macrosomic 
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small nasal tip, and short columella giving the impression that the nose is large and bulbous, 
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infants with HI involve avoidance of hypoglycaemia and careful definition of clinical and 
biochemical phenotype. Infants with severe HI will not uncommonly have glucose 
requirements of 15—20 mg/kg/min and as such will usually be dependent upon 
intravenous glucose infusions. Blood sugar concentrations are usually very labile and it is of 
paramount importance that venous access is secure in these cases—usually necessitating 
placement of a central venous catheter. Infants with persistent forms of HI should normally 
be assessed in a referral centre for HI which has the necessary resource for timely definition 
of clinical and biochemical phenotype, genotype, and, if appropriate, structural phenotype. 
The main differential diagnosis of congenital HI remains the factitious hyperinsulinism 
secondary to Munchausen by proxy syndrome, one of the parents administering insulin or 
sulfonylurea surreptitiously to their own child. Another period of onset for HI occurs later 
in infancy, between 1 and 20 months of life and is revealed in half of the patients by 
seizures. Macrosomy at birth can be noted. The characteristics of hypoglycemia are similar, 
although lower rates of intravenous glucose are required. 

6. The diagnostic criteria for HI 
The diagnostic criteria for congenital HI include: i) fasting and post-prandial hypoglycemia 
(<2.5–3 mmol/l) with unsuppressed insulin secretion (plasma insulin concentrations >1 
mU/l), ii) a positive response to the subcutaneous or intramuscular administration of 
glucagon (plasma glucose concentration increase by 2 to 3 mmol/l following a 0.5 mg 
glucagon subcutaneous injection), iii) negative ketone bodies in urine (and in plasma) and 
iv) prolonged dependence on treatment to prevent hypoglycemia throughout the first 
months/years of life. Nevertheless, in infancy and childhood, normal plasma insulin and C-
peptide concentrations during hypoglycemia do not exclude the diagnosis of HI and 
measurements have to be repeated. In the absence of clearly abnormal insulin levels during 
hypoglycemic episodes, an 8 to 12 hours fasting test aiming at revealing inappropriately low 
levels of ketone bodies, free fatty acid and branched chain amino acids can be helpful.  
In some patients with protein-sensitive congenital HH owing to GLUD1 mutations, a 
leucine provocation test might be required to demonstrate HH. Analyses of urinary organic 
acids and acylcarnitine should also be performed, as results could aid in the diagnosis of 
HADH deficiency. Serum glucagon levels are decreased in congenital HH. Patients with HH 
demonstrate a positive glycemic response (a rise in blood glucose level of >1.5 mmol/l) to 
intramuscularly or intravenously administered glucagon during times of hypoglycemia. 
Decreased serum levels of insulin-like growth-factor binding protein 1 (IGFBP-1) aid the 
diagnosis in some patients, because insulin suppresses transcription of the IGFBP1 gene. 
Patients with exercise-induced HH will require an exercise provocation test and/or a 
pyruvate load to induce hypoglycemia. 
All new HI patients should be screened for hyperammonemia to diagnose the HI/HA 
syndrome (GLUD1 gene), for short chain hydroxyacyl-CoA dehydrogenase (SCHAD) 
deficiency (HADH gene) with urine organic acids and plasma acylcarnitines 
chromatographies, and for CDG syndromes, as these 3 diseases may present in the neonatal 
period as apparently isolated HI. Other genes can be suspected depending on the context. 
SLC16A1 gene will be analyzed in case of Exercise-induced hyperinsulinism (EIHI), HNF4A 
gene when the newborn is macrosomic with a family history of MODY diabetes. Finally, 
familial forms or consanguinity and syndromic forms have to be checked as these are 
associated with a diffuse HI. 
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7. Medical management  
Rapid diagnosis, avoidance of recurrent episodes of hypoglycemia and prompt 
management of hypoglycemia are the cornerstones of management to prevent brain damage 
and mental retardation in patients with CHI. Blood glucose levels must be maintained 
within the normal neonatal range (above 3.5 mmol/l), by administering glucose orally, 
enterally or intravenously. Usually, in neonates, the first step is a continuous enteral feeding 
of milk enriched with malto-dextrine. However, the severity of the hypoglycemias may 
straightaway or rapidly require more intensive treatments to prevent irreversible brain 
damages. The glucose rate administered has to be sufficient to normalize glucose levels, at 
least with a glucose flow equal to the physiological hepatic production of glucose (8–10 
mg/kg/min for a neonate or young infant and 5–7 mg/kg/min for children). If 
hypoglycemia persists or recurs, the perfusion rate has to be increased, often requiring high 
concentration glucose solutions infused through a central venous line. However, in severe 
HI this may be insufficient and continuous glucagon infusion (intravenous or subcutaneous, 
0.5 to 2 mg/day) along with glucose should be administered.  
At the same time, specific treatments of HI must be initiated,which include diazoxide, 
octreotide and nifedipine. 

7.1 Diazoxide 
The clinical effectiveness of diazoxide is variable .Mutations in the ABCC8/KCNJ11 gene 
are not predictive of the response to diazoxide, and there is no correlation between the 
histology and the clinical efficacy of diazoxide. Patients with transient and syndromic forms 
of HH will usually respond to diazoxide, whereas those with severe neonatal CHI will show 
no response. Oral diazoxide is first used at 15 mg/kg/day (neonates) or 10 mg/kg/day 
(infants) in oral doses. Diazoxide efficiency is defined as the normalization of glycemia >3 
mmol/l measured before and after each meal in patients fed normally with a physiological 
overnight fast, after stopping intravenous glucose and any other medications for at least five 
consecutive days. The most frequent adverse effect is hypertrichosis, which can be marked 
and distressing in young children. Hematological side effects are very rare with usual 
administration doses. Two confirmed hypoglycemias (<3 mmol/l) in a 24-hour glucose 
measurement cycle defined the patient as diazoxide unresponsive. Dietary measures and 
glucose perfusion should be started again to maintain normoglycemia.  

7.2 Octreotide 
Octreotide is a long-acting analog of the natural hormone somatostatin and is used in the 
short- and long-term management of CHI. In the short term (with and without glucagon), it 
is used to stabilize patients pending further investigations. Octreotide has been successively 
used in the long-term management of some CHI patients in combination with frequent 
feeding. The long-term medical management of diffuse disease with octreotide and frequent 
feeding should not be taken lightly, as it may impose a huge burden and be stressful on the 
family. A gastrostomy is recommend in these patients, as this will allow the delivery of 
bolus and continuous overnight feeds. 
At initiation of octreotide treatment, some patients may present vomiting and/or diarrhea 
and abdominal distension, which will resolve spontaneously within 7–10 days. Gallbladder 
sludge or stones are rare but can necessitate ursodesoxycholic acid treatment. It should be 
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screened by abdominal ultrasound twice a year. Glycemia levels can rise significantly 
immediately after octreotide initiation, however this positive response can be transient, so 
that a 48 hour observation period should be performed to conclude definitively on the 
responsiveness to octreotide at a given dose.  

7.3 Nifedipine 
Other drugs as calcium channels blockers (like nifedipine, 0.5–2 mg/kg/day in 2 oral 
doses) can be proposed.  
Patients who are resistant to medical treatment and require surgical treatment, must be 
assessed for their putative histological form of HI.  

8. Differentiating focal from diffuse CHI 
The gold standard method to determine which infants have fo-HI is intraoperative frozen 
section histology. This requires considerable histopathological expertise and will be most 
reliably performed in supraregional referral centres. Focal lesions are frequently not visible 
at laparotomy, although laporoscopic visualisation of the pancreas probably has an 
enhanced detection rate because of the magnification. It has been necessary to devise a 
number of strategies to differentiate fo-HI from di-HI preoperatively, as conventional 
imaging methods including ultrasound, octreotide scintigraphy, and magnetic resonance 
imaging are usually nondiscriminatory. 

8.1 Invasive methods 
Pancreatic venous sampling (PVS) has proven a valuable and reliable utility in 
differentiating foand di-HI and in localising focal lesions. The method relies upon 
transhepatic catheterization of the highly variable pancreatic venous anatomy and 
demonstration of persistent insulin secretion in the face of a low blood glucose 
concentration from one or more areas of the pancreas. The method requires that the infants 
medications are stopped for at least 48 h before the procedure, a specific method of general 
anaesthesia is administered and that blood glucose concentrations are kept <3.0 mmol/l 
throughout the procedure. Results may show generalised dysregulation of insulin secretion 
(di-HI), one or more hot spots of secretion (fo-HI), generalised suppression of secretion 
(focal disease with failure of catheterization of the region of the pancreas containing the 
lesion or an extrapancreatic source of insulin), or be uninformative (uninterpretable).  
Where PVS has suggested the presence of fo-HI but not localised the lesion, and intra-arterial 
calcium stimulation test can be performed in which calcium is injected selectively into the 
gastroduodenal, superior mesenteric, and splenic arteries to stimulate insulin secretion. This 
method is good at localising focal disease but poor at confirming diffuse disease.  
Some investigators have adopted a policy of early laparoscopic pancreatic biopsy. If no 
lesion is identified with the laparoscope, two or more biopsies from different regions of the 
pancreas are necessary. 

8.2 Noninvasive methods 
A variety of relatively noninvasive investigations including the i.v. tolbutamide test and the 
acute insulin response to an intravenous glucose load have been proposed to screen for fo-
HI. The rationale for the tests depends either on the notion that, in fo-HI, the relatively 
quiescent pancreas outside the lesion can be further stimulated to secrete insulin.  
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Now 18fluoro-L-Dopa PET has been successfully used to localize the focal domain. The 
principle of this test is based on the fact that islets take up L-3,4-dihydroxyphenylalanine (L-
dopa) and convert it to dopamine by dopa decarboxylase, present in the islet cells . However 
the precise role of dopamine in the pancreatic -cells is currently unclear. 18fluoro-L-Dopa 
PET can also accurately locate ectopic focal lesions. 18fluoro-L-Dopa PET is highly sensitive 
in detecting focal lesions compared with the previous highly invasive techniques. 

9. Surgical treatment 
When medical and dietary therapies are ineffective, surgical treatment is required. If a focal 
lesion is identified and accurately located, it should be surgically removed, as this will 
“cure” the patient.As diffuse CHI is a heterogeneous disorder with respect to clinical 
presentation and response to medical therapy, the role of surgery in those cases that are 
diazoxide unresponsive is not so clear. Studies of predominantly Ashkenazi Jewish children 
with CHI suggest that the natural history of the disease is one of progressive glucose 
intolerance and clinical diabetes, possibly due to a slow progressive loss of -cell function, 
and this may be due to the increased  -cell apoptosis, and, therefore, surgery may not be 
indicated in all patients. Similarly, some patients with diazoxide-responsive CHI go on to 
develop diabetes mellitus in adulthood . 
Near-total pancreatectomy is a major operation and is associated with a high incidence of 
diabetes mellitus later in life. Clearly, surgery is indicated in those patients with severe 
diffuse disease who fail to respond to octreotide with frequent feeding regimens, and 
identification of this subgroup is important. The management of postpancreatectomy 
diabetes mellitus is complicated by the fact that these children have pancreatic exocrine 
insufficiency, glucagon deficiency, and have residual unregulated insulin secretion, and 
some patients show resistance to hyperketonaemia and diabetic ketoacidosis.  
Before surgery, some precautions are necessary: i) stop medications several days before 
surgery (5 days before for diazoxide and 2 days before for octreotide) as they may interfere 
with the peroperative pathological analysis, ii) screen for gallbladder stones with a 
abdominal ultrasound, and treat if necessary and iii) supplement systematically with iron to 
prevent anemia.  

10. Conclusion 
CHI is a major cause of hypoglycaemia in the childhood period. Recognition and 
appropriate management of this type of hypoglycaemia are important to avoidlong-term 
neurological consequences. The genetic mechanisms that lead to some forms of transient 
and CHI are beginning to be understood. Recent experience using 18 FL -dopa PET/CT 
scanning to distinguish diffuse from focal hyperinsulinism has completely changed the 
diagnostic and management approach to these patients. For the future, the management of 
medically unresponsive diffuse disease remains a challenge, and identifying the genetic 
mechanisms leading to both transient and persistent hyperinsulinism in the remaining 50% 
of the patients will provide novel insights into pancreatic -cell physiology. 
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1. Introduction 
Diabetes management has traditionally focused solely on lowering blood glucose levels to 
avoid the long term complications of diabetes. This approach sometimes neglects the 
detrimental effects of hypoglycemia on the diabetic patient. This is problematic, as 
hypoglycemia often places patients at risk of poor quality of life, increased medical costs 
and significant complications. As many instances of hypoglycemia are preventable by 
smarter treatment strategies, it is expected that accounting for the possibility of 
hypoglycemia may not only reduce a patient's health care costs, but will allow him or her a 
better quality of life, decrease the potential for disability and even increase life-expectancy. 
This article provides an overview of hypoglycemia and establishes guidelines for the 
management and prevention of hypoglycemia based on the most current research.  

2. Definitions 
Hypoglycemia is defined as a state in which there are neuroglycopenic symptoms 
concurrent with a low blood glucose level. The definition of “low blood glucose” can differ 
significantly across the major medical associations. While the American Diabetes 
Association (ADA) defines low blood glucose as glucose levels less than or equal to 70 
mg/dL (3.9 mM) (ADA, 2005), the European Medicines Agency (EMA) defines the 
condition as glucose levels under 54 mg/dL (3.0 mM) (EMA, 2010). The ADA definition of 
“low blood glucose” will be used for the purposes of this article. 
It should be noted that despite this baseline threshold, the symptoms of hypoglycemia 
present at different levels in different patients. For example, in patients averaging blood 
glucose levels above 200 mg/dL, neurogenic symptoms associated with hypoglycemia can 
appear when the blood glucose falls to what should be a normal level, near or below 100 
mg/dL. This not only presents a significant difficulty in preventing hypoglycemic 
symptoms, but the glucose situation of each patient must be considered individually as well. 

2.1 Artifactual hypoglycemia 
In determining whether a patient is experiencing hypoglycemia, it is essential to recognize 
the situations that can frequently result in false-positives. Artifactual hypoglycemia can be 
the product of a number of factors, including some that are a result of the methodology 
employed. These include the absence of an antiglycolytic agent in the blood collection tube, 
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hypoglycemia often places patients at risk of poor quality of life, increased medical costs 
and significant complications. As many instances of hypoglycemia are preventable by 
smarter treatment strategies, it is expected that accounting for the possibility of 
hypoglycemia may not only reduce a patient's health care costs, but will allow him or her a 
better quality of life, decrease the potential for disability and even increase life-expectancy. 
This article provides an overview of hypoglycemia and establishes guidelines for the 
management and prevention of hypoglycemia based on the most current research.  

2. Definitions 
Hypoglycemia is defined as a state in which there are neuroglycopenic symptoms 
concurrent with a low blood glucose level. The definition of “low blood glucose” can differ 
significantly across the major medical associations. While the American Diabetes 
Association (ADA) defines low blood glucose as glucose levels less than or equal to 70 
mg/dL (3.9 mM) (ADA, 2005), the European Medicines Agency (EMA) defines the 
condition as glucose levels under 54 mg/dL (3.0 mM) (EMA, 2010). The ADA definition of 
“low blood glucose” will be used for the purposes of this article. 
It should be noted that despite this baseline threshold, the symptoms of hypoglycemia 
present at different levels in different patients. For example, in patients averaging blood 
glucose levels above 200 mg/dL, neurogenic symptoms associated with hypoglycemia can 
appear when the blood glucose falls to what should be a normal level, near or below 100 
mg/dL. This not only presents a significant difficulty in preventing hypoglycemic 
symptoms, but the glucose situation of each patient must be considered individually as well. 

2.1 Artifactual hypoglycemia 
In determining whether a patient is experiencing hypoglycemia, it is essential to recognize 
the situations that can frequently result in false-positives. Artifactual hypoglycemia can be 
the product of a number of factors, including some that are a result of the methodology 
employed. These include the absence of an antiglycolytic agent in the blood collection tube, 
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delayed blood processing, and imperfect glucose monitoring machines, which are often 
accurate only to within +/- 40 mg/dL. In this last example, a patient meeting both the EMA 
and the ADA criteria for hypoglycemia may actually be in the normal blood glucose range. 
Patient health factors that affect the true detection of hypoglycemia are typically those that 
result in an abnormal consumption of blood glucose by circulating cells. In patients with 
leukemia, elevated levels of glycolysis in leukocytes result in significantly decreased levels 
of blood glucose from the time blood is drawn to the time blood is monitored (Spiller, 2011). 
The effect is similar in patients suffering from erythrocytosis and polycythemia vera. 

3. Symptoms of hypoglycemia 
The symptoms of hypoglycemia can be divided into two distinct categories: 
neuroglycopenic and neurogenic. In both types of diabetes, neuroglycopenic and neurogenic 
hypoglycemic symptoms can appear with a large change in blood glucose levels without 
achieving actual numerical hypoglycemia. 

3.1 Neuroglycopenic symptoms 
The neuroglycopenic symptoms of hypoglycemia include (Ben-Ami et al., 2009; Warren, 
2005): 
• Behavioral changes, including irritability and nightmares 
• Cognitive impairments, including confusion and difficulty concentrating 
• Psychomotor abnormalities, including dizziness, weakness, and poor coordination 
• Seizure 
• Coma 

3.2 Neurogenic symptoms  
The neurogenic symptoms of hypoglycemia include (Warren, 2005): 
• Adrenergic tremor 
• Palpitations and anxiety  
• Colinergic sweating 
• Hunger 
• Paresthesias or neurological symptoms, such as numbness in the mouth and tongue 

4. Causes of hypoglycemia in diabetic patients 
In patients with either type I or type II diabetes, the root cause of factual hypoglycemia is 
always hyperinsulinemia. However, the etiology of hyperinsulinemia varies depending on 
the type of treatment strategy in place. For type I diabetes, hypoglycemia is always due to 
excessive insulin dosage. In type II diabetes, it results from the use of insulin or sulfonureas. 
The combination of a GLP-1 agent and a sulfonurea is a potent mixture and may cause 
hypoglycemia.  
The risk of hypoglycemia in patients with type II diabetes beginning insulin treatment is 
fairly low, and is comparable to patient populations being treated with sulfonureas alone. 
However with time the incidence increases remarkably. For type II diabetics, the incidence 
increases from 5% for patients on insulin for less than two years to 24% for type II patients 
taking insulin for more than five years (Heller, 2010). In type I diabetics, the incidence of 
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hypoglycemia increases from 22% in patients with the condition for less than 5 years to 44% 
in patients who have had diabetes for more than 15 years. 
 

 
Fig. 1. Incidence of hypoglycemia increases with the duration of illness. (adapted from 
Heller, 2010). 

The increase of hypoglycemia likely results from impaired counter-regulatory hormone 
release (Bolli, 1983; Matyka, 1997). Within five years of the onset of type I diabetes, 
expression of the hypoglycemia-protective hormone glucagon is less responsive to instances 
of hypoglycemia by 66%. This imbalance is partially mitigated by normal epinephrine levels 
during this time. However, by fifteen years of the disease, type I diabetics typically present 
with glucagon levels decreased by 80% of baseline and epinephrine levels reduced by 66% 
(Heller, 2010). This situation presents a significant difficultly for the patient's counter-
regulatory hormones to correct. Type II diabetics also develop the same hormonal 
deficiencies, which are proportional to the duration of the disease. 
In both type I and type II diabetes patients, the situation is enhanced by physiological 
unawareness of hypoglycemia. Hypoglycemic unawareness occurs in 17% of patients who 
have had type I diabetes (Heller, 2010). The causes are: 
• Having diabetes for many years with decreased counter-regulatory hormones 
• Autonomic neuropathy 
• Frequent low blood sugar with desensitization to hypoglycemia 
• Stress or depression 
• Poor self-care 
• Alcohol consumption  
• A previous low blood sugar in the last 24 to 48 hours 
• Beta blockers 
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Fig. 2. Progressive decrease in endocrine counter-regulation depending on duration of Type 
I diabetes. (adapted from Heller, 2010). 

4.1 Normal physiological response to of hypoglycemia 
As the brain cannot synthesize glucose or store substantial amounts as glycogen in neurons, 
it requires a continuous supply of glucose from the circulation to function. Hypoglycemia 
therefore causes brain dysfunction. The normal physiologic response to hypoglycemia 
appears in stages. Epinephrine release begins at 63 mg/dL (Cryer, 2007). Secondary 
symptoms of tremor, palpitations and sweating begin at 58 mg/dL. Cognitive dysfunction 
presents consistently at 54 mg/dL. Confusion and disorientation appear at 45 mg/dL. At 18 
mg/dL, coma and seizure result. Prolonged blood glucose levels less than 18 mg/dL result 
in brain damage.  

4.2 Impaired physiological responsiveness 
In diabetics exhibiting impaired physiological responsiveness to hypoglycemia and 
hypoglycemic unawareness, the levels of blood glucose corresponding to the stages of 
cognitive dysfunction are unchanged. However, the release of epinephrine occurs at 50-52 
mg/dL, which is lower by 10 mg/dL than the typical release point observed in normal 
patients. It should be noted that epinephrine release does not occur until after cognitive 
dysfunction appears. Thus, the warning symptoms of tremor, palpitations and sweating 
actually follow cognitive dysfunction instead of preceding it. This type of brain 
desensitization to hypoglycemia is caused by acclimation to frequent episodes of 
hypoglycemia. The brain becomes accustomed to the low glucose levels and does not signal 
for epinephrine to be released during such times. Because of neuroglycopenia, the patient 
with an impaired epinephrine response cannot reliably treat his or her own condition. In 
these cases, the only hopes for the patient to combat the episode of hypoglycemia are 
natural insulin degradation, delayed epinephrine and glucagon release, or intervention by a 
third party. 
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Fig. 3. Impaired physiological responses due to hypoglycemia unawareness (adapted from 
Cryer, 2007). Note: 1 mM = 18 mg/dL 

The reason for this reduced responsiveness is the brain's adaptation to frequent episodes of 
hypoglycemia. In patients experiencing frequent bouts of hypoglycemia, glucose 
transporters in the neurons of the brain increase in number, permitting the brain to receive a 
more steady supply of glucose. As a result, the blood hypoglycemic threshold for the brain 
to signal epinephrine release becomes lower. This creates a state of hypoglycemic 
unawareness, as the brain has adapted to hypoglycemia. The patient can then develop 
perilously low glucose levels without realizing it.  
Since repeated hypoglycemia is common in people with diabetes who strive to keep their 
glucose levels under tight control near a pre-defined 'normal' level, the incidence of 
hypoglycemic unawareness is higher in this population. The more intensive the treatment 
protocol, the greater the incidence of hypoglycemia and hypoglycemia unawareness. This 
situation is abetted by the rigidity of the patient's diabetes control, as many patients will 
ignore and attempt to tolerate their hypoglycemic episodes to meet the specifications of 
their physician. This population is at serious risk of becoming accustomed to hypoglycemia, 
and unfortunately, these patients run a risk of developing a major hypoglycemic reaction 
and the associated medical consequences. To successfully monitor this situation, the 
physician must realize that some patients experience difficulty in loosening their tight blood 
glucose control, and these patients should be warned repeatedly about the dangers of 
hypoglycemic episodes and its consequences. 
In addition, stress, depression, poor self-care, alcohol or drug use or any situation that 
renders the patient less attentive or aware of his or her bodily sensations can contribute to 
hypoglycemic unawareness. In particular, depression, which is found in approximately 30% 
of diabetics, needs to be addressed (ADA, 2005; Piette et al., 2004). It is very difficult for 
patients suffering from clinical depression to control their diabetes. As a physician, one 
must be alert for classic depressive symptoms in their diabetic patients, principally fatigue. 
It takes energy and effort to care for diabetes, and if the patient is depressed, he or she will 
experience great difficulty in performing simple self-care. Many of these patients lack the 
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energy to monitor their diabetes, the self-motivation to adhere to a diet, and the focus to 
coordinate to two. This frequently leads to hypoglycemic reactions.  
Beta blockers can also contribute to the incidence of hypoglycemia. These drugs decrease the 
beta adrenergic symptoms, such as palpitations and tremor, that are associated with the 
onset of hypoglycemia. On occasion, these medications may prevent the patient from 
recognizing the adrenergic warning symptoms, resulting in hypoglycemic unawareness. 
Beta blockers also prevent epinephrine from increasing the release of glucose from the liver.  

5. Prevalence of hypoglycemia 
The prevalence of hypoglycemia is profound and worrisome, especially considering the lack 
of attention given to the condition. In one study in which patients self-reported 
hypoglycemic events, 50% of patients with type II diabetes on insulin and 30% of patients 
taking sulfonureas without insulin reported such an event (Cryer, 2003). It has been shown 
that 62% of type I diabetics exhibit asymptomatic hypoglycemia, as do 46% of type II 
diabetics. There is also evidence that type I diabetics can expect to experience a major 
hypoglycemic event at least once per year, while type II diabetics can anticipate a similar 
event once every 2.5 years. As the prevalence of type II diabetes is far greater than type I 
diabetes, the absolute number of hypoglycemic events in type II diabetes is significantly 
higher than in type I diabetics, but the incidence per capita is lower.  

5.1 Determinants of hypoglycemic events 
Several determinants can be used to predict an increased risk of symptomatic 
hypoglycemia. These include: 
• Advanced age 
• Irregular meal schedule 
• Regularity of exercise 
• Hemoglobin A1c > 7% 
• Having diabetes > 8 years 
• Duration of insulin therapy 
• Renal impairment 
• Diabetic neuropathy 
• Previous history of hypoglycemia 
• Anticoagulant therapy 
• Concurrent medication of five or more prescription drugs hospitalization within the last 

12 months  
The state of the patient's health is therefore a indicator of the incidence of significant 
hypoglycemia. The more fragile the patient, the more likely he or she is to experience a 
severe hypoglycemic event.  

6. Hypoglycemia and increased mortality 
There are two potential causative reasons for increased mortality in patients with 
hypoglycemia. The main one is cardiovascular. Diabetics have a higher incidence of 
cardiovascular disease than the general population, including coronary artery disease, 
cardiac hypertrophy, and cardiac autonomic neuropathy (Johnston, 2011). This is because 
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with hypoglycemia, there is an increase adrenergic load causing a faster heart rate with 
subsequent cardiac ischemia and possibly myocardial infarction. Hypoglycemia also causes 
a increased QT interval on the electrocardiogram. The QT interval is increased more in those 
with diabetic autonomic neuropathy. It is well documented that an increased QT interval 
can lead to ventricular fibrillation and sudden death (Lee, 2004).  
 

 
Fig. 4. QT interval prolongation during hypoglycemia (adapted from Heller 2010). 

 

 
Fig. 5. Drop in glucose after 60 minutes with a insulin-glucose clamp. Glucose lowered with 
insulin from 95 mg/dL to 45 mg/dL (adapted from Lee, 2004). Please refer to Figure 6 to 
connect the drop in blood glucose with prolonged QTc interval. 
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Fig. 6. The effect of noted hypoglycemia on QTc interval in ms. Mean ± SE QTc at baseline 
(B) after 0, 30, and 60 min of euglycemia (E0, E30, and E60, respectively) and hypoglycemia 
(H0, H30, and H60, respectively) (adapted from Lee, 2004). 

6.1 Hypoglycemia and the brain 
As glucose is necessary for the brain's metabolic function, frequent severe hypoglycemia 
results in an increased risk of brain cell death, and has been linked to an increased incidence 
of dementia (Bruce, 2009).  
However, the Fremantle study presents a strong counter argument to this hypothesis, 
finding that elderly patients with hypoglycemia do not have persistent adverse neurological 
effects (Fremantle Diabetes Study, 2009). It should be noted that elderly patients with 
dementia are highly susceptible to hypoglycemia. This group hypothesized that the well 
recognized brain damage associated with repeated severe hypoglycemia is more likely in 
incidences in which symptom recognition and the ability to self-correct or seek assistance 
are impaired, for example in patients with cognitive impairment or dementia. 
Hypoglycemia may be the cause of death in type I and type II diabetics and is found in 
those who have severe secondary complications of diabetes, such as end stage renal failure 
or severe autonomic neuropathy.  
However, hypoglycemia is a part of life for many diabetics. Some patients may be 
hypoglycemic, with blood glucose less than 50 mg/dL, up to 10% of the time (Cryer, 2007). 
As previously noted, type I diabetics can statistically expect to experience at least one major 
hypoglycemic reaction per year. Thankfully, death is rare in these instances. In primate 
studies, it takes 5-6 hours of hypoglycemia (blood glucose less than 20 mg/dL with an 
average of 13 mg/dL) to produce brain damage and brain death (Cryer, 2007). Thus, it is 
extremely difficult to cause brain death by isolated instances of hypoglycemia in diabetics 
who have good hormonal protective mechanisms and who do not have major 
complications. Brain dysfunction caused by temporal hypoglycemia, a condition that many 
clinicians treat daily, is usually reversed quickly with the reintroduction of glucose. Fully 
70% of major hypoglycemic reactions which necessitate professional assistance are treated in 
outpatient facilities. In fact, a small benefit of recurrent moderate hypoglycemia is that the 
increase in neuronal glucose uptake transporters may actually ameliorate brain damage and 
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cognitive dysfunction induced by severe instances of hypoglycemia, as the brain is able to 
obtain more glucose than would be expected in a naïve patient.  

7. Recent hypoglycemia trial results (ACCORD, ADVANCE, VADT, NICE-
SUGAR) 
Hypoglycemia was found to be a major health issue for diabetics in four recent large-scale 
studies: the Action to Control Cardiovascular Risk in Diabetes Trial (ACCORD), the Action 
in Diabetes and Vascular Disease: Controlled Evaluation (ADVANCE), VA Diabetes Trial 
(VADT) and the Normoglycaemia in Intensive Care Evaluation and Survival Using Glucose 
Algorithm Regulation Trial (NICE-SUGAR). (NICE-SUGAR Study, 2009). 
Each of the ACCORD, ADVANCE and VADT studies examined intensively treated 
diabetics as outpatients, and compared this population with standard treatments, with the 
major endpoints looking at CV death, non-fatal myocardial infarctions and strokes. Other 
macrovascular events were looked at in the ADVANCE and VADT.  
 

Study Designs: ACCORD, ADVANCE, VADT
 ACCORD ADVANCE VADT 

Major 
Endpoints 

CV death -or- 
Non-fatal MI/stroke 

CV death -or-
Non-fatal MI/stroke -or-
macrovacs event

CV death -or- 
Non-fatal MI/stroke -or- 
macrovacs event 

Study RCT RCT RCT

Design 

Glucose intensive vs. 
standard arm, 2x2 BP 
control, +/- fenofibrate 
vs. placebo

Glucose intensive vs. 
standard arm, 2x2, 
+indamine vs. placebo 

Glucose intensive vs. 
standard arm, 2x1, all BP 
and lipid Rx 

Fig. 7. Comparison of the ACCORD, ADVANCE, and VADT studies. 

7.1 The ACCORD study 
In the landmark ACCORD study which revealed surprising results to the medical 
community, an increase in mortality in the intensively treated diabetes group was observed 
as compared to the standard therapy group. So adverse was the intensively treated regimen 
that the study was halted two years early.  
The study's authors attributed increased mortality to weight gain, hypoglycemia and 
possibly specific medications. However, it is reasonable to assume that hypoglycemia was a 
major contributing factor. In the ACCORD study, the incidence of severe hypoglycemia was 
significantly higher in the intensively treated group. Over 15% of patients had severe 
hypoglycemia as compared to 5% in the standard treatment group. Increased mortality 
stemmed from cardiac issues such as cardiac arrhythmias, cardiovascular changes from 
hyperadrenalism (e.g. heart rate), vascular constriction with its attendant angina, 
myocardial ischemia and even myocardial infarction, or increased thrombotic tendency with 
decreased thrombolysis. Regardless of the absolute cause of increased mortality among 
intensively treated patients, it is clear that intensive treatment, with its extra time, cost, 
dedication, and more frequent episodes of hypoglycemia and anxiety, did not benefit long-
term diabetic patients. 
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cognitive dysfunction induced by severe instances of hypoglycemia, as the brain is able to 
obtain more glucose than would be expected in a naïve patient.  

7. Recent hypoglycemia trial results (ACCORD, ADVANCE, VADT, NICE-
SUGAR) 
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Algorithm Regulation Trial (NICE-SUGAR). (NICE-SUGAR Study, 2009). 
Each of the ACCORD, ADVANCE and VADT studies examined intensively treated 
diabetics as outpatients, and compared this population with standard treatments, with the 
major endpoints looking at CV death, non-fatal myocardial infarctions and strokes. Other 
macrovascular events were looked at in the ADVANCE and VADT.  
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Fig. 7. Comparison of the ACCORD, ADVANCE, and VADT studies. 

7.1 The ACCORD study 
In the landmark ACCORD study which revealed surprising results to the medical 
community, an increase in mortality in the intensively treated diabetes group was observed 
as compared to the standard therapy group. So adverse was the intensively treated regimen 
that the study was halted two years early.  
The study's authors attributed increased mortality to weight gain, hypoglycemia and 
possibly specific medications. However, it is reasonable to assume that hypoglycemia was a 
major contributing factor. In the ACCORD study, the incidence of severe hypoglycemia was 
significantly higher in the intensively treated group. Over 15% of patients had severe 
hypoglycemia as compared to 5% in the standard treatment group. Increased mortality 
stemmed from cardiac issues such as cardiac arrhythmias, cardiovascular changes from 
hyperadrenalism (e.g. heart rate), vascular constriction with its attendant angina, 
myocardial ischemia and even myocardial infarction, or increased thrombotic tendency with 
decreased thrombolysis. Regardless of the absolute cause of increased mortality among 
intensively treated patients, it is clear that intensive treatment, with its extra time, cost, 
dedication, and more frequent episodes of hypoglycemia and anxiety, did not benefit long-
term diabetic patients. 
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Fig. 8. Mortality rates among treatment regimens in the ACCORD study (adapted from 
ACCORD Study Group, 2011). 

7.2 The ADVANCE study 
In the ADVANCE study, gliclizide was used in the intensively treated group of type II 
diabetes patients and compared with standard therapy in over 11,000 patients. Though 
severe hypoglycemia was infrequent in both arms of the study, nearly twice the proportion 
of patients in the intensively treated group reported episodes of hypoglycemia (2.7% vs. 
1.5%). The intensity of diabetes control was an independent predictor of microvascular and 
macrovascular events. There is also a significant correlation between severe hypoglycemia 
and all-cause mortality. This is true of both non-cardiovascular and cardiovascular 
mortality. From the results of the ADVANCE study, it can be concluded that hypoglycemia 
is at least a key marker if not the cause of clinical outcomes. 

7.3 The VADT study 
From the VADT trial, it appears that there can be harm from intense glucose control. This 
study examined the benefit of tight control in type II diabetics and developed the 
conclusions that tight control did not lower the risk of cardiovascular events, and that while 
tight control may be beneficial during the first ten years of diabetes treatment, it may be 
harmful to elderly patients. 

7.4 The NICE-SUGAR trial 
The NICE-SUGAR trial examined 6,108 patients in the intensive-care unit (NICE-SUGAR 
Study, 2009). There were two comparable groups who were treated differently, the 
intensively treated group (goal glucose 81-108 mg/dl) and the conventional therapy group 
(goal glucose glucose < 180 mg/dL). A total of 829 patients (27.5%) in the intensive-control 
group and 751 (24.9%) in the conventional-control group died during the study. In the trial 
there was a significant increase in severe hypoglycemic events observed in the intensively 
treated group as compared to the conventional therapy group, and an increase in mortality 
without any clear evidence of health outcome benefit. Indeed, mortality increased in the 
intensively treated group across all subgroups, including surgical patients. In critically ill 
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patients, an association was revealed between even mild or moderate hypoglycemia and 
mortality. The more severe the hypoglycemia, the greater the risk of death. Again, with the 
added expense, increased work load on hospital staff and patients, and increased 
hypoglycemia, it can be concluded that there is no benefit in intensely treating diabetes in 
enfeebled populations, such as those in the intensive-care unit. Intensive treatment may 
very well be harmful. 
 

 
Fig. 9. Comparison of survival rates in the NICE-SUGAR study (adapted from NICE-
SUGAR Study Investigators, 2009). 

8. Hypoglycemia, anxiety and diabetes control 
A non-trivial aspect of treating a diabetic patient with a history of hypoglycemic incidents is 
the potential resistance of the patient to an aggressive diabetes management plan. It has 
been shown that more than 54% of patients with diabetes are anxious about hypoglycemia 
most of or all of the time (Álvarez et al., 2008; Zhang, 2010). Diabetic patients with episodes 
of hypoglycemia reported significantly higher rates of shakiness, sweating, excessive 
fatigue, drowsiness, inability to concentrate, dizziness, hunger, asthenia and headache. 
These patients tend to allow their average glucose level to become higher, and are resistant 
to suggestions as to how to improve their diabetes control.  
In treating patients clinically, it is clear that the worry of developing hypoglycemia stops 
many patients from achieving diabetes management goals. The more episodes of 
hypoglycemia, the lesser the compliance.  

9. Hypoglycemia and health care costs 
Hypoglycemia increases a patient's overall health costs significantly. In a cohort of 2,664 
patients evaluated with a health-care claims database, the average annual health-care 
expenditure for diabetic patients with hypoglycemia was $3,169 versus $1,812 for diabetics 
who do not have hypoglycemia (Zhang, 2010). The average usage of short term disability in 
diabetic patients with hypoglycemia is approximately twice that of patients who do not 
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have hypoglycemia (19.5 days annually vs. 11 days annually). In Sweden, a study assessed 
the burden of hypoglycemia in a 309 patient diabetic population over 35 years of age 
(Lundkvist et al., 2005). The results showed that 37% of patients reported symptoms of 
hypoglycemia during the preceding month. These patients were more affected by their 
diabetes, reported lower general health, and were more anxious about hypoglycemia than 
those without hypoglycemia. In this study, the direct and indirect costs of hypoglycemia per 
patient were estimated to be an additional $27 per month (in Sweden). 

10. Hypoglycemia prevention 
One antecedent hypoglycemic reaction decreases the epinephrine and symptoms score 
significantly for at least twenty-four hours. This blunted epinephrine response and 
hypoglycemic unawareness allows for increased incidences of hypoglycemia. Thus, 
hypoglycemia begets hypoglycemia, making it imperative for a patient to be particularly 
vigilant following a hypoglycemic reaction. This is especially important for two days 
following a hypoglycemic reaction. This entails more blood glucose monitoring and relaxing 
the blood glucose goal.  
 

 
Fig. 10. Epinephrine and symptoms score, pre- and post-hypoglycemia (adapted from 
Heller, 2010). 

For those with hypoglycemic unawareness, the pre-meal glucose level should be no lower 
than 140 mg/dL. The art of diabetic control comes into play, as the patient must be keenly 
aware of early signs of hypoglycemia. If hypoglycemia is anticipated, the patient must check 
his or her blood glucose levels using finger-sticks more often and he or she must try to 
identify patterns in a monitoring diary to predict potential causes of this insulin side effect. 
The insulin dose must do be adjusted with consideration of activity and lifestyle.  

 
Diabetes Control and Hypoglycemia 

 

345 

Without patient understanding and cooperation, there is little the physician can do to 
prevent hypoglycemia. Even raising the average glucose goal to very high levels will not 
suffice without the additional effort of more monitoring on the part of the patient. Training 
programs exist to help those with hypoglycemic unawareness (blood glucose awareness 
training, BGAT), and these have been shown to help patients significantly (Cox, 2001). 
There is a novel approach of giving an alpha glucosidase inhibitor of the enteric enzyme 
which slows carbohydrate breakdown and thus prolongs absorption of carbohydrates in 
order to make glucose available for longer periods. This has been shown to decrease 
hypoglycemia. 
Continuous glucose monitors are a new tool that enhances a patient's ability to achieve this. 
Currently, several continuous glucose monitoring devices are available (Guardian Real-
time, Dexcom Seven Plus, Abbott Freestyle Navigator).  
These devices all measure interstitial glucose levels, and though this metric lags whole 
blood glucose levels by at least 15 minutes, this provides the patient with relatively up-to-
date information. It should be noted that these devices are designed to be supplemental to 
finger-stick glucose monitoring (Chico et al., 2003). They are designed to alert the patient if 
blood glucose levels fall past a pre-set level. These devices are particularly beneficial for 
patients who have frequent hypoglycemia and/or hypoglycemia unawareness (Beck, 2011). 
It can also identify dangerously low overnight blood glucose levels, as patients do not 
monitor their glucose level during this time. The STAR trial has shown that using these 
machines allows a 1% decrease in hemoglobin A1c levels without an increase in 
hypoglycemia.  

10.1 Risks associated with elderly populations 
In elderly diabetic patients who are experiencing episodes of hypoglycemia, the intensity of 
diabetes treatment should be reduced. A looser blood glucose range is more tolerable than 
hypoglycemic events, as this population is particularly vulnerable to accidents stemming 
from low blood sugar. A single hypoglycemic reaction could mean a fall, a broken hip, and a 
50% six month mortality rate corresponding to elderly patients post-fracture. 
In addition, elderly populations show a decrease in the counter-regulatory hormonal 
responses to hypoglycemia, and also a decrease in the symptomatic responses to 
hypoglycemia. Decreased cognition, renal impairment or polypharmacy are contributing 
causes. Hypoglycemia should be carefully monitored, as presenting features may be 
atypical and easily misinterpreted, resulting in delayed treatment. It should be noted that 
simply raising the hemoglobin A1c target level may not be adequate to prevent 
hypoglycemia in those with poor glucose control (Munshi, 2011).  

10.2 Prevention in elderly populations 
More frequent glucose monitoring is perhaps the best method for preventing hypoglycemia. 
With this approach, the elderly patient will be more quickly able to respond to dangerously 
decreasing blood glucose levels.  
As recommended by the by the American Academy of Clinical Endocrinologists, elderly 
patients should avoid medications that cause hypoglycemia, such as sulfonureas. While 
these medications have excellent uses in other populations, they are more likely to be 
hazardous to elderly patients.  
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11. Treatment of hypoglycemia 
During symptoms, whenever possible, a patient's blood glucose level should be checked. If 
the patient is found to be hypoglycemic, eating or drinking a sugary food is rapidly 
beneficial. The meal does not have to be large, but should provide a good deal of sugar. 
Examples are 2-3 glucose tablets, glucose gel, ½ cup fruit juice or soft drink, 1 tablespoon 
table sugar, or 4-6 pieces of hard candy. Following ingestion, the patient's glucose level 
should be checked within 20 minutes to make sure that glucose is rising. If blood glucose 
remains low (under 70 mg/dL), more sugar should be ingested. For patients with a history 
of hypoglycemia, a snack or drink containing sugar should be available at all times to take 
as soon as symptoms appear. 
If a patient is found to exhibit hypoglycemia during sleep, decreasing the evening insulin 
and/or ingesting a complex carbohydrate or protein prior to bedtime should be 
recommended.  
In situations where a hypoglycemic diabetic is non-cooperative or non-responsive, injectable 
glucagon may be given. The typical dose in a glucagon kit is 1 mg, which is sufficient to 
dose a 200 lb person. A full dose is usually not needed for someone weighing less than 150 
pounds, such as a child. Side effects include nausea with an excess dosage, and for most 
patients a half dosage should be sufficient. If glucose hasn’t risen in ten to fifteen minutes 
after the injection, the other half dose can always be given. This approach works rapidly, 
usually within 15-20 minutes, by causing a large egress of glucose from the liver.  
A classic method for treatment of hypoglycemia is 1 ampule of intravenous 50% dextrose. 
The dosage for D50W is one half of the ampule, with verification of IV patency after the half 
of the ampule is given, and a recheck of blood glucose levels before administering the other 
half. 50% dextrose is heavily necrotic due to its hyperosmolarity, and should only be given 
through a patent IV line. Any infiltration can cause massive tissue necrosis.  

12. Conclusion 
As shown in the United Kingdom Prospective Diabetes Study (UKPDS) (UK 
Hypoglycaemia Study Group, 2007), patients with type II diabetes who tightly control their 
glucose levels during the first decade after diagnosis (hemoglobin A1c average of 7% vs 
7.9%) exhibited a reduced risk of heart attack and death in subsequent years. This engenders 
within many patients a comfort with tight glucose control. However, patients who attempt 
tight control for longer durations of diabetes have significantly increased incidences of 
hypoglycemia, which increases morbidity and mortality. This is evident in both an 
outpatient or an inpatient setting. In general, patients with more complications from 
diabetes, older patients, more frequent episodes of hypoglycemia, and longer durations of 
diabetes lead to more severe instances of hypoglycemia. There are many possible 
pathological pathways for hypoglycemia to cause sudden death. Less intensive glucose 
goals to avoid the possibility of hypoglycemia are imperative to consider in the treatment of 
diabetics. 
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