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 Glutamine was originally considered a nonessential amino acid due the fact that it can be synthesized 
from glutamate. Glutamine is also the most abundant amino acid and a major contributor to whole 
body nitrogen metabolism in man. However, over several decades, evidence has supported the notion 
that glutamine is “conditionally essential” and thus important in human health. For example, gluta-
mine protects the intestinal tract, skeletal muscle, and neuronal tissue against metabolic stress. Some 
of the earlier studies showed that reduced intracellular glutamine in muscle was associated with loss 
of lean tissue or wasting. This led to the development of nutritional support regimens in which gluta-
mine was administered by enteral or parental routes. However, this is rather a simplistic notion of 
glutamine’s role and potential in disease. It is now known that glutamine has an almost ubiquitous 
function and is important in maintaining the cellular milieu of virtually every organ in the human 
body. Thus, its supplementation not only modulates skeletal muscle mass in postsurgical stress but 
also improves lymphocyte count, enhances outcome scores, and ameliorates the peroxidation of lipids 
as just a few examples. However, more recent studies have suggested that the administration of gluta-
mine conjugated, or co-administered, with substrates provides greater effi cacy that glutamine alone. 
Furthermore the effi cacy of conjugated glutamine is enhanced when administered in complex cock-
tails that may contain other nutraceuticals. The science of glutamine is thus complex, and fi nding all 
the relevant information in a single source has hitherto been problematic. This is however addressed 
in  Glutamine in Clinical Nutrition . 

 It has fi ve major sections:

   Section 1: Basic Processes at the Cellular Level and in Animal Models  
  Section 2: Glutamine Use in Critically Ill Patients and Their Diagnosis  
  Section 3: Glutamine in Normal Metabolism and Under Surgical Stress  
  Section 4: Clinical Aspects of Glutamine in the Intestine  
  Section 5: Clinical Aspects of Glutamine in Certain Patient Populations    

 Coverage includes glutamine structure and function, amino acid transporters, glutamine transami-
nases, one-carbon metabolism, uptake and immunomodulation, the pituitary gland, thyroid-stimulating 
hormone release, the TCA cycle,  mammary tissue , cancer cells, metabolic imaging, endotoxemia, 
metabolic stress, major surgery, intensive care,  multiple trauma , sepsis, dipeptides, insulin sensitivity, 
critically ill children, liver cirrhosis,  ammonia ,  encephalopathy , the glutamine-glutamate-alpha-
ketoglutarate axis, glutamine cycling, metabolic syndrome, glucagon-like peptide-1, presurgery, 
malnutrition, diabetic foot ulcers, epithelial tight junction, colitis,  Helicobacter pylori  infection, 
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intestinal hypoxic injury, dipeptides, intestinal microcirculation, manganese toxicity, epilepsy, glutamine 
synthetase defi ciency, plasma antioxidants, HIV, ischemia reperfusion injury, cancer immunosuppres-
sion, exercise, cancer cachexia, skeletal muscle, myostatin, and many other areas. Finally there is a 
chapter on “Web-Based Resources and Suggested Readings.” 

 Contributors are authors of international and national standing, leaders in the fi eld, and trendset-
ters. Emerging fi elds of science and important discoveries are also incorporated in  Glutamine in 
Clinical Nutrition . 

 This book is designed for nutritionists and dietitians, public health scientists, doctors, epidemiologists, 
health care professionals of various disciplines, policy makers, and marketing and economic strategists. 
It is designed for teachers and lecturers, undergraduates and graduates, researchers and professors. 

 The Editors  

  London, UK     Rajkumar     Rajendram     
     Victor     R.     Preedy     
     Vinood     B.     Patel    
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 The great success of the Nutrition and Health Series is the result of the consistent overriding mission 
of providing health professionals with texts that are essential because each includes (1) a synthesis of 
the state of the science; (2) timely, in-depth reviews by the leading researchers and clinicians in their 
respective fields; (3) extensive, up-to-date fully annotated reference lists; (4) a detailed index; 
(5) relevant tables and fi gures; (6) identifi cation of paradigm shifts and the consequences; (7) virtually 
no overlap of information between chapters, but targeted, interchapter referrals; (8) suggestions of 
areas for future research; and (9) balanced, data-driven answers to patient as well as health profession-
als questions that are based upon the totality of evidence rather than the fi ndings of any single study. 

 The series volumes are not the outcome of a symposium. Rather, each editor has the potential to 
examine a chosen area with a broad perspective, both in subject matter and in the choice of chapter 
authors. The international perspective, especially with regard to public health initiatives, is empha-
sized where appropriate. The editors, whose trainings are both research and practice oriented, have the 
opportunity to develop a primary objective for their book; defi ne the scope and focus; and then invite 
the leading authorities from around the world to be part of their initiative. The authors are encouraged 
to provide an overview of the fi eld, discuss their own research, and relate the research fi ndings to 
potential human health consequences. Because each book is developed de novo, the chapters are coor-
dinated so that the resulting volume imparts greater knowledge than the sum of the information con-
tained in the individual chapters. 

  Glutamine in Clinical Nutrition , edited by Rajkumar Rajendram, Victor Preedy, and Vinood Patel, 
is a very welcome addition to the Nutrition and Health Series and fully exemplifi es the series’ goals. 
Although glutamine is not an essential amino acid and can be synthesized de novo, it is the most 
abundant amino acid in the human body. Glutamine has numerous valuable metabolic functions: 
nitrogen transport, maintenance of the cellular redox state, serves as a metabolic intermediate and can 
be used as a source of energy, and is a required component of glutathione, the major intracellular 
antioxidant. Its central role in human physiology and metabolism in healthy individuals and its critical 
importance during the stresses of injury, infl ammation, chronic diseases, and fetal development make 
it suffi ciently important to warrant this 40    chapter, comprehensive volume. This book is designed as 
a resource for nutritionists and dietitians, public health scientists, physicians, epidemiologists, and 
health care professionals of various disciplines who interact with clients, patients, and/or family mem-
bers. This important volume provides objective, relevant information for teachers and lecturers, 
advanced undergraduates and graduates, researchers and professors who require extensive, up-to-date 
literature reviews, instructive tables and fi gures, and excellent references on major aspects of gluta-
mine related to human health and disease. 

 The volume contains in-depth chapters that review the cellular and genetic aspects of glutamine’s 
actions. Relevant animal models are described that help us to better understand the tissue and organs 
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that are most affected by glutamine metabolism; both healthy and clinically relevant models are 
reviewed. The majority of the volume examines the importance of glutamine in patients as glutamine 
is considered a conditionally essential amino acid when the body is under the severe stress of sepsis, 
cancer, premature birth, and immunosuppression, as examples. It must be noted that this is the fi rst 
volume to be published for health professionals and advanced students that examines the biochemistry, 
clinical nutrition, and therapeutic aspects of glutamine. 

 The editors of this volume are experts in their respective fi elds and represent the medical profes-
sion as well as the academic research community. Dr. Rajkumar Rajendram is an intensive care physi-
cian, anesthetist, and perioperative physician. He was trained in general medicine and intensive 
care in Oxford, and he attained membership in the Royal College of Physicians (MRCP) in 2004. 
Dr. Rajendram then trained in anesthesia and intensive care in the Central School of Anesthesia, 
London Deanery and became a Fellow of the Royal College of Anaesthetists (FRCA) in 2009. He is 
one of the fi rst intensivists to become a Fellow of the Faculty of Intensive Care Medicine (FFICM). 
Dr. Rajendram recognized that nutritional support was a fundamental aspect of critical care and, as a 
visiting research Fellow in the Nutritional Sciences Research Division of King’s College London, he 
has published over 50 textbook chapters, review articles, peer-reviewed papers, and abstracts. 
Professor Victor Preedy is a senior member of King’s College London where he is a Professor of 
Nutritional Biochemistry and Professor of Clinical Biochemistry at King’s College Hospital. He is 
also Director of the Genomics Centre and a member of the School of Medicine. He is a member of the 
Royal College of Pathologists, a Fellow of the Society of Biology, the Royal College of Pathologists, 
the Royal Society for the Promotion of Health, the Royal Institute of Public Health, the Royal Society 
for Public Health, and in 2012 a Fellow of the Royal Society of Chemistry. Dr. Patel is a Senior 
Lecturer in Clinical Biochemistry at the University of Westminster and honorary Fellow at King’s 
College London. Dr. Patel obtained his degree in Pharmacology from the University of Portsmouth, 
his Ph.D. in protein metabolism from King’s College London, and completed postdoctoral research at 
Wake Forest University School of Medicine. Dr. Patel is a recognized leader in alcohol research and 
was involved in several NIH-funded biomedical grants related to alcoholic liver disease. Dr. Patel has 
edited biomedical books in the area of nutrition and health and disease prevention and has published 
over 160 articles. 

 The volume is organized into fi ve major sections.  Section One , containing ten related chapters, 
discusses the basic biochemical processes that involve glutamine at the cellular level and the physio-
logical functions as well as certain pathophysiological functions that have been identifi ed using ani-
mal models. The fi rst chapter provides a broad-based perspective on the functions of glutamine and 
its importance in serving as a major source of molecules used in the synthesis of other amino acids, 
proteins, and other complex molecules within the human body. Glutamine is a critical nutrient for all 
rapidly proliferating cells and growing tissues, including cancerous tissues. In addition to providing 
building blocks for immune and other proliferating cells, glutamine contributes to the maintenance of 
redox balance by providing reducing equivalents that are also necessary for the synthesis of fatty 
acids. The chapter also explores the potential uses of glutamine supplementation in cases where its 
synthesis is insuffi cient to maintain muscle mass. Tables and fi gures included describe major meta-
bolic cycles and the importance of glutamine as a source of nitrogen. The second chapter describes the 
molecules, at the cellular level, that are involved in the transport of glutamine in and out of cells. The 
authors focus mainly on the description of the functional properties of the physiologically important 
and Na+-dependent glutamine transporters belonging to the solute carrier 1 and SLC38 families. The 
chapter includes excellent fi gures and detailed descriptions of the regulation and the functional prop-
erties of the Sodium-Coupled Neutral Amino Acid Transporters (SNATs) of the SLC38 gene family 
that control infl ux and effl ux of glutamine from cells. 

 Another important function of glutamine is to serve as a precursor for the neurotransmitter gluta-
mate in the glutamate-glutamine cycle in the mammalian brain. This cycle is illustrated in the included 
fi gures that describe the brain cells and enzymes involved in this cycle. Chapter   3     examines the 
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glutamine- glutamate cycle in depth. In the central nervous system, glutamate is locally converted from 
glutamine, which is absorbed into the neurons and acts as a neurotransmitter. Glutamate is an important 
excitatory amino acid neurotransmitter in the brain. The authors of Chap.   3     describe the recent labora-
tory animal studies on the function of glutamine and glutamate as extracellular signal mediators in the 
autocrine and/or paracrine system of the endocrine tissues. Glutamine and glutamate have been shown 
to play a dual role as excitatory neurotransmitters in the central nervous system as well as extracellular 
signaling molecules in endocrine tissues such as the adrenal gland, pancreas, and testis and in the pitu-
itary gland. Specifi c models of in vitro and in vivo signaling of thyroid-stimulating hormone release 
from the pituitary gland provide a new avenue for exploring the role of glutamine in pituitary gland 
functions. Chapter   4     describes the central role of glutamine in the metabolism of cells of the immune 
system. Glutamine, in addition to glucose, is used as an energy source by immune cells especially when 
stimulated by antigens that trigger cellular proliferation. The cell culture studies that are reviewed 
clearly indicate the important roles of glutamine as an energy source as well as a precursor of the anti-
oxidant, glutathione, to protect immune and surrounding cells from oxidative damage. 

 The fi fth chapter examines the roles of the glutamine transaminases. The authors describe and 
include important fi gures to help the reader to visualize several glutaminase pathways and suggest that 
the glutaminase II pathway can provide metabolically critical molecules to epithelial cells in several 
tissues, including the brain (choroid plexus), prostate, bladder, and pancreas. Recent interest has 
focused on the glutaminase II pathway as it is found in a number of human cancer tissues; the pres-
ence of the glutaminase II pathway may be of fundamental importance in cancer biology. Given all of 
the metabolic pathways that involve glutamine, it is not surprising that the importance of glutamine 
for cancer cells is an area of intense research. Chapter   6     examines a glucose-independent, glutamine-
driven tricarboxylic acid cycle that serves as an alternative energy-generating pathway for the survival 
and growth of tumor cells despite hypoxic and nutrient-deprived microenvironments. Cell culture 
studies have documented that glutamine is a viable alternative source of energy for glucose-deprived 
cancer cells. New studies are looking at drug candidates that can disrupt cancer cell use of glutamine 
as an energy source. Chapter   7     describes the role of glutamine in the multiple metabolic pathways of 
breast tumor cells. Glutamine metabolism differs signifi cantly in basal compared to luminal breast 
cancer cells in that basal breast cancer cells require exogenous glutamine while luminal breast cancer 
cells are independent of exogenous glutamine. The chapter describes the metabolic differences 
between these two tumor cell types and suggests that these differences present therapeutic opportuni-
ties. Chapter   8     provides an historic perspective of the research to fi nd cancer drug candidates. Because 
glutamine is so central to normal cell function, there has been limited success in fi nding a drug candi-
date that provides an acceptable risk:benefi t ratio; however, research continues. Chapter   9     expands 
upon the role of glutamine in cancer cells by exploring the diagnostic potential of this activity to fi nd 
active sites of cancer cell metabolism. The authors indicate that since the 1950s, glutamine has been 
recognized as an important tumor nutrient that contributes to key metabolic processes in proliferating 
cancer cells. Glutamine participates in bioenergetics, supports cell defenses against oxidative stress, 
complements glucose metabolism, and is an obligate nitrogen donor for nucleotide and amino acid 
synthesis. Glutamine also infl uences a number of signaling pathways that contribute to tumor growth. 
The chapter reviews the mechanisms involved in using glutamine plus positron emission tomography 
(PET) imaging to describe the metabolic activities of cancer cells. 

 The fi nal chapter in the fi rst section reviews the alterations in glutamine metabolisms that occur 
during sepsis and septic shock that are seen in patients and can be best studied using animal models 
and cell cultures. Chapter   10     describes the cellular responses to bacterial infections in animal models 
exposed to endotoxins that can lead to sepsis, septic shock, and to multiple organ dysfunction syn-
drome. We learn that endotoxemia markedly modifi es glutamine metabolism in tissues with a decrease 
of intestinal glutamine uptake and metabolism, and a decrease in oxygen consumption. In skeletal 
muscle, endotoxemia increases endogenous glutamine synthesis and release resulting in a decrease in 
the muscle glutamine content. In lungs, endotoxemia results in a decrease of glutamine uptake with 
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increased endogenous glutamine synthesis and release. Supplementation with glutamine in its free 
form or in its dipeptide form resulted in a decrease in intestinal permeability and bacterial transloca-
tion and decreased intestinal infl ammation. In the lung, glutamine supplementation attenuated pulmo-
nary infl ammation and injury. The results of these studies have led to preliminary studies in patients 
with septic shock that are reviewed in the next section. 

  Section Two  contains eight chapters that review the use of glutamine in critically ill patients and in 
the diagnosis of the status of certain critically ill patients. The fi rst chapter in this section, Chap.   11    , 
examines the normal rate of glutamine turnover and the effects of critical illness on the turnover of 
glutamine. The total pool of free glutamine in the human body turns over every 24 h. The extracellular 
glutamine pool is approximately 2 g and it has a rapid turnover; the intracellular glutamine pool con-
tains more than 50 g and turns over more slowly. The author stresses the need for monitoring serum 
glutamine levels in critically ill patients especially when glutamine is provided either via the enteral 
or parenteral routes. Chapter   12     describes in detailed tables and fi gures the clinical studies using 
glutamine in the intensive care setting in surgical and critically ill patients. Although the laboratory 
animal data appear promising, current clinical data are not consistent and this may be due to the het-
erogeneity of the patient populations and their disease states, the lack of studies using pretreatment as 
used in laboratory animal studies, and differing doses and duration of treatments. Related to this 
chapter is the analysis of the use of glutamine in critically ill and less critically ill patients in intensive 
care units. Chapter   13     reviews the clinical studies that have examined the potential for glutamine 
supplementation to improve the outcomes of patients with multiple traumas. As with other chapters, 
these authors recommend the initiation of more well-controlled studies that can help to clarify the 
levels of benefi t. 

 Chapter   14     reviews the immune responses to sepsis and the use of glutamine containing enteral and 
parenteral preparations. The authors note that glutamine is of value to immune responses to infec-
tions, yet the patient intervention data are inconsistent. 

 Chapter   15     examines the potential roll of glutamine in preserving insulin sensitivity in critically ill 
patients. The authors explain that hyperglycemia is a key metabolic feature associated with the stress 
response in critically ill patients. The stress response causes an exaggerated production of catechol-
amines and cortisol that combined with the presence of infl ammatory cytokines results in insulin 
resistance. Stress hyperglycemia has been linked to poor outcomes, and the authors review the clinical 
studies that control high glucose levels using supplemental glutamine in the form of a dipeptide. They 
review the positive clinical data on the use of glutamine-enriched total parenteral nutrition in critically 
ill adult patients. Chapter   16     focuses on an in-depth review of the clinical data on the use of glutamine 
supplementation in critically ill adult patients in order to develop a rationale for glutamine use in criti-
cally ill children. In critically ill adults, plasma glutamine levels decrease quickly and signifi cantly, 
remaining low for up to 21 days, and are associated with increased morbidity and mortality. Data have 
consistently shown benefi ts of glutamine supplementation in this patient population, and these studies 
have resulted in the American Society of Parenteral and Enteral Nutrition (ASPEN) and the European 
Society of Enteral and Parenteral Nutrition (ESPEN) recommending that 0.3–0.5 g of glutamine/kg 
bw be added to parenteral nutrition in critically ill adults. The authors review the limited studies with 
preterm and very low birth weight infants who have been given glutamine and the studies in limited 
numbers of children with severe infections and illnesses and indicate that the fi ndings are inconsistent. 
Differing routes of administration, dose, degree of illness, and cause of childhood illnesses may be 
some of the reasons for the inconsistent fi ndings. Further clinical studies that are randomized and 
double blind, of suffi ciently long duration, and with a physiologically effi cacious dose of glutamine 
for preterm infants are recommended as a fi rst step in developing criteria for use in this patient popula-
tion that is known to be at signifi cant risk for sepsis and septic shock. 

 As mentioned above, in critically ill patients, glutamine is often given enterally and it is metabo-
lized mainly in the liver as a source of energy. Glutamine is also metabolized to glutamate and 
ammonia by the liver type of the mitochondrial enzyme glutaminase. It is critical to determine the 

Series Editor Page

http://dx.doi.org/10.1007/978-1-4939-1932-1_11
http://dx.doi.org/10.1007/978-1-4939-1932-1_12
http://dx.doi.org/10.1007/978-1-4939-1932-1_13
http://dx.doi.org/10.1007/978-1-4939-1932-1_14
http://dx.doi.org/10.1007/978-1-4939-1932-1_15
http://dx.doi.org/10.1007/978-1-4939-1932-1_16


xi

level of liver function especially in patients with liver cirrhosis. Chapter   17     describes a diagnostic 
test, the oral glutamine challenge, which is used to monitor liver function. The high protein meal that 
is used in this test induces an increase in blood ammonia in patients with cirrhosis but not in healthy 
controls or liver transplant patients. When the blood ammonia levels increase, it is transported to the 
central nervous system where ammonia may promote toxic effects including hepatic encephalopa-
thy. Of interest, the oral glutamine test is also used in drug development to assess the effect of new 
drugs on liver function. The fi nal chapter in this section, Chap.   18    , discusses the biochemical reac-
tions that result in ammonia formation in patients with hepatic encephalopathy, the effects on brain 
and other tissues, and the potential for glutamine supplementation to reduce certain of the adverse 
effects in these critically ill patients. 

  Section Three  contains six chapters that examine the interactions between glutamine and insulin. 
The fi rst chapter in this section, Chap.   19    , provides an overview of the molecular interactions required 
to affect insulin secretion. The chapter describes how the glutamine-glutamate-α-ketoglutarate axis 
regulates amino acid and glucose-stimulated insulin secretion based on studies of mouse models of 
congenital hyperinsulinism and studies of human islet cells. The importance of glutamine-stimulated 
insulin secretion is examined using several knock-out mouse models and cell culture studies that are 
explained in detail in the excellent fi gures in this chapter. Chapter   20     reviews the multifactorial nature 
of the metabolic syndrome and the role of glutamine and glutamate in its development and adverse 
health effects, especially cardiovascular disease. The authors indicate that the metabolic    syndrome is 
a complex disorder that can include highly related diseases such as type 2 diabetes, dyslipidemias, 
central obesity, arterial hypertension, nonalcoholic fatty liver disease (NAFLD), prothrombotic and 
proinfl ammatory states, and polycystic ovarian syndrome. The pathogenesis of the metabolic syn-
drome is linked to insulin resistance. The fi rst link between the metabolic syndrome and glutamine/
glutamate is the fi nding of signifi cantly higher concentrations of serum glutamate in obese patients 
compared to normal weight, age and sex-matched individuals. Newer data linking genetic mutations 
resulting in enzyme changes has shown that an enzyme, glutamate decarboxylase 1, acts as an auto-
antigen in insulin-dependent diabetes. Excellent tables and fi gures help to illustrate the candidate 
genes and their interactions in the development and progression of the metabolic syndrome. The next 
chapter (Chap.   21    ) examines the functions of glutamine that are related to insulin and glucose 
responses to food intake. Low serum glutamine concentrations have been documented in individuals 
with impaired fasting glucose and impaired glucose tolerance and in type 2 diabetes patients. Large 
cohort studies have reported that low circulating glutamine levels predict type 2 diabetes incidence. 
The chapter reviews the clinical studies that found a benefi cial reduction in gastric emptying when 
glutamine was given as a supplement with a meal. 

 The next three chapters examine the potential for glutamine to improve the overall metabolic status 
of patients undergoing surgery. Chapter   22     describes the unique circumstances of repair of the con-
genital defect, cleft lip, and the surgery’s effects on glycemic control. The authors describe their 
blinded clinical study in age and defect-matched boys who were given glutamine parenterally prior to 
and during surgery or placebo and the supplemented group was found to have signifi cantly better 
glycemic control and less stress responses following surgery. The authors of Chap.   23     also report on 
the results of their blinded intervention study in a cohort of moderately malnourished adults who are 
scheduled for gastric surgery. Three groups were identifi ed prospectively. One group got parenteral 
glutamine in the postoperative period; another got parenteral glutamine both preoperatively and post-
operatively. The third group got no additional glutamine. The authors report that the group that had 
both doses of glutamine had a trend of fewer admissions to intensive care and reduced duration of 
parenteral nutrition following surgery. The incidence of hyperglycemia was lowest in this supple-
mented group. Chapter   24     describes the serious adverse effects of diabetes that can result in diabetic 
foot ulcers. Ulcers affecting the lower limbs of diabetics are among the most frequent and costly clini-
cal complications of the disease. The authors describe recent studies using a glutamine-containing 
supplement in diabetic patients with foot ulcer wounds and found enhanced healing and greater 
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collagen formation. These preliminary studies add to the need for further data on glutamine use in 
patients undergoing surgical procedures and wound healing. 

  Section Four  includes fi ve chapters that provide the reader with basic information on the role of 
glutamine in maintaining the integrity of the intestinal wall, a review of the models used to examine 
the effects of a breach in the intestinal wall, and the importance of glutamine. We learn that entero-
cytes prefer glutamine as a source of energy, but these cells lack the capacity to synthesize glutamine. 
Glutamine is essential in maintaining gastrointestinal structure and barrier function. In vitro studies 
using cell monolayers demonstrated a direct infl uence of glutamine on tight junction integrity in the 
intestinal epithelium. Chapter   25     includes useful fi gures that describe cellular and laboratory studies 
that show the importance of glutamine in the intestine. The next, related chapter (Chap.   26    ) examines 
the importance of glutamine in animal models of colitis. The author explains that infl ammatory bowel 
disease (IBD) is an idiopathic chronic condition of the gastrointestinal tract characterized by intermit-
tent periods of infl ammation and remission. The pathogenesis of IBD includes interactions between 
genetic, enteric microbiota, environmental, and immunological factors. The anti-infl ammatory and 
immunoenhancing functions of glutamine have led to its use in animal models of this complex dis-
ease. Although benefi ts have been seen in animal  models, there have not been consistent improve-
ments in clinical trials. 

 There is a unique chapter that explores the effects of  Helicobacter pylori  infection in the GI tract 
and the potential for adverse effects in infected patients if they are treated with glutamine. Chapter   27     
examines the interplay between the effects of  H. pylori  on the GI tract’s metabolism, the fi nding that 
 H. pylori  can use glutamine as an energy source and that glutamine supplementation in  H. pylori  
models actually enhanced infl ammation, most likely by enhancing the production of ammonia. 
Obviously, in vitro and laboratory animal models were of great value in determining the potential for 
harm in supplementing patients with glutamine as a therapy for  H. pylori  infection. 

 As indicated above, preterm infants are at risk for glutamine and other amino acid defi ciencies as 
the placenta is no longer supplying amino acids and the stressed preterm infant may not be able to 
synthesize suffi cient glutamine and/or arginine. The next chapter examines the serious effects of 
intestinal dysfunction and the role of glutamine and arginine in the preterm infant and term infant. 
Chapter   28     reviews the laboratory animal studies that suggest a potential use of arginine, glutamine, 
and arginyl-glutamine (Arg-Gln) dipeptide to prevent and treat small intestinal hypoxic injury in pedi-
atric patients especially in neonates. The fi nal chapter (Chap.   29    ) reviews the effects of sepsis on 
glutamine metabolism and the use of glutamine by intestinal cells as a source of energy. Intestinal 
microcirculatory dysfunction is a key factor in the development of sepsis. Proposed mechanisms by 
which glutamine benefi cially affects intestinal microcirculation include maintenance of functional 
capillary density, microvascular integrity, enhancement of leukocyte rolling, and adherence to intesti-
nal microcirculation. Glutamine also infl uences the expression of adhesion molecules, and production 
of cytokines, the reduction of oxidation stress and nitric oxide-related mechanisms, heat shock pro-
teins, and other effectors. The authors agree with other chapter authors that glutamine should be 
examined as a therapeutic strategy for patients with sepsis under controlled conditions. 

 The last section in the volume,  Section Five , includes 11 chapters that examine a number of clinical 
conditions, most of which either have been shown to benefi t from glutamine supplementation or are a 
consequence of disruption in glutamine metabolism. The fi rst three chapters examine the importance 
of glutamine in the human brain and the adverse consequences to disruption in normal glutamine 
levels. The fi rst chapter (Chap.   30    ) describes the interactions between glutamine and manganese. 
Manganese is an essential mineral and is found in the active site of several metalloenzymes including 
glutamine synthetase. However, chronic exposure to high levels of manganese can be toxic and result 
in a neurological disorder, referred to as manganism. The authors explain that exposure to high levels 
may be from consumption of well water containing high levels of the metal, exposure to a fuel addi-
tive used in some unleaded gasolines, exposure to organic manganese- containing pesticides, occupa-
tional exposure of miners, battery manufacturers, automotive repair technicians, and others. 
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Manganism is characterized by neuropsychiatric symptoms resembling those observed in idiopathic 
Parkinson’s disease including hypokinesia, rigidity and tremor, postural instability, dystonia and bra-
dykinesia, micrographia, mask-like facial expression, and speech disturbances. Manganese competes 
with glutamine for entry into brain cells. Manganese toxicity is associated with the disruption of 
glutamine and glutamate transport in astrocytes and can result in glutamine- mediated neurotoxicity. 
Chapter   31     reviews the importance of glutamine in the glutamine-glutamate-GABA cycle in the brain, 
which controls the balance between the excitatory and inhibitory nerve transmission. This chapter 
focuses on the association between the disruption of the cycle and resultant seizures or epilepsy. 
Epileptic seizures result from abnormal, excessive neuronal activity in the brain that may be due to the 
imbalance between excitability and inhibition in neurotransmission. There are data that suggest that 
in the epileptic brain, there is a lower than normal concentration of glutamine that appears to be linked 
to decreased functioning of glutamine synthetase. It is not clear at present whether glutamine supple-
mentation would be of help in epilepsy. Chapter   32     describes the consequences of a unique congenital 
genetic defect that results in the lack of the enzyme glutamine synthetase that is often associated with 
fetal and early neonatal death. One case is described in an infant who suffered from neonatal onset 
severe epileptic encephalopathy and was entered into a clinical case study. Fortunately, when gluta-
mine supplementation was provided, it resulted in relatively benefi cial effects on patient alertness and 
reduced several but not all of the adverse brain effects. 

 Chapter   33     describes the oxidative damage associated with HIV infection and their current drug treat-
ments. The link with glutamine is through glutamate as this amino acid is required for glutathione syn-
thesis. Glutathione is a major antioxidant and treated HIV patients have signifi cantly lower glutathione 
levels than non-HIV infected individuals. Glutathione ( L -y-glutamyl- l   -cysteinyl- glycine) is the major 
intracellular water-soluble antioxidant involved in metabolic processes and cell viability. Glutamine 
supplementation signifi cantly increased glutathione concentrations in a clinical study with treated HIV 
patients, and the authors found that glutamine supplementation not only increased glutamate levels but 
also contributed to increasing cysteine and glycine through alterations in their metabolism. 

 Two chapters examine the impact of glutamine status on the oxidative tissue damage that is a con-
sequence of ischemia/reperfusion injury. Chapter   34     reviews the model systems that strongly suggest 
that end-stage renal disease patients who are candidates for kidney transplant should be given gluta-
mine supplementation prior to surgery. The models predict that supplementation results in an increase 
in glutathione levels that would be of value during the expected ischemia/reperfusion associated with 
kidney transplant. Also, as it is well accepted that the kidney that is to be transplanted is exposed to 
ischemia when removed from the donor, followed by reperfusion when it is transplanted. Thus, the 
kidney may also benefi t by being bathed with a solution containing glutamine. Chapter   35     expands 
upon the data discussed in the previous chapter and describes the effects of ischemia/reperfusion (I/R) 
injury and its consequences in other tissues and organs. Intestinal I/R injury occurs in a variety of 
clinical settings. Intestinal ischemia/reperfusion can result from many causes including major trauma, 
hemorrhage, small bowel transplantation, superior mesenteric artery and vein thrombosis, acute pan-
creatitis, sepsis, cardiopulmonary bypass, and burn injuries. The injury leads to the generation of 
infl ammatory factors, release of cytotoxic substances, activation of pathologic enzymes, and activa-
tion of immune cells in the intestine. These changes can result in intestinal mucosal injury, enhanced 
intestinal permeability, and infl ammation, leading to gut dysfunction or even multiple organ dysfunc-
tion syndrome. The chapter includes discussions of injury to the liver, heart, brain, and kidney. Animal 
model research is critical to achieving the maximum benefi cial effect of glutamine as the delivery 
route, dose, and timing need to be optimized for each organ system and each patient population. 

 As reviewed in earlier chapters, cancer cells utilize glutamine as an energy source and for the syn-
thesis of molecules that have adverse effects on many tissues and organs within the body. The next 
two chapters look at some of these adverse effects to determine the potential for balancing the risk/
benefi ts of glutamine supplementation for cancer patients. Chapter   36     describes in detail the mecha-
nisms by which tumor cells downregulate immune cells through the synthesis of cytokines and 
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altering receptors so that immune cells that would kill tumor cells can no longer function. In cell 
culture and laboratory animal studies, depletion of glutamine from culture media benefi ts immune 
cells and reduces the function of tumor cells. Yet, the potential to reduce systemic glutamine levels has 
not proven to be effi cacious, and the more favorable targeting of intracellular glutamine is considered 
a more viable research focus. Chapter   37    , in contrast, reviews the potential for glutamine supplemen-
tation to improve the muscle functions of patients with cancer cachexia so that they can benefi t physi-
cally and emotionally from an exercise program. We learn that cachexia is characterized by involuntary 
body weight loss due to the cancer’s production of cytokines that result in deep lean body mass loss 
and decreased fat stores and accounts for over 20 % of all cancer deaths. In the hypercatabolic state 
seen in cancer patients, where a negative nitrogen balance and increased muscle breakdown occur, 
glutamine demand increases, resulting in a signifi cant reduction in plasma levels. The authors review 
the biochemical changes associated with cancer cachexia and conclude that in the cancer catabolic 
state, glutamine nutritional supplementation and exercise as adjuvant therapy can improve patient 
response, quality of life, and survival. 

 Two chapters continue the examination of the role of glutamine in muscle under varying physio-
logical and pathological conditions. Chapter   38     reviews the effects of exercise as well as certain dis-
ease states on muscle use of glutamine. Muscle glutamine metabolism can be altered in a number of 
catabolic conditions, including cancer, sepsis, diabetes, and/or prolonged or exhausting physical exer-
cise. Serious muscle damage and catabolism lead to the activation of local and acute infl ammatory 
response. These processes increase the cell consumption of glutamine, promoting the imbalance of 
the synthesis and degradation of this amino acid. The reduction of glutamine and the increased infl am-
matory response increase protein breakdown, which can reduce the cell antioxidant concentrations 
and promote immunosuppression. The authors note that in athletes, glutamine supplementation may 
not prevent the infl ammatory response and muscle damage or enhance performance, but may help the 
recovery of cells, including skeletal muscle. Chapter   39     discusses the substance that causes muscle 
wasting and how glutamine can affect this process. Myostatin is the negative regulator of muscle mass 
and its overexpression results in muscle atrophy. The authors explain that high myostatin circulating 
levels have been associated with weight loss in patients with AIDS, in the sarcopenia of aging, in 
atrophy due to muscle denervation or disuse, as well as in cancer patients as discussed above. Cell 
culture and laboratory animal studies suggest that glutamine supplementation can reduce levels of 
myostatin in a number of model systems. As with many of the clinically relevant outcomes discussed 
throughout this important volume, the preclinical fi ndings consistently point to the potential for glu-
tamine supplementation to either reduce the adverse effect or, in some instances, improve clinical 
outcomes. The fi nal chapter in this comprehensive, clinically relevant volume provides a wealth of 
information on web-based resources and suggested readings for the health provider interested in the 
myriad of data concerning glutamine’s role in human physiology and pathology. 

 The above description of the contents of the 40 chapters in this volume attest to the depth of infor-
mation currently available concerning the central role of glutamine in maintaining the health of the 
individual as well as providing benefi ts as a supplement for certain patient populations. Each chapter 
includes Key Points, Keywords, and complete defi nitions of terms with the abbreviations fully defi ned 
for the reader and consistent use of terms between chapters. Key features of this comprehensive volume 
includes over 200 detailed tables and informative fi gures, an extensive, detailed index, and more than 
1,800 up-to-date references that provide the reader with excellent sources of worthwhile information. 

 In conclusion,  Glutamine in Clinical Nutrition , edited    by Rajkumar Rajendram, Victor R. Preedy, 
and Vinood B. Patel, provides health professionals in many areas of research and practice with the 
most up-to-date, well- referenced volume on the importance of glutamine in maintaining the overall 
health of the individual as well as serving as a critical source of energy and precursor of other amino 
acids and glutathione that are especially critical in the disease conditions discussed in the chapters. 
This unique volume will serve the reader as the benchmark in this complex area of interrelationships 
between nonessential and conditionally essential amino acid functions and the unique role of 
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glutamine specifi cally in the synthesis of brain neurotransmitters, collagen formation, insulin and 
glucose modulation, and the functioning of all organ systems that are involved in the maintenance of 
the body’s metabolic integrity. Moreover, the physiological, genetic, and pathological interactions 
between plasma levels of glutamine, glutamate, and related nonessential amino acids that are synthe-
sized through glutamine metabolism are clearly delineated in clear and useful tables and fi gures so 
that students as well as practitioners can better understand the complexities of these interactions. 
Unique chapters examine the effects of glutamine status that can be signifi cantly altered by the effects 
of genetic mutations. Chapters review the consequences of these mutations from prepregnancy, during 
fetal development, in the neonate and infancy. The editors are applauded for their efforts to develop 
the most authoritative and unique resource on the role of glutamine in health and disease to date, and 
this excellent text is a very welcome addition to the Nutrition and Health Series.  

     Adrianne     Bendich, Ph.D., F.A.C.N., F.A.S.N.     
Series Editor
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    Chapter 1   
 Glutamine Structure and Function: A Starter Pack 

           Peter     B.     Soeters     

        P.  B.   Soeters ,  M.D., Ph.D.      (*) 
  Maastricht University Medical Center ,   Lanaken ,  Belgium   
 e-mail: pb.soeters@maastrichtuniversity.nl  

   Key Points 

•     The main function of glutamine is to support cell proliferation in all situations where proliferation 
is enhanced (infl ammatory states, growth). Another important function is to produce NADPH in 
the fi rst steps of glutamine breakdown, which serves to maintain the redox state.  

•   Glutamine is an anaplerotic substrate. Its breakdown yields glutamic acid and subsequently 
α-oxoglutarate, which replenishes intermediates of the Krebs-cycle that can branch off at several 
sites and deliver building stones for cells and matrix.  

•   In addition to the utilization of the carbon skeleton, the two nitrogen atoms are also utilized for the 
synthesis of purines and pyrimidines. Other important products are proline, aspartic acid and other 
nonessential amino acids.  

•   When cell proliferation and wound healing are required, glutamine is furnished by increased syn-
thesis in peripheral tissues (mainly muscle). Precursors are glucose and glutamic acid, derived 
from carbon skeletons and amino groups of amino acids and synthesized in the liver. Branched 
chain amino acids in peripheral tissues supply amino groups for glutamine synthesis.  

•   The net release of glutamine from peripheral tissues is in principle the best indicator of an adequate 
supply of glutamine, but has not consistently been measured and related to outcome.  

•   In severe liver failure peripheral release of glutamine fails to be metabolized by these organs, 
 leading to pathologically elevated levels.  

•   Especially parenterally administered glutamine(peptide) enriched amino acid mixtures have ben-
efi cial effects on infections and bowel integrity in infl ammatory states of long duration. In view 
of the maximal production rate of approximately 30 g/24 h in sepsis, dosages administered above 
this level are pharmacological and may be deleterious in patients with primary or secondary liver 
failure.    
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    Abbreviations 

    ICW    Intracellular water   
  AIDS    Acquired immunodefi ciency syndrome   
  NIDDM    Non-insulin-dependent diabetes mellitus   
  Rd    Rate of disposal   
  Ra    Rate of disappearance   
  NADPH    Reduced nicotinamide adenine diphosphate   
  NH 3     Ammonia   

       Introduction 

 The important role of glutamine in metabolism has been appreciated since more than 40 years [ 1 – 4 ]. 
In the early seventies the focus was mainly on glutamine utilization in the intestine (in cell cultures, 
in vivo and in the isolated vascularly perfused rat intestine), showing that glutamine is taken up by the 
intestine in far higher quantities than other amino acids. Its carbon is partly incorporated in tissue 
insoluble material, CO 2 , citrulline, proline, and organic acids (lactic acid and citric acid). The nitrogen 
appeared largely in citrulline, alanine, ammonia, and proline. Nitrogen appearing in cell components 
(tissue insoluble material, e.g., protein, nucleotides) was not specifi ed. The proximal small intestine 
accounted for most of the glutamine uptake and consequently for most of the ammonia release. 
Decades earlier, ammonia was proposed to cause hepatic encephalopathy, and systemic hyperammo-
nemia was mainly ascribed to ammonia generated in the colon by bacterial degradation of urea and 
amino acids. This ammonia could escape hepatic detoxifi cation by shunting of portal blood around 
the liver through collaterals (varices) formed as a consequence of portal hypertension due to liver cir-
rhosis or presinusoidal inhibition of portal fl ow. Consequently patients with hepatic failure and 
encephalopathy were treated with antibiotics and protein restriction. In the eighties, it became clear 
that ammonia formation largely occurs in the jejunum due to glutamine breakdown, which is not 
directly infl uenced by antibiotics. At the same time also immunocytes were found to metabolize sub-
stantial amounts of glutamine in vitro [ 4 ]. To acquire maximal proliferation rates in culture all cell 
types require, apart from other components in the medium in lower concentrations, glutamine and 
glucose, which in the absence of other oxidizable substrate were found to be partly oxidized but also 
to deliver the components earlier described. 

 In other studies incubations with whole muscle led to a catabolic state delivering amino acids into 
the medium but especially glutamine and alanine in larger quantities than their presence in muscle 
protein [ 5 ]. This implies that these two amino acids must have been newly produced. Later experi-
ments in vivo demonstrated that glutamine and alanine production in muscle was greatly enhanced 
after any stressful event (trauma, endotoxin challenge, cecal ligation and puncture, burns) and this was 
found even earlier in vivo when measuring net arteriovenous release of amino acids across extremities 
in septic patients [ 6 ]. These fi ndings led to the hypothesis that in stressful or/and malnourished states 
glutamine is lacking and that supplementation of glutamine improves the response to stress/trauma, 
etc. [ 7 ,  8 ] Benefi t was considered to be especially achievable in the intestine. 

 The hypothesis was supported by low plasma and tissue levels of glutamine, found in critically 
ill patients and considered to indicate glutamine defi ciency [ 9 ]. Basic research and clinical applica-
tion of modulated nutritional formulas have simultaneously been undertaken before metabolism 
had been clearly defi ned and shortages confi rmed. Still today modulated feeds are administered 
without full knowledge of their metabolism. In several publications, the benefi t of the supplementa-
tion of glutamine has been postulated to result from different mechanisms without apparent 
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connection and without trying to outline the central role of glutamine in intermediate metabolism 
(Table  1.1 ) [ 10 ]. In this chapter we describe the role of glutamine in intermediary metabolism in 
health and disease, the likelihood that its production may be defi cient and how to assess this, and 
situations in which supplementation with glutamine may be benefi cial, how much should be supple-
mented, and in what manner.

       Glutamine as a Universal Precursor in Intermediary Metabolism 

 In this section we describe the central role, played by glutamine, in intermediary metabolism, deliver-
ing carbon skeletons and nitrogen containing molecules to support the synthesis of cells and matrix in 
trauma and disease. 

 Glutamine (Fig.  1.1 ) is readily transported into cells and deamidated in several tissues (intestine, 
spleen, immune cells, kidney) to yield glutamate and NH 3 . Glutamate in turn is either transformed to 
α-ketoglutarate by means of its dehydrogenase or transaminated to equally yield α-ketoglutarate, 
which serves as an intermediate in the Krebs cycle. In this way, glutamine and glutamic acid (together 
with glucose) serve as anaplerotic substrates, replenishing Krebs-cycle intermediates in proliferating 
tissues (Fig.  1.2 ). In these tissues, the intermediates are only partly regenerated as would happen when 
the Krebs cycle would exclusively operate to oxidize acetyl-coA, because intermediates branch off at 
several sites to provide substances supporting cell proliferation in the immune response, wound repair, 
and growth, and to maintain redox balance. This is called cataplerosis (Fig.  1.3 ).    

 In starvation combined with stress (disease, trauma, infection) peripheral tissues (predominantly 
muscle) become catabolic, implying that protein synthesis is lower than degradation (Fig.  1.4 ). The 
resulting amino acids are released in the circulation. A large proportion of these amino acids is taken 
up by the liver, producing substantial amounts of glucose, glutamic acid, acute phase proteins, and 
other products in lower quantities (Figs.  1.5  and  1.6 ). Glucose and glutamic acid are in turn released 
into the circulation, and are, besides fatty acids, which largely function as fuel, the only substances 
taken up in peripheral tissues, (skin, adipose tissue, bone but predominantly muscle) in stressed condi-
tions. There they donate their carbon skeletons and amino groups to form glutamine, glycine, alanine, 

    Table 1.1    Proposed roles of glutamine in stressed states (infection, trauma, 
infl ammation, growth)   

 Proposed roles of glutamine in stress/trauma/infection 

 Adapted from Wischmeyer [ 10 ] 
 Tissue protection 
   Enhanced heat shock protein expression 
   Antiapoptotic effect 
   Fuel source for epithelial cells 
 Anti-infl ammatory 
   Attenuation of NF-κB/stress kinase activation 
   Enhanced peroxisome proliferator- activated receptor-γ activation 
   Attenuation of cytokine expression 
 Preservation of tissue metabolic function in stress states 
   Preservation of ATP levels following sepsis and ischemia/reperfusion 
   Preservation of mitochondrial function 
 Antioxidant/attenuation of inducible nitric oxide synthase expression 
   Enhanced glutathione levels following stress 
   Attenuation of iNOS synthase activation in sepsis and ischemia/reperfusion 
   Reduction of oxidant stress 
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and proline in far higher amounts than the quantities present in muscle protein and released after net 
protein degradation [ 11 ]. Which carbon skeleton and which nitrogen ends up where is not exactly 
specifi ed in vivo in humans but may be estimated on a stoichiometric basis. The amino group of glu-
tamate and branched chain amino acids supplies most of the amino-nitrogen of glycine, alanine, and 
proline. Glutamine is produced partly from amidation of glutamic acid by ammonia derived from 
purine metabolism or/and taken up from the circulation, partly from transamination and subsequent 
amidation of glucose derived α-oxoglutarate. Alanine, produced in muscle after transamination of 
glucose derived pyruvate and the amino group of glutamic acid, is the major gluconeogenic amino 

  Fig. 1.1    Structure formula of glutamine. The formula shows the ionization at neutral pH (7.0). The part of the molecule 
inside the  blue box  shows the “R-group” responsible for the specifi c properties of the amino acid. The part outside the 
box is common to all amino acids (adapted from Lehninger. Principles of Biochemistry. D.L. Nelson, M.M.Cox. 
Publisher W.H. Freeman and Company. New York, USA, 2005)       

  Fig. 1.2    Proliferating cells/growing tissues.  Anaplerosis.  Anaplerosis in activated immune cells and cells in growing 
tissues. Glutamine, glutamate, and glucose are the main anaplerotic substrates in activated/proliferating cells. Other 
amino acids probably have a minor role in anaplerosis and are preferentially used in protein synthesis. Complete oxida-
tion of glucose and glutamine is inhibited. Acetyl-coA introduced in the TCA cycle is largely derived from fatty acids 
and ketone bodies and little from amino acids. Glutamine and glucose furnish little acetyl-coA (see block at pyruvate 
dehydrogenase step)       

 

 

P.B. Soeters



  Fig. 1.3    Proliferating cells/growing tissues.  Cataplerosis.  Cataplerosis in activated immune cells and cells in growing 
tissues. Cataplerosis furnishes acetyl-coA for FA and sterol synthesis, NADPH in the malate-pyruvate cycle, glutamate 
for the synthesis of purines, aspartate for pyrimidines. Pyruvate is partly transaminated with glutamic acid to yield 
alanine (not shown). It is not exactly known how many and which intermediates are cataplerotically transaminated with 
glutamic acid to yield other non-essential amino acids. Glycolysis furnishes lactate. Lactate and alanine are exported 
and can serve as precursors of gluconeogenesis in liver and kidney       

  Fig. 1.4    Multicatheterized 
pig model of sepsis (after 
24-h endotoxin infusion) 
[ 11 ].  Upper panel : Disposal 
(protein synthesis) and 
production (protein degrada-
tion) of phenylalanine in 
muscle of pigs 24 h after an 
endotoxin challenge.  Lower 
panel : Disposal (protein 
synthesis) and production 
(protein degradation) of 
phenylalanine, corrected for 
oxidation in liver of pigs 24 h 
after an endotoxin challenge. 
The net balance represents 
the release of amino acids in 
the hindquarter and uptake in 
the liver. (Figure adapted 
from data in Bruins MJ et al, 
Clin Sci (Lond). 2003 
Feb;104(2):127–41. PubMed 
PMID: 12546635 with 
permission [ 11 ])       
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acid in the liver, in addition producing urea or donating its amino group to α-oxoglutarate, forming 
glutamic acid. Another major substrate for hepatic glucose formation is lactate, accounting for less 
than 50 % of the products of glucose breakdown in peripheral tissues and in a variable rate in rapidly 
proliferating cells in the stress response (Cori cycling) (Fig.  1.6 ). The complex cycling of glucose 
and  amino acids across several organs is an example of many of the metabolic processes in the body. 
It ensures continuous availability of necessary substrates and allows instantaneous regulation. Glucose 
and ammonia formation in the kidney with glutamine as substrate is part of this cycling and probably 
serves in the kidney to excrete superfl uous nitrogen, to preserve anaplerotic substrate and to maintain 
acid base balance. Accelerated gluconeogenesis in liver and kidney is necessarily accompanied by 

  Fig. 1.5    Fluxes of glutamic acid, glutamine, and alanine between liver, muscle, and intestine [ 11 ]. Fluxes of glutamate 
(GLU), glutamine (GLN), and alanine (ALA) between liver, muscle, and portal-drained viscera after a 24-h infusion of 
( a ) saline or ( b ) endotoxin. Release of other amino acids by muscle and intestine and uptake by liver are not shown. The 
release of glutamic acid by the liver should be emphasized, because it is utilized in peripheral tissues to furnish building 
blocks for rapidly proliferating cells (fi gures reproduced from Bruins MJ et al. Clin Sci (Lond). 2003 Feb;104(2):
127–41. PubMed PMID: 12546635 with permission [ 11 ])       

  Fig. 1.6    Fluxes of glucose and lactate between liver, muscle and intestine [ 11 ]. Fluxes of glucose (GLC) and lactate 
(LAC) between liver, muscle and portal-drained viscera after a 24-h infusion of (A) saline or (B) endotoxin. Fluxes are 
given as μmol/minute/kg bodyweight (fi gures reproduced from Bruins MJ et al, Clin Sci (Lond). 2003 Feb;104(2):
127–41. PubMed PMID: 12546635 with permission [ 11 ])       
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increased urea and ammonia production, respectively. Not only peripheral tissues are catabolic, but 
the anabolic synthesis of immune cells, wound cells, matrix, etc. does not match peripheral nitrogen 
losses, so that in stress situations there is net nitrogen loss in the whole body. Hepatic glutamic acid 
production in (stress-) starvation can be considered to be a nitrogen sparing mechanism, but hepatic 
amino acid induced gluconeogenesis inevitably is accompanied to some degree by urea formation, 
although this is very low in pure starvation, when, in contradistinction with stress starvation, gluco-
neogenesis largely occurs in the kidney, utilizing mainly glutamine and producing ammonia, which is 
partly excreted in the urine.    

 Altogether in stress situations muscle in collaboration with the liver releases high quantities of 
glutamine, glycine, proline, alanine, and lower quantities of the remaining 16 amino acids present in 
muscle protein [ 11 ]. These processes increase quantitatively when the infl ammatory response or 
growth rates are stronger. Muscle catabolism therefore plays a useful adaptive role in host response 
and inhibiting this response may be deleterious but cannot or only modestly be accomplished by 
nutritional means. Supplementation with glutamine-enriched parenteral nutrition increases the total 
appearance in plasma although endogenous glutamine (and alanine) production in peripheral tissues 
continues [ 12 ]. Metabolism in the liver is complex because, in addition to its role in intermediary 
metabolism, the liver has an important immune function, producing immune cells and proteins, active 
in host response. 

 It is noteworthy that matrix (collagen), comprising at least a quart of the solids in peripheral tis-
sues, contains high amounts of alanine, glycine, and proline and that it is synthesized during tissue 
formation and wound healing. The degree with which its catabolism in peripheral tissues contributes 
to the amino acid mix that is released in the circulation is probably modest, because turnover of col-
lagen is low, possibly with the exception of a small more rapidly turning over pool [ 13 ]. 

 In the tissues responsible for host response and growth, besides glucose (via pyruvate carboxyl-
ase), glutamine (via glutamic acid), and to a lesser degree other glucogenic amino acids are taken up 
as anaplerotic substrate (Fig.  1.2 ), furnishing the carbon for purines, pyrimidines, sterols, and fatty 
acid synthesis (Fig.  1.3 ). In addition both nitrogens of glutamine are built into pyrimidines (via 
aspartic acid) and purines. Furthermore glutamine yields substantial amounts of proline used in col-
lagen synthesis especially in growing states and in (wound) healing. Glycine is produced in high 
quantities via 3-phosphoglycerate (branching off from glycolysis) via serine formation and also 
provides nitrogen for pyrimidine synthesis. Another role of the high production rate of glycine in 
peripheral tissues consists of, together with alanine-, glutamine-, and glutamine-derived proline, the 
synthesizing collagen, because these amino acids are present in collagen in far higher amounts than 
in myofi brillar protein. 

 In addition to the production of nucleic acids, rapidly proliferating cells take up a normal amino acid 
mix for protein synthesis and cover their energy requirements to a limited degree by glycolysis, partial 
oxidation of glucose (6- to 5-carbon) in the pentose phosphate pathway and of glutamine in the step 
from α-oxoglutarate to succinyl-coA (5- to 4- carbon). Contrary to general belief more recent literature 
supports fatty acid oxidation as a main source of energy in rapidly proliferating cells (especially 
reported in cancer [ 14 ] and pregnancy [ 15 ]) whereas glucose oxidation via pyruvate - dehydrogenase 
and the formation of acetyl-coA oxidized in the Krebs cycle is substantially inhibited [ 16 ]. This is sup-
ported by a simple calculation that in stress starvation or in starving cancer patients a net loss of 14 g 
of nitrogen/24 hours, excreted in the urine, refl ects a protein loss of approximately 87 g, yielding 45 g 
of glucose (nitrogen should be subtracted and not all amino acids are glucogenic), assuming that this 
nitrogen is largely derived from amino acids. Forty-fi ve grams of glucose together with maximally 10 g 
of glycerol derived glucose would cover less than half of energy requirements of the brain, if fully 
oxidized, but even this is unlikely because of the role of glucose in proliferative pathways. These 
changes in metabolism constitute the hallmark of insulin resistance, inhibiting glucose oxidation and 
promoting Cori-cycling (glucose-pyruvate/lactate-glucose) and pentose phosphate pathway fl ux [ 17 ]. 
Therefore fatty acid oxidation must provide most of the energy (90 %) in stress starvation. 
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 Importantly in the breakdown of glutamine NADPH is produced. Outside the mitochondrion, 
 glucose yields NADPH in the fi rst two steps of the pentose phosphate pathway and inside the mito-
chondrion in several pathways, the most important ones probably being the isocitrate-dehydrogenase 
pathway and the conversion of glutamine via glutamic acid to α-oxoglutarate. NADPH is crucial in 
maintaining redox balance (e.g., reducing oxidized glutathione and proteins), supporting fatty acid 
synthesis, cholesterol and other components and allowing an oxidative burst of macrophages in deal-
ing with debris and microorganisms. 

 Why are even in vitro specifi cally glucose and glutamine necessary to allow rapid cell prolifera-
tion? [ 4 ,  18 ] 

 In vivo small bowel enterocytes rely to a substantial degree on glucose and glutamine to maintain 
their integrity [ 19 ]. Newsholme suggested that the specifi c need for glutamine and glucose in immune 
cells (probably all rapidly proliferating cells; see above) arises from the need to produce NADPH 
[ 20 ]. In addition, glutamine is very suitable for cell proliferation because it is abundantly present in 
the body and can function as an anaplerotic substrate for the Krebs cycle, delivering α-oxoglutarate. 
All subsequent intermediates can branch off and deliver other substrates for further processing to 
produce for instance nonessential amino acids. Glutamine is therefore a universal precursor of the 
carbon of many cell elements, and contains two nitrogen atoms, both of which can be utilized for the 
synthesis of the bases of nucleic acids and the amino nitrogen also playing an important role in trans-
amination reactions. 

 The described traffi cking of glutamine between organs plays another role. In the fi rst step of the 
degradation of glutamine NH 3  is generated, which has toxic effects on the brain if it reaches the cir-
culation in large amounts. The glutamine that is metabolized in tissues for other purposes (e.g., 
cycling) than its incorporation in protein, predominantly yields NH 3  in the fi rst degradation step. 
These tissues are anatomically located in such a way that the NH 3  that is released is immediately 
scavenged. This applies to the intestine, producing substantial amounts of ammonia in the jejunum 
and via bacterial action in the colon, which is metabolized by the liver. The kidney also produces 
ammonia which is partly excreted in the urine and partly released in the systemic circulation, where 
it may reach the brain but to an even higher degree peripheral tissues (muscle, adipose tissue) where 
it may provide some of the amide-nitrogen for the synthesis of glutamine, binding toxic NH 3 . After 
synthesis glutamine can be released in the systemic circulation, where glutamine serves as a non-toxic 
nitrogen carrier despite present in far higher concentrations than any other amino acid. 

 It has been suggested that supplementation with glutamine may increase glutathione synthesis (via 
glutamic acid). The evidence put forward is not very convincing. Even more, cysteine availability is 
more likely to be limiting than glutamic acid. It is more likely that its connection with glutathione 
consists of the important role of glutamine to produce NADPH in its breakdown which in turn pro-
motes reduction of oxidized glutathione maintaining redox balance. 

 A fourth more specifi c role of glutamine may be as one of the osmolytes regulating cell homeo-
stasis in hyper- and hypo-osmolar conditions. Cell swelling or shrinkage have been claimed to play 
a role in the regulation of protein synthesis [ 21 ]. The original correlation found between intracel-
lular  glutamine concentrations and protein synthesis has not consistently been confi rmed in later 
research [ 22 ]. 

 It may be concluded that in traumatized/diseased/growth conditions, glutamine has more specifi c 
roles as nontoxic nitrogen carrier, as anaplerotic substrate required for cell proliferation, as driver of 
NADPH production required for fatty acid synthesis and maintenance of redox balance, countering 
oxidative stress, and as an osmolyte. In view of its central place in intermediary metabolism, a short-
age in glutamine availability would imply that fl ux in biosynthetic processes would be compromised. 
This will specifi cally be harmful in situations where rapid cell proliferation is required. The functions 
ascribed to glutamine (Table  1.1 ) are all resulting from this central role of glutamine in metabolism 
and not from separate unrelated metabolic pathways.  
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    The Signifi cance of Amino Acid Concentrations and Fluxes 

 Glutamine is by far the most abundant free amino acid in plasma and tissues in humans and varies in 
plasma in healthy man between 450 and 650 μmol/L. Plasma concentrations drop to 75 % of preop-
erative values after surgical trauma in non-depleted colorectal cancer patients to around 450 μmol/L 
and generally decrease in infl ammatory states [ 23 ]. Plasma levels have been found to correlate more 
closely with disease severity than with malnutrition [ 24 ]. In tissues levels vary between 2 and 
4 mmol/L intracellular water (ICW) in intestinal mucosa [ 23 ] and between 12 and 20 mmol/L intra-
cellular water in muscle and liver (ICW) [ 9 ,  21 ,  25 ], whereas in pancreatitis patients with multiple 
organ failure, levels may drop as low as 5 mmol/L [ 26 ]. An exception exists in acute fulminant liver 
failure where very high levels have been found amounting to 1,000–3,000 μmol/L in plasma, which 
may be aggravated by renal failure [ 27 ,  28 ]. Apart from true liver failure, secondary liver failure may 
arise (shock, acute pulmonary hypertension and right heart failure) and eventual renal failure that may 
lead to failure to metabolize glutamine and other amino acids released by peripheral tissues in cata-
bolic states. The liver and the kidney both metabolize glutamine and detoxify (liver) or excrete ammo-
nia (kidney). Failure therefore leads to hyperaminoacidemia including high glutamine levels and 
hyperammonemia. In cerebral spinal fl uid very high levels have been found in acute hepatic failure 
[ 27 ]. Recent data confi rm the association between hyperglutaminemia and ICU mortality [ 29 ]. In this 
study low glutamine levels did not correlate with APACHE II score at admittance, but scrutiny of the 
detailed patient data is required to explain the discrepancy with an earlier study [ 24 ]. 

 The steep concentration difference between plasma and tissue levels most likely is maintained by 
active Na + /K + -ATPase driven ion pump transport. This provides the drive for secondary transporters 
like the Na + - glutamine co-transporter and other transporters and is partly responsible for the strong 
uphill gradient for many substances including amino acids and specifi cally glutamine. Intracellular 
glutamine concentrations may however also be infl uenced by glutamine delivery, intracellular produc-
tion (from de novo synthesis or protein degradation), uptake (glutamine degradation and protein syn-
thesis), and transport from inside to outside the cell. The fi vefold difference between mucosal and 
muscle intracellular glutamine concentration shows that tissue-specifi c factors must also play a role. 
Different metabolic situations may exert specifi c effects on tissue amino acid concentrations via the 
mechanisms mentioned. Examples are sepsis [ 26 ], surgical trauma [ 30 ] or mono-organ failure [ 31 ]. 

 A glutamine shortage can in principle be demonstrated by decreased release of glutamine and other 
amino acids (A–V concentration x leg or arm plasma fl ow x a factor extrapolating from this limb fl ow 
to total peripheral fl ow) from peripheral tissues (muscle, skin, bone) to tissues, requiring these amino 
acids and playing a crucial role in the response to trauma and disease (splanchnic tissues, immune 
system, wound) (Table  1.2 ). Clowes et al. reasoned that stable plasma amino acid concentrations 
prove that peripheral production balances central uptake [ 6 ]. He demonstrated in 1983 that septic cir-
rhotic patients with a low peripheral release of glutamine and other amino acids and thus metabolizing 
low quantities in their splanchnic tissues died of sepsis, while those with a high peripheral release 
survived [ 6 ].

   Modern technology has allowed measuring the rate of appearance (Ra) in and disposal (Rd) from 
plasma of a certain substrate by the organism and it has been proposed that these measures might be 
an adequate measure for the supply of the substrate to the splanchnic and healing tissues. This is 
questionable because the relevant measure is the  net  release by peripheral tissues to the central tissues. 
Net release and uptake by organs are determined by the difference between Ra and Rd across an 
organ. Because both components can change in individual organs and total body Ra and Rd is deter-
mined by the sum of Ra’s and Rd’s of all organs, total Ra and Rd do not necessarily need to increase 
to nevertheless induce increased release from peripheral tissues and uptake by central tissues (Fig.  1.8 ). 
This means that the whole body Ra and the Rd of glutamine is not an adequate measure of the net 
release of glutamine from peripheral tissues to central tissues, active in host response.  
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        Table 1.2    Net production (Arterio-Venous difference times fl ow) of amino acids, glutamine and alanine from peripheral 
tissues, considered to represent predominantly muscle in human studies in different clinical conditions [ 6 ,  55 – 59 ]   

 Net peripheral release of AMINO ACIDS (g/m 2 /24 h or g/1.7 m 2 24 h) or (g/100 ml muscle and skin mass/24 
or g/40 L of assumed total muscle and skin volume/24 h) 

 First authors  Unit of measurement  Control  Trauma  Sepsis 
 Septic 

Survivers 
 Septic 

non- survivers  

 Clowes 
(Ann. 
Surgery) 
ICU 

 g/m 2 /24 h g/1.7 m 2 /24 h  23.9 
 40.6 

 76.7 
 130.4 

 49.5 
 84.1 

 Vesali (Clin 
Nutr) 
ICU 

 g /100 ml leg volume/24 h or total 
g/24 h (extrapolated to 40 L of 
assumed peripheral tissue) 

 0.056 
 23.3 

 Gore (JPEN) 
Burns 

 0.14 
 56.7 

 Carli (Clin 
Sci Lnd) 

 0.051 
 20.4 

 0.11 
 44 

 Mjaaland 
(Ann 
Surgery) 

 0.12 
 46.7 

 0.15 
 61.5 

 Net peripheral release of GLUTAMINE (g/m 2 /24 h or g/1.7 m 2 24 h) or (g/100 ml muscle and skin mass/24 or g/40 L 
of assumed total muscle and skin volume/24 h) 

 Clowes 
(Ann. 
Surg.) 
ICU 

 g/m 2 /24 h g/1.7 m’/24 h  13.8 
 23.6 

 12.2 (NS) 
 20.8 

 Fong 
(Surgery) 

 g /100 ml leg volume/24 h or total 
g/24 h (extrapolated to 40 L of 
assumed peripheral tissue) 

 0.056 
 22.3 

 0.065 
 25.8 

 Vesali (Clin 
Nutr) 

 0.020 
 8.2 

 Gore (JPEN)  0.014 
 5.4 

 Carli (Clin 
Sci Lnd) 

 0.048 
 19.1 

 0.083 
 33.0 

 Mjaaland 
(Ann 
Surgery) 

 0.012 
 4.9 

 0.029 
 11.5 

 Net peripheral release of ALANINE (g/m 2 /24 h or g/1.7 m 2 24 h) or (g/100 ml muscle and skin mass/24 or g/40 L of 
assumed total muscle and skin volume/24 h) 

 Clowes 
(Ann. 
Surgery 

 g/m 2 /24 h 
 g/1.7 m/24 h 

 10.3 
 17.5 

 6.5 
 11.1 

 Vesali (Clin 
Nutr) 

 g/100 ml/24 h or total g/24 h 
(extrapolated to 40 L of 
assumed peripheral tissue) 

 0.019 
 7.5 

 Gore (JPEN)  0.014 
 5.4 

 Carli (Clin 
Sci Lnd) 

 0.051 
 12.1 

 0.068 
 27.0 

 Mjaaland 
(Ann 
Surgery) 

 0.017 
 6.9 

 0.027 
 10.8 
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    Is There a Shortage in Disease and Trauma? 

 In the clinical literature decreases in plasma glutamine have generally been interpreted as a shortage 
and an indication to supplement glutamine in these presumed defi ciency states. 

    Sources of Glutamine in plasma 

 Glutamine is a normal constituent of muscle protein. Breakdown of muscle protein therefore yields 
free glutamine which will appear in the cytosol and can be exported from the cell into the plasma 
compartment. Another source of glutamine consists of  de novo synthesis , which is increased after 
trauma and other infl ammatory conditions (Table  1.2 ). A third source of glutamine consists of the free 
pool, which shrinks in diseased states and therefore releases glutamine in the systemic circulation. 
The amount appearing in this manner would cover only the amount metabolized in half a day after 
trauma and during severe illness. This amount is therefore negligible in longer disease processes. An 
additional source of glutamine consists of exogenous supply as free amino acid, as dipeptide or as 
protein.  

    What Do Depressed Glutamine Concentrations in Plasma and Tissues Mean? 

 We discussed in the previous sections that several factors infl uence plasma amino acids levels, which 
makes it diffi cult to pinpoint one of them as the causative factor. This includes glutamine shortage. 
The decrease in plasma glutamine and most other amino acids [ 26 ,  31 ] has been found to correlate 
more signifi cantly with the severity of disease than with nutritional state [ 24 ,  26 ] In patients with 
gastrointestinal diseases plasma and tissue glutamine levels did not correlate with percentage weight 
loss or percentage ideal body weight, but rather with the sedimentation rate and with leucocyte counts 
in blood as measures refl ecting infl ammatory activity [ 23 ]. The postoperative drop of plasma gluta-
mine levels in cancer patients on the second day after operation, also indicates that these levels refl ect 
the infl ammatory infl uence of trauma and resuscitation rather than glutamine shortage [ 25 ]. 

 An important factor, potentially infl uencing the generalized hypoaminoacidemia in most (sub-)
acute infl ammatory states, consists of the increased endo- and extravascular extracellular distribution 
spaces. The intravascular volume increases due to vasodilatation in most patients, if they are well 
resuscitated. Infl ammation due to any non-infectious or infectious causes leads to increased capillary 
permeability, which in turn increases the escape rate of albumin, electrolytes, amino acids, fl uid, and 
other components from the circulation to the extravascular extracellular space and increases extravas-
cular extracellular volume. These effects of infl ammatory activity may be connected with membrane 
permeability and decreases in membrane potential. Solute concentrations drop as a consequence of 
dilution in this increased volume. These distribution abnormalities develop within hours after the 
onset of illness and correlate with its severity. This explains in part why plasma glutamine levels cor-
respond better with disease severity and poor survival than with the state of undernutrition. As men-
tioned before, additional factors may also contribute to hypoaminoacidemia, but it is impossible to 
defi ne the contribution of each single factor. We conclude that it is unlikely that low plasma levels of 
glutamine can be reliably interpreted as refl ecting a shortage. 

 Tissue concentrations of glutamine are much higher than plasma levels. In patients considered to 
require parenteral nutrition because of intestinal disease, mucosal glutamine levels were signifi cantly 
lower (and intestinal permeability higher) in the group exhibiting infl ammatory activity, whereas 
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percentage weight loss in the absence of infl ammatory activity was not signifi cantly paralleled by a 
decrease in mucosal glutamine levels [ 23 ]. Similar as plasma concentrations, the tissue concentration 
drop results from alterations in transmembrane transport and permeability. TNF- α, produced in 
infl ammatory states or after an endotoxin challenge, has been shown to inhibit the activity of the Na + /
K + -ATPase pump in the kidney and Caco-2 cells of the rat (effects partially reversed by Indomethacin) 
[ 32 ,  33 ]. These changes lead to altered activity of secondary active transporters, passive transport, 
and, importantly, tight junction proteins [ 34 ]. Consequently steep uphill gradients of solutes cannot be 
maintained in critical illness and after trauma, explaining the decrease of several intracellular solutes, 
including glutamine. In conclusion low tissue concentrations of glutamine refl ect infl ammatory activ-
ity and not always glutamine shortage. However, long-standing infl ammatory activity induces catabo-
lism leading to malnutrition. In that situation malnutrition may possibly contribute to decreased 
glutamine production and delivery.  

    Do Glutamine Fluxes Represent a Shortage? 

 The results of studies regarding the release of glutamine (and other amino acids) from peripheral tis-
sues, considered to represent predominantly muscle tissue) are expressed either as g/m 2 /min [ 6 ] or as 
g/100 ml leg volume/minute. We extrapolated these data to g/1.7 m 2 /24 h and to g/40 L of total muscle 
and skin volume/24 h to compare the amount of glutamine peripherally released per day in adults 
(Table  1.2 ). When plasma amino acid levels are stable, the peripheral release of amino acids is 
assumed to be taken up in “central tissues” including the liver, immune system, kidney, and healing 
tissues. Accordingly, the amount of glutamine released in non-stressed postabsorptive states ranges 
from 5 to 20 g per 24 h. All papers except one [ 35 ] express the release of glutamine as nmol/100 ml 
leg or arm volume/minute but the methods used to measure total leg or arm volume and the extrapola-
tion to whole body release is not always precisely described, which may explain the variability. In 
sepsis or after operative trauma the release increased 15–135 % compared with healthy postabsorptive 
individuals. The highest value (33 g/24 h) was found in sepsis. (Table  1.2 ) 

 In a pig model of operative trauma, we confi rmed the hypothesized net effl ux from peripheral tis-
sues and the increased uptake by liver and spleen, whereas uptake of glutamine by the intestine 
decreased (Fig.  1.7 ) [ 36 ]. This fi nding shows that immune cells (as represented by the spleen) 

  Fig. 1.7    Net fl uxes (A-V differences times fl ow) of glutamine across liver, intestine, spleen, and muscle. Fluxes of 
glutamine across liver ( open triangle ) intestine ( open diamond ), hindquarter (muscle) ( open square ) and spleen ( open 
circle ) in nmol/kg/min measured 1,2,3 and 4 days after operative trauma in pigs. Control values were obtained 12 days 
after operation (fi gure adapted from Deutz NE et al, Clin Sci (Lond). 1992 Nov;83(5):607–14. PubMed PMID: 1335399. 
Epub 1992/11/01. Eng with permission [ 35 ])       
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preferentially take up glutamine (along with glucose) in vivo, as well as other amino acids in lower 
quantities, and modest amounts of fatty acids.  

 In conclusion, release of amino acids and specifi cally glutamine by peripheral tissues may be 
viewed as a measure of the adequacy of the metabolic response to trauma and all other situations 
where rapid cell and matrix deposition is required or taking place. This applies to a long list of situa-
tions including for instance pregnancy, during host defence and in cancerous states [ 37 ]. In view of 
the global interest in cancer, much basic research in this area has been performed in tumour models. 
The general conclusions, that can be derived from this large body of research, are that glucose and 
glutamine predominantly serve as building blocks for proliferation of cancer cells and stroma cells, 
supporting tumour cell proliferation, and producing reducing equivalents [ 37 – 41 ]. In these situations 
glucose and glutamine are oxidized only to a very limited degree and probably only as far as necessary 
to furnish the crucial products for synthesis of biomass. The body largely relies on fatty acid oxidation 
to cover energy requirements (see earlier) [ 16 ]. Unfortunately, no consistent data exist regarding the 
effl ux of glutamine in severely undernourished patients. Although this measure might throw light on 
whether the body furnishes suffi cient quantities of amino acids (specifi cally glutamine) to central 
 tissues, such studies were not continued.  

    Does (Diminished) Appearance of Glutamine Indicate a Shortage? 

 It is possible that net glutamine release by muscle was not further investigated, because three 
decades ago stable isotope technology was introduced, which promised to furnish more in depth 
knowledge without necessitating unpopular invasive techniques in patients. As indicated previ-
ously, glutamine labelled with stable or radioactive isotopes was used to measure appearance rates 
(Ra) of glutamine in plasma. Amounts appearing in plasma ranged between 60 and 100 g/24 h 
depending on the label used. Appearance rates where highest when the amino-nitrogen at the 2 
position of glutamine was labelled implying that transamination reactions with glutamine derived 
glutamic acid must be very active. This amount exceeds the amount that is released from peripheral 
tissues into the circulation (see previous section). A diffi culty with the glutamine tracer methodol-
ogy is fi rstly that even after 11 h tracer enrichment in glutamine has still not plateaued [ 42 ]. This 
implies that the turnover rates obtained early during the tracer infusion are an overestimation com-
pared to the rates found with later measurements. Secondly as mentioned earlier the tracer method-
ology used in principle measures rates of appearance of  all  glutamine released in plasma and not 
the net release from peripheral tissues to the “central” tissues active in host response (arteriovenous 
concentration differences x fl ow) (Fig.  1.8 ).  

 With the amino nitrogen label the different laboratories found rather similar turnover rates despite 
different clinical conditions. The uncertain value of the Ra of glutamine into plasma as an indicator of 
glutamine adequacy is highlighted by data in the literature. While there is a signifi cant increase in the 
Ra of weight losing patients with GI disease compared to volunteers [ 43 ] and wasting AIDS patients 
[ 44 ], the Ra was unaltered in NIDDM [ 45 ], in critical illness [ 46 ], before and after operation [ 25 ], and 
decreased in patients that were weight stable with short bowel syndrome [ 47 ] and in burn patients 
compared to volunteers receiving endotoxin [ 48 ]. In view of the fi nding that in traumatized or septic 
patients the net release of glutamine from muscle increases (Table  1.2 ), we can explain our fi nding 
that glutamine turnover does not increase after operation by assuming that an increased net release 
from muscle to central tissues is generated by decreasing the uptake component (Rd) in muscle and 
concomitantly decreasing the production component (Ra) in central tissues (Fig.  1.8 ). 

 These fi ndings support our views expressed in a previous section, based on theoretical grounds, 
that Ra and Rd of glutamine do not furnish reliable information regarding glutamine availability. The 
multiple roles of glutamine in a multitude of reactions central in intermediary metabolism and the 
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slow mixing with the large intracellular nitrogen pool may explain the absence of stable enrichment 
values of the tracer, which casts doubt on the validity of the Ra’s found [ 42 ]. 

 We conclude that the highest dosages of glutamine, administered till recently in clinical practice 
(approximately 30 g) approximates the maximal amount that has been found to be released in septic 
or traumatized states, approximating half of the values found for the total fl ux. These dosages should 
therefore be considered to be physiological rather than a pharmacological dose.   

    When Is Extra Glutamine Necessary and What For? 

 In view of the role of glutamine in intermediary metabolism a theoretical rationale may be proposed 
for its supplementation, but ultimately benefi cial effects of the supplementation of glutamine should 
provide proof for the presence of glutamine defi ciency. 

    Theoretical Reasons for Increased Glutamine Requirements 

 The infl ammatory state is present in acute trauma/infection but many infl ammatory elements also play 
a role for instance in cancer and pregnancy [ 37 ]. In host response effi cient operation of the immune 
system is required to repair damaged tissues and to synthesize biomass. For that purpose especially 
substantial amounts of glutamine as well as glucose are utilized, which are acquired from the host. In 
trauma/infection this may require supplementation if endogenous supply is defi cient. In theory, gluta-
mine production by peripheral tissues may be compromised in the severely malnourished state, in 
which diminished muscle mass may preclude suffi cient release of amino acids for the production of 
glucose and subsequently glutamine, as well as a mix of other amino acids to synthesize protein and 
other cell components in proliferating cells operative in host response. Along similar lines, infl amma-
tion may require large quantities of glutamine, which may fail to be produced when severe 

  Fig. 1.8    Proposed kinetics of glutamine before and after surgery. Potential kinetics of glutamine after surgical trauma. 
In view of the fact that turnover did not increase and net release from muscle must have increased, the fi gure proposes 
that fl ux is generated by increasing the rate of appearance (Ra) in muscle and simultaneously decreasing the Ra in the 
other organs. In this way, fl ux can be generated without increasing whole body turnover       
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infl ammation is prolonged. These theoretical considerations may be supported in practice by studies 
showing a better effect of glutamine when supplemented to patients who are critically ill for a long 
period of critical illness and for as long as the patient stays in that critical condition. Vice versa, well-
nourished patients that are not critically ill or only for a very short period may not benefi t from gluta-
mine supplementation.  

    Practical Facts Supporting a Shortage of Glutamine 

 There is some support for the claim that enteral glutamine supplementation is benefi cial in patients 
with burns or trauma, while studies looking at other categories of critically ill patients failed to prove 
benefi t. This might be due to relatively well preserved enteral tolerance in patients with trauma and 
burns, while in patients with severe sepsis or septic shock, intolerance to enteral nutrition is a common 
fi nding. An additional explanation for lack of benefi t of enterally administered glutamine may be the 
strong fi rst pass uptake of glutamine in the intestine. Consequently, much less glutamine reaches the 
systemic circulation when enterally administered compared to parenteral administration. This may 
explain why more evidence is available showing a decrease in infections but no effect on mortality, 
supporting parenteral supplementation of glutamine in critically ill patients, i.e., patients with sub-
stantial and long-standing infl ammatory activity [ 49 – 51 ]. However, in a recent observational study it 
was shown that 55–60 g of glutamine supplementation increased mortality [ 52 ]. This amount is twice 
the maximal amount that has been shown to be produced (and thus metabolized) in adult critically ill 
patients (see earlier). Since long it is known that patients with acute fulminant liver failure or second-
ary liver failure due to acute pulmonary hypertension cannot metabolize the amino acids derived from 
peripheral protein breakdown, which results in strongly elevated amino acid levels [ 27 ,  28 ]. This was 
the case in some patients in the study [ 52 ], which nevertheless received the enriched formula. It 
should be emphasized that any single amino acid administered in abundance can cause toxic symp-
toms. This may interfere among others with neurotransmitter metabolism and it has been proposed 
that high glutamine levels in the astrocytes cause brain edema and encephalopathy [ 53 ]. “Enrichment” 
of the nutrition formula with a single amino acid should therefore be within levels, not higher than the 
maximal fl uxes of the amino acid found in humans in vivo and against a background of a normal 
composition of essential and nonessential amino acids. In practice this means that glutamine should 
be supplemented to a normal amino acid mixture in amounts between 12 and approximately 30 g in 
adults with normal built and normal liver and kidney function. 

 No unequivocal benefi t is obtained while studying the effect of glutamine supplementation on 
bowel integrity. These results may be skewed by the fact that only a proportion of patients receiving 
glutamine supplementation did suffer from severe infl ammatory activity [ 54 ]. 

 Interestingly, in some of the studies referred to, insulin sensitivity appears to be improved in criti-
cally ill patients receiving supplemental alanyl-glutamine in their parenteral nutrition mixture [ 50 ,  51 ]. 

 In summary, the results of glutamine supplementation suggest that benefi t is only achieved in the 
presence of overt and long-standing infl ammation, a situation in which clinical research has shown 
that more glutamine is utilized by the immune system, as well as healing and growing tissues. This 
benefi cial effect supports the claim that, in these conditions, the organism may suffer from glutamine 
shortage. The amounts of glutamine supplemented represent between 33 and 100 % of maximal 
amounts released by peripheral tissues in sepsis, reported in the literature (Table  1.2 ). This implies 
that glutamine effects do not result from the administration of pharmacological dosages. In host 
response other amino acids are also produced in excess of their composition in muscle protein. This 
applies to glycine, alanine, and proline. Hypothetically, supplementation of the normal mix of amino 
acids in food or formulas with these amino acids may have additional benefi cial effects.   
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    Conclusions 

 Solid scientifi c data supporting an absolute shortage of glutamine in patients are lacking. Decreased 
plasma concentrations are determined by many factors, including acute infl ammatory activity and the 
resulting distribution abnormalities, changes in synthesis and breakdown, and other factors, and there-
fore are not a reliable indicator of glutamine shortage. Release of glutamine by muscle in disease 
states and especially in the depleted state might be a good indicator, but has not been thoroughly 
studied. Tracer data regarding the turnover of glutamine in plasma (Ra and Rd) in well- or undernour-
ished individuals in infl ammatory and control conditions do not provide reliable information regard-
ing glutamine status. 

 Suffi cient data exist showing that glutamine is an essential nutrient in all rapidly proliferating cells 
and growing tissues, including cancer. It provides many different building blocks for these cells and 
their stroma and simultaneously contributes to maintenance of redox balance by providing reducing 
equivalents, which are also necessary to synthesize fatty acids and to allow the immune system to 
repair tissue damage. Theoretically therefore, glutamine supplementation may be benefi cial in patients 
with long standing infl ammatory activity, that are not producing suffi cient quantities of glutamine 
either due to malnutrition or because they cannot meet the demands of the extremely severe infl am-
matory illnesses of patients in our present day intensive care units. In line with this, clinical data show 
that benefi t of parenteral glutamine supplementation is especially achieved in critically ill patients, 
i.e., patients with substantial infl ammation or sepsis. Benefi t may possibly be also achieved in trauma-
tized or burn patients, receiving extra glutamine enterally. Although controversial results exist, in 
some large multicenter studies in critically ill patients, infectious complications have been shown to 
be decreased and interestingly, insulin sensitivity to be improved. On the basis of these benefi cial 
effects, one may assume that these patients suffer from glutamine shortage. This is supported by the 
fact that the amounts supplemented are not larger than the amounts newly produced by the body itself 
and therefore are not in the pharmacological range. When pharmacological dosages are administered, 
patients with marginal liver and (metabolic) kidney function have to deal with excess glutamine and 
may fail to metabolize these amounts, leading to adverse events. Consequently, it is recommended to 
supplement single amino acids always in (patho)physiological dosages together with an amino acid 
mix in normal composition.     
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   Key Points 

•     Glutamine, a nonessential but physiologically important amino acid, is transported across cell 
membranes by a variety of amino acid transport systems.  

•   Cloned glutamine transporters have been assigned to classically characterized transport systems by 
their substrate and inhibitor specifi city, as well as cation dependence and mechanistic properties.  

•   The molecular identifi cation of the relevant genes has allowed the determination of physical trans-
port mechanisms, as well as the identifi cation of tissue distribution and regulatory pathways that 
affect expression levels and transport rates.  

•   This review focuses on the current knowledge of glutamine transport by the Na + -dependent transport 
systems ASC (ASCT2), N (SNATs 3, 5, and 7), and A (SNATs 1, 2, and 4).  

•   Mechanistic properties and regulatory pathways are described, as well as the involvement of 
glutamine transporters in the glutamate-glutamine cycle in the brain.  

•   These transport systems are targets of ongoing research that will further our understanding of 
glutamine transfer between organs and cells.    

     Keywords     Amino acid transport   •   Glutamine transport   •   ASCT2   •   SNAT   •   System A   •   System N   • 
  System ASC   •   Glutamate-glutamine cycle       

    Abbreviations 

    APC    Amino acid polyamine and organocation transporter   
  ASC/ASCT    Alanine serine cysteine transporter   
  ATB 0+     Sodium- and chloride-dependent neutral and basic amino acid transporter   
  BetP    Sodium betaine symporter   
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  Cl −     Chloride   
  EAAT    Excitatory amino acid transporters   
  EGF    Epidermal growth factor   
  GABA    γ-Aminobutyric acid   
  GltPh    Archaeal aspartate transporter   
   K  i     Dissociation constant   
   K  m     Michaelis–Menten constant   
  LAT    Large-neutral amino acid transporter   
  LeuT    Bacterial leucine transporter   
  MAPK    Mitogen-activated protein kinases   
  MeAIB    2-(Methylamino)-isobutyrate   
  Mhp1    Sodium-hydantoin transporter   
  mTOR    Mammalian target of rapamycin   
  Nedd4-2    E3 ubiquitin-protein ligase   
  NMDA     N -methyl- d -aspartate   
  PI3-kinase    Phosphatidylinositide 3-kinase   
  PKA/PKB    Protein kinase A/B   
  PMA    Phorbol-12-myristate 13-acetate   
  RVI    Regulatory volume increase   
  SGK    Serum- and glucocorticoid-induced protein kinase   
  SLC    Solute carrier   
  SNAT    Sodium-coupled neutral amino acid transporter   
  TM    Transmembrane domain   
  TOR    Serine threonine kinase/target of rapamycin   
  VGLUT    Vesicular glutamate transporter   
  vSGLT    Sodium-galactose symporter   

       Introduction 

 Glutamine transporters play important roles in metabolism and amino acid homeostasis of cells in 
most tissues [ 1 ]. While glutamine has been classifi ed to be a nonessential amino acid, it has been 
shown that glutamine supply may become limiting for metabolism under conditions of stress and 
illness [ 2 ]. Furthermore, glutamine is a critical nutrient for rapidly proliferating cells, such as dividing 
cancer cells [ 3 ,  4 ]. On a cellular level, glutamine is imported into cells, or exported from cells, by 
plasma membrane glutamine transporters (see [ 1 ] for a review). Many glutamine transporters have 
been characterized traditionally by their specifi city profi le for substrates and inhibitors, their cation 
dependence, and mechanistic properties. Most of these transport systems have now been cloned, 
enabling the detailed investigation of their functional properties, tissue distribution, regulation, and 
pharmacology. In this review, we focus mainly on the description of the functional properties of the 
physiologically important and Na + -dependent glutamine transporters belonging to the solute carrier 1 
(SLC1, [ 5 ]) and SLC38 families [ 6 ]. These transporters were assigned to the classically-identifi ed 
transport systems ASC (neutral amino acid transporters from the SLC1 family [ 5 ]), and systems A 
and N (SLC38 members [ 6 ]), summarized in Table  2.1 . ATB 0,+  is another Na + -dependent amino acid 
transporter with broad specifi city and below mM affi nity for glutamine. It belongs to the SLC6 family 
of transporters and is also Cl −  dependent [ 7 ]. Due to the low activity of this transport system in most 
non-proliferating cells, it will not be discussed in this review. One of the major Na + -independent 
transport systems is system L, which exchanges glutamine for other amino acids and may use the 
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transmembrane [glutamine] gradient as a driving force for the import of leucine [ 8 ]. System L has 
been described classically through leucine transport [ 9 ], as well its preference of amino acids with 
bulky, hydrophobic side chains. This system will not be described in this review in detail.

       System ASC Transporters of the SLC1 Family 

 System ASC has traditionally been characterized by its preference for short-chain amino acids, such 
as  a lanine,  s erine, and  c ysteine, from which its name was derived [ 10 ]. However, system ASC also 
transports glutamine with an affi nity that is comparable to that for the prototypical substrate alanine 
[ 5 ], although glutamine is transported with a lower  v  max . System ASC was distinguished from other 
glutamine transport systems by its insensitivity to N-methylated amino acids, such as MeAIB 
((2-(methylamino) isobutyric acid)). 

 cDNA cloning resulted in the identifi cation of two sequences that are now accepted to code for 
system ASC transporters, namely ASCT1 and ASCT2 [ 5 ] (ASCT = alanine serine cysteine transporter). 
Both transporters belong to the SLC1 family of amino acid transporters. The cloning of the transporters 
revealed an interesting transmembrane topology with 6 N-terminal transmembrane domains followed 
by a C-terminal domain, which has a diffi culty to interpret hydrophobicity profi le. The crystal structure 
of the homologous bacterial glutamate transporter GltPh revealed that the C-terminal transport domain 
consists of a repeat of a reentrant-loop-helix motif, which is inserted into the membrane in opposing 
orientation [ 11 ]. Although the crystal structure of ASCTs is not known, homology models predict that 
this C-terminal domain harbors the binding site for the amino acid [ 12 ]. 

    Substrate Selectivity and Pharmacology 

 While ASCT1 showed no measurable transport activity for glutamine, ASCT2 is able to transport 
glutamine with reasonably high affi nity ( K  m  in the range of 20–70 μM, [ 5 ,  13 ,  14 ]). This affi nity is in 
the same range as that of the other preferred substrates, alanine, serine, and cysteine. Because this 
review focuses on glutamine transporters, we will only discuss ASCT2. Asparagine is also trans-
ported by ASCT2, as are methionine, glycine, leucine, and valine, to some extent, although with low 
affi nities [ 5 ]. Glutamate is a transported substrate only at acidic pH, in contrast to transport of neutral 
amino acids, which is pH independent [ 13 ], indicating that glutamate is protonated at the γ-carboxylate 
when interacting with ASCT2. 

 The pharmacology of ASCT2 is not well established. Inhibitors were developed on the basis of 
structural homology with glutamate transporter inhibitors [ 12 ,  14 ] (Fig.  2.1a ). Benzylserine (Fig.  2.1b  
(1)), which is structurally related to a glutamate transporter inhibitor blocks ASCT2 function, although 
with low apparent affi nity ( K  i  = 0.8 mM). Inhibitory potency was increased by adding hydrophobic 
bulk to the benzyl group. The resulting inhibitor serine biphenyl-4-carboxylate blocked ASCT2 activity 
with a  K  i  of 30 μM [ 12 ]. Interestingly, it was found that the amount of hydrophobic bulk of the sub-
stituent not only correlated with affi nity, but also with the ability of compounds to be transported [ 12 ] 
(Fig.  2.1b  (2) shows a potent inhibitor with large hydrophobic bulk). In another report, compounds 
were identifi ed based on  N -γ-substituted glutamine [ 15 ] (Fig.  2.1b  (3)). Several aromatic substituents 
were used, leading to the characterization of an amide that inhibits with an apparent  K  i  in the 250 μM 
range (at 100 μM glutamine). Based on the analysis of electron-withdrawing properties of the 
substituent, the authors predict the existence of an important hydrogen bond formed between the 
transporter-binding site and the amide hydrogen [ 15 ].   
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    Tissue Distribution and Subcellular Expression 

 Northern blot analysis detected mRNA coding for rat ASCT2 in most tissues, except for brain, liver, 
and heart tissue [ 5 ]. However, it was later found that ASCT2 is expressed in the brain as well [ 13 ]. In 
the intestine and kidney, ASCT2 is expressed mainly in epithelial cells [ 4 ]. 

 In the brain, ASCT2 expression was found in dendrites of neurons, whereas the cell bodies showed 
little detectable ASCT2 expression [ 16 ]. Functional evidence for ASCT2 presence in nerve terminals 
was obtained by measuring  d -serine uptake [ 16 ]. The functional signifi cance of ASCT2 expression in 
neurons is not clear, although it has been implicated in the uptake of glutamine and  d -serine, which is 
an endogenous NMDA ( N -methyl- d -aspartate) receptor ligand. A connection to regulation of oxida-
tive stress may also be possible, since  l -cysteine, as a regulator of glutathione levels, is a transported 
ASCT2 substrate [ 5 ]. 

 Expression of ASCT2 in astrocytes is more controversial. While several reports have detected 
mRNA and protein expression in neonatal glial cell cultures [ 17 ], no immunostaining was found in 
adult brain astrocytes [ 16 ]. The reasons behind this discrepancy are not clear. It is possible that ASCT2 
is only expressed in developing astrocytes, or that results from cell culture expression cannot be trans-
ferred to native tissue. 

 ASCT2 has been found to be highly overexpressed in many cancer cells [ 3 ,  4 ], as well as rapidly 
growing cell lines, and has been particularly studied in hepatoma cells [ 18 ]. While ASCT2 is not 
expressed in the normal liver, it is expressed in rapidly growing and aggressive human hepatomas 
[ 18 ]. Glutamine uptake in these cells can be enhanced up to 20-fold compared to normal cells. 

  Fig. 2.1    ( a ) Proposed 
binding pose of the inhibitor 
benzylserine in the ASCT2 
substrate-binding site 
(adapted from [ 12 ]). 
( b ) Structures of selected 
ASCT2 blockers       
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Glutamine uptake by ASCT2 appears to be essential for the survival of this rapidly-growing tissue, 
due to its high nitrogen demand. In fact, ASCT2 antisense RNA expression resulted in apoptotic 
cell death, a response that is similar to that of glutamine deprivation [ 3 ]. These fi ndings indicate 
that ASCT2 may be a useful target for pharmacological intervention to prevent rapid growth of 
cancerous cells.  

    Functional and Predicted Structural Properties 

 The transport mechanism of natively expressed system ASC and ASCT2 has been analyzed using 
radiotracer fl ux studies and electrophysiology [ 5 ,  13 ,  14 ,  19 ]. Most importantly, it was observed that 
ASCT2 is unable to support inward transport of amino acids in the absence of cytosolic amino acids. 
However, transport activity was found when internal amino acid was present [ 19 ]. This has led to the 
conclusion that ASCT2 catalyzes obligate amino acid exchange across the cell membrane (Fig.  2.2a ). 
Native system ASC as well as ASCT1 and ASCT2 are electroneutral transporters [ 19 ,  20 ], consistent 
with the obligate exchange hypothesis. Consistently, no steady-state transport currents can be detected 
in ASCT2 upon substrate application [ 14 ].  

 ASCT2 is, however, not fully electrically silent. Upon substitution of chloride with more hydro-
phobic anions, such as NO 3  −  or SCN − , amino acid-induced currents were observed that were dependent 
on the electrochemical gradient of the anion across the membrane [ 14 ,  19 ] (Fig.  2.2a ). Interestingly, 
the anion current was dependent on the extracellular Na +  concentration [ 14 ,  19 ], similar to observa-
tions made previously for the related glutamate transporters. It was concluded that the substrate-
induced anion conductance is conserved between the acidic and neutral amino acid transporters of the 
SLC1 family. 

 Amino acid transport by ASCT2 is strongly dependent on the Na +  concentration [ 19 ] (Fig.  2.2a ), 
on the extracellular and intracellular sides of the membrane, indicating that Na +  must be bound to the 
transporter for amino acid translocation. However, ASCT2 is independent of K +  [ 14 ]. Furthermore, 
proton cotransport is not required for ASCT2 function. 

 The effect of Na +  has been incorporated into proposed transport mechanisms. Here, Na +  binds to the 
transporter after amino acid association is complete, resulting in a Na + -amino acid-bound transporter 
[ 19 ]. Recent evidence, however, points to association of Na +  with the empty transporter before amino 
acid binds [ 14 ]. The “fully loaded” transporter then undergoes conformational change resulting in 
amino acid translocation. In this model, Na +  binding has a regulatory effect, as it has been found that 
the affi nity for Na +  is high (low mM range). Thus, Na +  would never dissociate from the transporter, 
unless its concentrations became unphysiologically low [ 21 ].  

  Fig. 2.2    ASCT2 coupling 
stoichiometry and anion 
fl uxes ( a ) and importance for 
cell growth in rapidly 
growing cells ( b , adapted 
from [ 8 ])       
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    Regulation 

 Mechanisms for regulation of ASCT2 expression have been identifi ed. First, ASCT2 expression 
levels in tumor cell lines were proposed to be stimulated by glutamine and inhibited by glutamine 
deprivation [ 4 ]. A transcriptional mechanism was identifi ed as the cause for this stimulation. Second, 
regulation of membrane expression occurs through growth factors, such as epidermal growth factor 
(EGF), as well as insulin and insulin growth factor (IGF) [ 22 ]. Signaling pathways involve mitogen- 
activated kinase (MAPK), protein kinase C (PKC), as well as PI3 kinase [ 22 ]. The downstream targets 
in the latter signaling pathway are serum and glucocorticoid inducible kinase (SGK) isoforms. 
Consistently, expression of constitutively active SGK1 and SGK3, as well as protein kinase B (PKB), 
increased ASCT2 transport activity in  Xenopus  oocytes [ 22 ]. 

 The function of ASCT2 as a glutamine importer was proposed to be connected to mammalian 
target of rapamycin (mTOR) [ 3 ]. TOR is a serine/threonine kinase, which is involved in signaling 
related to energy status and nutrient supply. ASCT2 activates the mTOR pathway by importing gluta-
mine into the cell, which in turn leads to leucine infl ux through transporters of the LAT family, in 
exchange with intracellular glutamine [ 8 ] (illustrated in Fig.  2.2b ). Glutamine and leucine then acti-
vate mTOR by mechanisms that are currently not well understood.   

    System N Transporters of the SLC38 Gene Family 

 According to regulation and the functional properties, the  S odium- C oupled  N eutral  A mino acid 
 T ransporters (SNATs) of the SLC38 gene family are classically described as system A and system N 
transport activities [ 6 ,  23 ]. Unlike system A subtypes (described in the next section), which transport 
small, aliphatic amino acids and are rheogenic and pH sensitive, the system N subtypes (SNAT3, 
SNAT5, and SNAT7) counter transport H + , which may be a key property to allow their operation in 
reverse and catalyze glutamine effl ux from cells [ 24 ] (Fig.  2.3a ). The system N subtypes have nar-
rower substrate profi les than do the system A subtypes [ 6 ]. The system A transporters show substrate 
selectivity for the amino acid analog MeAIB, as well as a broad range of amino acids such as glycine, 
 l -alanine,  l -cysteine, and  l -glutamine, whereas, as its name suggests, system N preferentially 

  Fig. 2.3    Proposed 
mechanism of amino acid 
transport by SNAT3 
( a , adapted from [ 48 ]) and 
SNAT1/2 ( b , adapted from 
[ 24 ])       
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transports amino acids containing nitrogen in the side chain, such as  l -glutamine,  l -histidine, and 
 l - asparagine  [ 6 ].  

 So far, three isoforms of system N transporters have been identifi ed, namely, SNAT3, SNAT5, and 
SNAT7 [ 6 ,  25 ]. Amino acid transport is coupled to the cotransport of Na + . Activities classifi ed as 
system N-like have been studied in neurons. Since  l -glutamine is preferred as a substrate, the system 
N glutamine transporters of the SLC38 family have been suggested to be part of the synthesis of the 
neurotransmitter glutamate, and are therefore likely involved in altering both γ-aminobutyric acid 
(GABA) and glutamate levels as well as the cycling of glutamate [ 26 ] (detailed below). 

 SNAT7 is a recently cloned system N amino acid transporter [ 25 ]. SLC38A7 bears the hallmarks 
of system N, with preference for  l -glutamine,  l -histidine, and  l -asparagine, and is insensitive to 
MeAIB. However, the preferred substrate profi le of SLC38A7 is unusually broad compared with 
other known system N transporters, SNAT3 and SNAT5. Therefore, it was suggested that SLC38A7 
is a new system N amino acid transporter on the basis of the expression profi le, showing high expres-
sion in liver, and substrate selectivity [ 25 ]. 

    Tissue Distribution and Subcellular Expression 

 Most of the system N SLC38 family members have relatively broad expression profi les. In contrast to 
SNAT1 and SNAT2, which are present in neurons, SNAT3 (also referred to as SN1 or NAT) expres-
sion in the brain is largely confi ned to astrocytes. Abundant expression of the SNAT3 protein is 
detected in astrocytes throughout the brain and the retina, but SNAT3 is absent from neurons and 
oligodendrocytes. SNAT3 mRNA is also abundant in liver, kidney, heart, skeletal muscle, and adipose 
tissue [ 27 ]. SNAT5 mRNA transcript was detected in multiple brain regions, lung, colon, small intes-
tine, and spleen, whereas three other transcripts are observed in other tissues, including a 2.6-kb 
transcript in liver and kidney and a 1.4-kb transcript that is dramatically expressed in stomach [ 26 ]. 

 Functional data showed that system N transporters are expressed in retinal Müller cells and that 
system N is the principal mediator of glutamine transport in these cells. SNAT3 and SNAT5 are also 
expressed robustly in retinal ganglion cells.  

    Functional and Predicted Structural Properties 

 SNAT3 (SLC38A3) cotransports glutamine together with one Na +  ion into the cell, in exchange for H +  
(Fig.  2.3a ). H +  countertransport was identifi ed by the ability of SNAT3 to make the cell interior more 
alkaline upon extracellular glutamine application, a principal feature distinguishing system N sub-
types from the system A subfamily [ 24 ]. Due to the coupling stoichiometry, glutamine transport by 
SNAT3 is unaffected by changes of the membrane potential and is, therefore, thought to be electro-
neutral [ 24 ]. Despite the proposed eletroneutral nature, currents could be measured in response to 
application of glutamine to SNAT3-expressing  Xenopus  oocytes [ 28 ]. It is not clear whether these 
currents are caused purely by uncoupled, glutamine induced ion fl uxes across the membrane, or if 
there is also electrogenic function associated with SNAT3. It should be noted that in another study the 
coupling stoichiometry was found to be 1 glutamine to 2 Na +  ions, suggesting electrogenic nature of 
transport [ 27 ]. 

 The three-dimensional structure of the system N transporters is not known. However, the SLC38 
family is distantly related to the amino acid/polyamine/organocation transporter family APC [ 29 ]. 
Crystal structures of members of the APC family have been determined and the SNAT3 structure was 
modeled by using the Mhp1 transporter structure as a template [ 28 ]. According to this homology 
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model, predicted transmembrane segment 1 contributes to a conserved Na +  binding site. Interestingly, 
asparagine 76 of SNAT3, which is a conserved residue in transmembrane domain 1 (TM1), is critical 
for the substrate-induced ion conductance of SNAT3 and mutations to N76 affect binding of the 
cosubstrate Na + . Therefore, it was hypothesized that this residue is likely to be localized in the trans-
location pore in the center of the membrane [ 28 ]. 

 SNAT5 mediates Na + /amino acid cotransport and counter transport of H + , but differs from SNAT3 in 
its substrate profi le. Human SNAT5 favors serine along with the classic system N substrates gluta-
mine, asparagine and histidine. Assigning SNAT5 to the system N subfamily is therefore based on its 
countertransport of H +  and its 61 % sequence identity to SNAT3, and not on its substrate profi le [ 6 ]. 
Amino acid transport activity of SNAT5 exhibited marked pH sensitivity, with infl ux of substrate 
increasing with pH in the range of 7.0–8.0 [ 30 ]. 

 It has been demonstrated that SNAT5 is capable of mediating bidirectional fl uxes of amino acid 
substrate. The ability of SNAT5 to mediate both accumulation of glutamine from an external supply 
and effl ux of glutamine into amino acid-free medium demonstrates the important capability of system 
N to facilitate net movement of amino acid across the plasma membrane both into and out of cells, a 
property that is shared between SNAT3 and SNAT5 [ 23 ].  

    Regulation 

 The primary sequence of SNAT3 contains a number of putative phosphorylation sites [ 31 ]. PKC iso-
forms are activated by a variety of pathways that are involved in cell growth, migration, and differen-
tiation. It has been shown that SNAT3 is rapidly downregulated by activating PKC through the 
treatment of  Xenopus laevis  oocytes with phorbol-12-myristate-13-acetate (PMA). This downregula-
tion occurs in a caveolin-dependent, dynamin-independent manner and was suggested to be indepen-
dent of the direct phosphorylation of the transporter [ 32 ], although phosphorylation at a particular 
serine residue has later been shown [ 31 ]. SNAT3 is also regulated by pathways involving serum and 
glucocorticoid inducible kinase SGK and PKB [ 33 ], by protein degradation through the ubiquitin 
ligase Nedd4-2, an effect which is reversed by coexpression of SGK1 [ 33 ]. Regulation of SNAT3 
expression by insulin and serum starvation was found in the liver [ 34 ]. Dietary restriction increased 
plasma membrane expression, whereas chronic insulin application resulted in downregulation [ 34 ], 
likely involving PI3 kinase. 

 In the kidney, it has been demonstrated that diets and conditions that stimulate renal ammoniagen-
esis and urinary ammonium excretion, such as potassium restriction, high protein intake, and meta-
bolic acidosis, lead to higher expression of the SNAT3 transporter. This correlation and the localization 
of SNAT3 to the basolateral membrane of the late proximal tubule strongly suggest that SNAT3 plays 
a pivotal role in supplying the proximal tubule with glutamine for ammoniagenesis. Some of these 
proposed regulatory processes are illustrated in Fig.  2.4 .  

 Not much is known regarding the regulatory processes affecting SNAT5 function. It has been pro-
posed that the C-terminal histidine residue (H471) of SNAT5 is a pH-sensing residue which regulates 
substrate (Na +  plus amino acid) transport activity, at least partly by allosteric effects on Na +  binding 
and which may, therefore, be important for physiological functioning of the transporters [ 30 ].   

    System A Transporters of the SLC38 Family 

 Within the SLC38 family, three distinct isoforms with hallmarks of system A activity were identi-
fied through cDNA cloning: SNAT1, SNAT2, and SNAT4 [ 35 ,  36 ]. Although no crystal structure 
is available, useful information of the fold is provided by distantly related transporter families. 
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At present, sequence homology has been established with transporters of the mammalian SLC32 and 
SLC36 families, as well as with the more distantly related plant auxin carriers and the bacterial APC 
family [ 29 ]. Considering the established structural relationship between the APC-family transporters 
and those of the SLC6 family, it is reasonable to assume that the system A transporters adopt a fold 
that is similar to LeuT(Aa) and Mhp1, for which crystal structures are known (see for example [ 37 ]). 
LeuT(Aa) has been one of the most useful templates for SNAT2 structural homology modeling [ 38 ]. 
The inverted repeat topology is proposed to be shared with many different families of transporters 
despite low sequence homology. 

 Based on hydropathy analysis, SNAT1 and SNAT2 are predicted to have 11 transmembrane 
domains; with an intracellular N terminus and an extracellular C terminus and a large glycosylated 
loop between TM5 and TM6 [ 6 ]. The intracellular location of the N-terminus is consistent with the 
absence of an N-terminal signaling sequence for membrane insertion. 

    Substrate Selectivity and Pharmacology 

 All three system A isoforms are secondary active transporters, which cotransport one aliphatic, zwit-
terionic amino acid with one Na +  ion down the Na +  concentration gradient [ 39 ]. The preference for 
amino acid substrates between isoforms varies. SNAT1 and 2 have similar substrate specifi city, trans-
porting most hydrophilic or small neutral amino acids. System A is so named because of its affi nity 
for  a lanine. SNAT1 has a much higher affi nity for glutamine than SNAT2,  K  m  = 230 μM and 
 K  m  = 1.65 mM, respectively. The reverse is found for alanine; SNAT1’s  K  m  for alanine is 520 ± 80 μM, 
and SNAT2’s 200 ± 17 μM [ 38 ,  39 ]. SNAT4’s  K  m  for alanine however, is signifi cantly lower, 
3.52 ± 0.62 mM. 

 MeAIB, a non-metabolizable amino acid analogue, is thought to be a specifi c transportable 
substrate for system A transporters. It has long been considered the paradigm system A substrate, used 
to differentiate system A activity in native cells from that of other amino acid transporters [ 9 ]. Although 
MeAIB is specifi c to system A transporters, it originally caused mistaken family assignment of 
SNAT4. At low concentrations, MeAIB works poorly as an inhibitor. It has been strongly recommended 
to use caution when using MeAIB as an inhibitor to characterize system A transporters [ 6 ,  41 ].  

  Fig. 2.4    Potential regulatory 
mechanisms that control 
SNAT3 expression       
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    Tissue Distribution and Subcellular Expression 

 SNAT2 is ubiquitously expressed within mammalian and avian cells [ 6 ]. SNAT2 mRNA has been 
found in every tissue analyzed by using Northern blotting. SNAT2’s mRNA and protein levels are 
increased by amino acid deprivation in many different cell types [ 42 ,  43 ]. Hypertonic stress also 
increases the abundance of SNAT2 mRNA in most studied cell types. In the brain, SNAT2 is expressed 
in excitatory neurons in the hippocampus [ 44 ], but is not found in astrocyte-enriched cultures. In the 
pancreas, SNAT2 is responsible for the majority of glutamine uptake within α-cells of the islets of 
Langerhans [ 45 ]. 

 The placenta requires expression of SNAT4 for proper mammalian fetal development and healthy 
birth weight. SNAT4 is also found in large concentrations within the liver. The full function of SNAT4 
within the liver is not yet fully understood. When liver cells are incubated in alanine and glutamine 
they have a higher gluconeogenesis activity [ 46 ]; insulin, which up regulates SNAT4 mRNA inhibits 
gluconeogenesis [ 9 ]. 

 In the brain, SNAT1 is expressed mainly in GABAergic and glutamatergic neurons [ 6 ]. It contrib-
utes to the plasticity of inhibitory synapses. SNAT1 transports glutamine as a precursor of synaptic 
GABA within hippocampal cells and synaptosomes. SNAT1 is expressed within the larger microves-
sels within the cortex [ 47 ]. The cortical expression aids in shuffl ing glutamine from the astrocytes into 
the neurons [ 6 ]. SNAT1 is also expressed in the heart, placenta and the adrenal gland.  

    Functional and Predicted Structural Properties 

 For SNAT1, it was proposed that binding of Na +  and the substrate is sequential: Sodium binding occurs 
before amino acid binding (Fig.  2.3b ). Once both Na +  and the amino acid are bound, the complex is 
translocated across the membrane in the same step [ 40 ] (Fig.  2.3b ). In both SNAT1 and 2, when alanine 
was rapidly applied in the presence of Na + , an “instantaneous,” rapidly decaying inward transient current 
was observed [ 40 ]. If the alanine binding step is electroneutral, because at neutral pH alanine has no net 
charge, then either movement of Na +  and/or movement of charges of the binding sites cause this rapid 
charge movement. The bimolecular rate constant of alanine binding to SNAT1 and 2 was estimated as 
>2 × 10 7  M −1  s −1  [ 40 ], indicating close to diffusion-controlled substrate binding. 

 SNAT2 has a large anion leak that is not stoichiometrically coupled to the transport current. The 
presence of extracellular Na +  increases the size of the leak current [ 48 ]. The binding of amino acid in 
SNAT2 inhibits this anion leak [ 48 ]. The SNATs function poorly at low pH. They have the largest 
activity at a pH of 7.4 for SNAT1, pH 8.0 for SNAT2, and 8.5 for SNAT4 [ 35 ,  49 ]. Protons regulate 
the transporters by raising the  K  m  for Na +  through allosteric changes. System A transporters are elec-
trogenic, and display voltage-dependent inward substrate transport currents, which increase in size at 
more negative voltage [ 35 ,  39 ,  41 ]. 

 Like other transporters related to the APC family, SNAT2 was proposed to adopt a fold based on 
an inverted repeat topology [ 38 ], likely resulting from gene-duplication and fusion events, with 11 
transmembrane domains (topology illustrated in Fig.  2.5a ). TM1-5 and TM 6-10 are placed in the 
membrane mirrored with opposite vertical orientations. These two TM sections have similar structural 
characteristics although they do not have high sequence homology. The inverted topology motif was 
proposed to be instrumental for the cotransport of the substrates through a slight tilting of the 5-TM 
bundle motifs, or a “rocking” bundle mechanism, as hypothesized for the SLC6 transporters [ 50 ].  

 Analysis of the SNAT2 Na + -binding site through site-directed mutagenesis experimentally sup-
ports the hypothesis that the LeuT(Aa) fold is shared with the SLC38 system A family. Threonine 384 
on TM8 was identifi ed as being part of the Na +  binding site. Asparagine 82, located on TM1, was also 
hypothesized to be involved in the Na +  binding site [ 38 ], in analogy to studies of the homologous N76 
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residue in SNAT3 [ 28 ] (Fig.  2.5b ). The Na +  binding site for SNAT2 is situated in the region where 
predicted TM1 and 8 intersect one another, creating a v-motif similar to that of LeuT(Aa), BetP, 
vSGLT and Mhp1, as predicted by X-ray crystallography (see for example [ 37 ]). 

 The deletion of TM11 in SNAT2 produced an inactive transporter. This is hypothesized to be due 
to poor cell surface expression and not a change in transport ability. The C-terminus in SNAT2 is 
important for voltage regulation and necessary for transport at physiological potentials. The pH 
dependence was only partially retained with the truncation of the C-terminus. A mutation of histi-
dine 504 to alanine in the c-terminus of SNAT2 reduces pH sensitivity without changing the  K  m  for 
Na +  [ 30 ].  

    Regulation 

 Because SNAT2 is assumed to be the prototypical, ubiquitously-expressed system A transporter, 
much of what is known about the regulation of system A transporters is thought to be related to regula-
tion of SNAT2 function/expression levels. Several reviews have summarized regulatory pathways in 
more detail (see for example [ 6 ]). Therefore, we present here only a brief summary. 

 When cells are amino acid starved or in hypertonic conditions they undergo a regulatory volume 
increase (RVI). SNAT2 is upregulated in response to these situations of deprivation and is responsible 
for short term RVI. The upregulation of SNAT2 is both short term through the redistribution of SNAT2 
proteins from intracellular stores into the membrane, and long term by increased transcription. SNAT2 
is also upregulated in response to insulin [ 51 ]. In some cell types, such as oligodendrocytes, where 
SNAT2 expression is not seen under basal conditions, SNAT2 is upregulated under systemic hyper-
tonic conditions. When any system A substrate is available, SNAT2’s mRNA is downregulated, and if 
the hypertonic conditions are corrected, the speed of downregulation is increased through a reduction 
in mRNA stability and changes in gene expression [ 52 ]. 

 SNAT1 and 4 likely play very specifi c roles in specialized cell types to maintain pools of glutamine 
as metabolic precursors. SNAT1 is regulated intrinsically within inhibitory hippocampal cells through 
transporter activity and not substrate availability, via depolarization and developmental cues, in order 
to maintain a supply of glutamine to serve as a GABA precursor. Within these cells, SNAT2 is 

  Fig. 2.5    Structural features of SNATs. ( a ) Transmembrane topology (SNAT1/2). ( b ) Predicted SNAT2 Na + -binding site 
(adapted from [ 38 ])       
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upregulated with age, while SNAT1 is downregulated [ 53 ]. SNAT4 is upregulated within mouse liver, 
specifi cally within the basolateral layers of hepatocyte-like cells, by insulin through a PI3-kinase-
dependent pathway.   

    Amino Acid Transporters and the Glutamate Glutamine Cycle 

 A physiologically important function of glutamine is to serve as a precursor for the neurotransmitter 
glutamate in the glutamate-glutamine cycle in the mammalian brain. In this cycle (Fig.  2.6 ), glutamate, 
released into the synapse during neurotransmission, is taken up into adjacent glia cells. Within glia 
cells, glutamate is converted to glutamine by glutamine synthase. Glutamine is then shuttled back into 
neurons, in which glutamate is regenerated by glutaminase. Shuttling of glutamine from glia cells to 
neurons requires release through transporters in the glia cell membrane, followed by neuronal glutamine 
uptake (see for example [ 54 ,  55 ]).  

 Amino acid transporters are critically involved in many of these steps. Uptake of glutamate into 
glia cells is performed by high-capacity glutamate transporters of the excitatory amino acid trans-
porter (EAAT) family. Subtype EAAT2 is mainly responsible for this uptake. Glutamine release from 
glia cells requires a transporter that can catalyze effl ux. Although the exact nature of the transport 
systems involved in effl ux is still discussed, SNAT3 is a potential candidate that has the functional 
pre-requisites to serve as an effl ux system [ 56 ]. Most importantly, glutamine transport by SNAT3 is 
thought to be electroneutral, rendering effl ux possible even at negative transmembrane potentials [ 24 ]. 
However, another report suggests electrogenic glutamine transport by SNAT3 [ 27 ], caused by the 
cotransport of two Na +  ions. If this was the case, glutamine effl ux would be hindered at negative voltage. 
In addition to system N, ASCT2 and the system L transporter LAT2 may contribute to glutamine 
release, in particular in cultured astrocytes [ 57 ], in exchange for other extracellular amino acids. 
However, the lack of ASCT2 expression in mature brain astrocytes makes its physiological importance 
for glutamine effl ux less clear [ 16 ]. Furthermore, an unidentifi ed transporter has been implicated in 
the effl ux mechanism [ 57 ]. 

 Once glutamine is released from glia cells, it is taken up into neurons by amino acid transporters. 
The identity of the transport systems involved is also not well established, although evidence points 
to SNAT2 and SNAT1 (system A) as a major contributor to neuronal uptake. SNAT2 is strongly 
expressed in neurons and the inhibition of SNAT2 by the specifi c transported substrate MeAIB results 
in an elevation of extracellular glutamine. 

  Fig. 2.6    Proposed involve-
ment of several amino acid 
transporters in the glutamate- 
glutamine cycle       
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 After entering the presynaptic terminal, glutamine is converted to glutamate by glutaminase, 
and subsequently repackaged into synaptic vesicles. Transport into the vesicles is accomplished by 
the vesicular glutamate transporters (VGLUTs) [ 58 ].  

    Conclusions 

 The preceding sections have highlighted the function of glutamine transporters in many physiological 
processes, as well as the molecular properties and regulatory processes that determine transporter 
activity. Understanding of the biophysical transport mechanism, structure function relationships, 
as well as development of specifi c pharmacological tools for manipulation of glutamine transporter 
function remain challenges that require future investigation. These issues are particularly important 
with respect to recent reports that implicate glutamine transporters in the growth of rapidly dividing 
cells, such as tumor cells. Our ability to manipulate glutamine uptake by these cells, either through 
pharmacological intervention, or through modulation of transporter expression or activity by targeting 
regulatory pathways, at either the transcriptional or traffi cking level, will be paramount to the identi-
fi cation of new avenues to inhibit cell growth.     
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 Key Points

• Glutamine transaminases (GTK and GTL) and possibly other aminotransferases catalyze the trans-
amination of glutamine with a suitable α-keto acid, generating α-ketoglutaramate (KGM) and the
corresponding l-amino acid.

• KGM is hydrolyzed by ω-amidase to α-ketoglutarate and ammonia.
• Glutamine transaminase plus ω-amidase constitute the glutaminase II pathway for the anaplerotic
conversion of glutamine to α-ketoglutarate and ammonia, a process that may be important in regu-
lation of growth of cancer cells.

• The glutaminase II pathway is responsible for the salvage of α-keto acids arising through non-
specific transamination reactions.

• The glutaminase II pathway closes the methionine salvage pathway in mammals and many other
organisms.

• The glutaminase II pathway is prominent in epithelial cells and may be important for the uptake
and metabolism of circulating α-keto acids.

• Glutamine transaminases catalyze non-physiological β-elimination reactions leading to the bioac-
tivation of certain xenobiotics.

• GTK catalyzes transamination of sulfur-containing amino acids giving rise to cyclic ketimines,
some of which may be neuroactive.
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• l-Selenomethionine is a good transaminase substrate of GTL, whereas Se-methyl-l-selenocysteine
is a good transaminase/β-lyase substrate of GTK—the corresponding α-keto acids are good inhibi-
tors of histone deacetylases.

• The chemoprotective action of selenium may be due to the action of glutamine transaminases on
selenium-containing amino acids.

Keywords ω-Amidase • Glutamine transaminase K • Glutamine transaminase L • α-Keto acid trans-
port • α-Ketoglutaramate • α-Keto-γ-methiolbutyrate • Methionine salvage pathway • Seleno amino
acids • Seleno keto acids

 Abbreviations

AECK Aminoethylcysteine ketimine
CK Cystine ketimine
CRYM μ-Crystallin
CysK Cystathionine ketimine
DAB 3,3′-Diaminobenzidine
DCVC S-(1,2-Dichlorovinyl)-l-cysteine
GTK Glutamine transaminase K
GTL Glutamine transaminase L
HDAC Histone deacetylase
KAT Kynurenine aminotransferase
KGM α-Ketoglutaramate
KMB α-Keto-γ-methiolbutyrate [2-oxo-4-(methylthio)butyrate]
KMSB α-Keto-γ-methylselenobutyrate
LK Lanthionine ketimine
MSC Se-Methyl-l-selenocysteine
MSP β-Methylselenopyruvate
MTA 5′-Methylthioadenosine
PLP Pyridoxal 5′-phosphate
SM l-Selenomethionine
TCA Tricarboxylic acid
TFEC S-(1,1,2,2-Tetrafluoroethyl)-l-cysteine

 Introduction: Historical

Work in the 1940s showed that rat tissues contain phosphate-activated glutaminase (Eq 3.1) (glutamin-
ase I; now simply referred to as glutaminase) and an apparent pyruvate-activated glutaminase (gluta-
minase II). Glutaminase is now known to consist of a liver type glutaminase isozyme (LGA; GLS1), a
kidney type glutaminase isozyme (KGA; GLS2), and a shortened form (glutaminase C, GAC).

L-Glutamine H O L-glutamate NH+ ® +2 3 (3.1)

In the 1950s Meister and colleagues showed that the glutaminase II of rat liver consists of a gluta-
mine transaminase (EC 2.6.1.-; (Eq. 3.2)) coupled to an ω-amidase (ω-amidodicarboxylate amidohy-
drolase, EC 3.5.1.3; (Eq. 3.3)) [1]. [Note that the word aminotransferase is now more generally used
than the word transaminase, but the former word has been retained for enzymes catalyzing transfer of
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the amino group of glutamine.] The net (glutaminase II) reaction is shown in (Eq. 3.4). The partially
purified rat liver glutamine transaminase was shown to have a broad α-keto acid specificity [1].

L-Glutamine -ketoacid -ketoglutaramate KGM L-aminoacid+ ( )+a a (3.2)

KGM H O ketoglutarate NH+ ® +2 3a - (3.3)

Net L-Glutamine -ketoacid H O -ketoglutarate L-aminoacid: + + ® +a a2 ++NH3 (3.4)

 Mammalian Tissues Contain at Least Three Aminotransferases  
that Can Utilize Glutamine as an Amino Donor

In the 1970s, Cooper and Meister showed that rat tissues contain a kidney type (glutamine transami-
nase K, GTK) and a liver type (glutamine transaminase L, GTL) [2]. Other workers studying the
degradation of tryptophan in the production of NAD+ identified the kynurenine pathway and charac-
terized kynurenine aminotransferase I (KAT I) as an important enzyme that catalyzes the transamina-
tion of kynurenine to kynurenate. Subsequent studies demonstrated that this enzyme is identical to
GTK, and investigations by Han et al. using a recombinant human enzyme (hKAT I) reported on the
Kcat/Km values for glutamine and five other “best” substrate amino acids using α-ketobutyrate as α-keto
acid co-substrate [3]. Han et al. reported Kcat/Km values for glutamine, phenylalanine, leucine, kyn-
urenine, tryptophan and methionine of 157, 54, 45, 43, 36, and 34 min−1 mM−1, respectively [3]. In
another study, Han et al. investigated the amino acid specificity of another kynurenine aminotransfer-
ase, namely mouse kynurenine aminotransferase III (mKAT III) [4]. These authors showed that glu-
tamine was also the most favorable amino acid substrate of this enzyme with a Kcat/Km value of
194 min−1 mM−1. Kcat/Km values for the next six “best” amino acid substrates, namely histidine, methi-
onine, phenylalanine, asparagine, cysteine, and kynurenine, were reported to be 171, 162, 147, 126,
114, and 92 min−1 mM−1, respectively. We have shown that KAT III is identical to GTL [5]. Inasmuch
as (a) GTK and GTL were described prior to the identification of KAT I and KAT III as distinct kyn-
urenine aminotransferases, (b) glutamine is a better substrate than is kynurenine, (c) mammalian tis-
sues contain far more glutamine than kynurenine, and (d) the present chapter focuses on glutamine,
we have assumed the nomenclature GTK and GTL throughout the present chapter, except where it is
necessary to indicate the KAT nomenclature often presented in basic scientific literature. Finally, Han
et al. have investigated the substrate specificity of yet another KAT, namely hKAT II [6]. Historically,
KAT II was first described as an aminoadipate aminotransferase. As determined for GTK/KAT I and
GTL/KAT III, the amino acid (and α-keto acid) specificity of KAT II is also broad. Thus, Kcat/Km val-
ues for aminoadipate, kynurenine, methionine, and glutamate were reported to be 196, 126, 124, and
119 min−1 mM−1, respectively [6]. The Kcat/Km value for glutamine was lower, but still appreciable
(11.8 min−1 mM−1) [6]. All three enzymes are discussed later in this chapter with reference to their
ability to transaminate seleno amino acids.
Glutamine transaminases and ω-amidase activities are widespread in rat tissues, and are especially

active in rat liver and kidney [7]. In rat liver and kidney, both activities are present in cytosol and
mitochondria [7]. Both GTK and GTL generally “prefer” amino acids [RCH(NH3

+)CO2−] and co-
substrate keto acids [RC(O)CO2−] in which R is a hydrophobic group or a polar but uncharged group.
An exception is glyoxylate [HC(O)CO2−], which is a good substrate of bothGTLandGTK. [Glyoxylate
is an α-aldehydic acid, rather than an α-keto acid, and as such is much more hydrated (>90 %) to the
corresponding gem diol [HC(OH)2CO2−] under physiological conditions than are typical α-keto acids
[5–10 % present as RC(OH)2CO2−], and transamination of glyoxylate is greatly favored over trans-
amination of glycine.]
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Although aminotransferase reactions are generally freely reversible, those involving glutamine
(Eq. 3.2) are drawn in the direction of glutamine utilization because KGM cyclizes to a lactam [8] and
is also removed by the action of ω-amidase (Fig. 3.1). Under physiological conditions, 99.7 % of
KGM is in the lactam form (2-hydroxy-5-oxoproline) and only about 0.3 % is in the open-chain form
(substrate of ω-amidase) (Fig. 3.1) [8]. The interconversion between open and closed forms of KGM
is specific base (OH−)-catalyzed [8]. At physiological pH values the interconversion is slow enough
that despite the high affinity of ω-amidase for the open-chain form [8–12], KGM is present in rat tis-
sues at steady state levels in the μM range [12].
The glutaminase and glutaminase II pathways constitute the main mechanisms by which glutamine

is metabolized. Most work in the area of glutamine metabolism has been devoted to the glutaminase
pathway. However, compelling data suggest that the glutaminase II pathway is quantitatively impor-
tant in humans. Thus, turnover of glutamine through the glutaminase II pathway has been demon-
strated by Darmaun et al. to occur in human volunteers administered l-[N15]glutamate, l-[2-15N]
glutamine and l-[5-15N]glutamine [13]. The authors noted that their data strongly suggest that the
nitrogen flux from the amine moiety is greater than that from the amide of glutamine. Thus, the data
appear to show that the transamination pathway (Eq. 3.2) is quantitatively more important than the
glutaminase pathway (Eq. 3.1) for the metabolism of glutamine in humans. On the other hand, the
authors raised the caveat that because aminotransferases are reversible their findings do not mean that
nitrogen fluxes from the amine are necessarily greater than those from the amide nitrogen or even
result in a net amine turnover [13]. However, as noted above, unlike most aminotransferase reactions,
those involving glutamine are largely irreversible. Thus, the work of Darmaun et al. [13] is crucial in
understanding whole body glutamine metabolism and suggests that in humans the glutaminase II
pathway (Eq. 3.4) may be physiologically as critical as the glutaminase pathway (Eq. 3.1) and possi-
bly even more so. In this chapter we summarize the biological roles of the glutaminase II pathway
(i.e., glutamine transaminase plus ω-amidase) and suggest that this pathway is much more important
than hitherto realized both in terms of the magnitude of the overall metabolic flux of nitrogen and the
possible contribution of the individual enzymes to cancer prevention and control.

Fig. 3.1 The glutamine transaminase—ω-amidase (glutaminase II) pathway for the metabolism of l-glutamine. Note
that the glutamine transaminase reaction is freely reversible, but due to (a) the cyclization of product α-ketoglutaramate
(KGM) to lactam (2-hydroxy-5-oxoproline) (99.7 % lactam; 0.3 % open-chain form at pH 7.4) and (b) conversion of
the open-chain form to α-ketoglutarate by ω-amidase, the glutamine transaminase reaction is drawn toward glutamine
utilization and amination of α-keto acid substrate [RC(O)CO2−]. GTK, glutamine transaminase K; GTL, glutamine
transaminase L. Modified from ref. [12]
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 Salvage of α-Keto Acids

Enzymes occasionally “make mistakes” and convert an inappropriate/non-physiological substrate to
a potentially toxic or a metabolically wasteful product. Thus, repair/salvage enzymes are essential.
For example, the cytosolic and mitochondrial isozymes of aspartate aminotransferase can catalyze
transamination to some extent of amino acids other than the “usual” substrates, aspartate and gluta-
mate. Such “unscheduled” amino acid substrates of mitochondrial aspartate aminotransferase include,
for example, cysteine, methionine, isoleucine and the aromatic amino acids [14]. The α-keto acid
products of these transamination reactions are good substrates of the glutamine transaminases.
Because of the irreversible nature of the glutaminase II pathway, losses of sulfur and “essential” car-
bon and the accumulation of potentially neurotoxic α-keto acids (e.g., phenylpyruvate, branched-
chain α-keto acids) are prevented or minimized at the expense of the readily renewable amino group
of glutamine, with the concomitant anaplerotic production of α-ketoglutarate, an energetically useful
intermediate of the tricarboxylic acid (TCA) cycle.

 Closure of the Methionine Salvage Pathway

Glutamine transaminases act as salvage enzymes in yet another context. During polyamine biosynthe-
sis, the carboxyl moiety of methionine is lost as CO2, the C2-C4 skeleton and the amino group are
incorporated into polyamines, and the methyl and sulfur are incorporated into 5′-methylthioadenosine
(MTA). If there were no way to salvage MTA, loss of MTA would result in an excessive drain of
methyl groups (for 1-carbon and folate metabolism) and reduced sulfur, and a markedly increased
requirement for methionine. In the 1990s Abeles and colleagues showed that MTA is converted to
α-keto-γ-methiolbutyrate (KMB) by a remarkable series of reactions termed the methionine salvage
pathway [15]. The last step in the pathway (i.e., conversion of KMB to methionine) is catalyzed by a
transamination reaction. In mammals, and many plants and bacteria, glutamine is the preferred ami-
notransferase substrate. Thus, the glutaminase II pathway closes the methionine salvage pathway,
thereby linking the metabolism of nitrogen from glutamine to that of sulfur from methionine and
1-carbon compounds from folate. Since these reactions are integrated and play a crucial role in pro-
viding anapleroticmetabolites, we have aptly entitled these interconnecting pathways as the glutamine-
methionine bi-cycle (Fig. 3.2) [10].

 Metabolism of Circulating α-Keto Acids: Presence of ω-Amidase  
and GTK in Epithelial Tissue

Immunohistochemical studies by Stevens and colleagues showed that GTK in rat kidney is markedly
enriched in proximal tubules [16], a finding that we later verified [17]. In addition, our immunohisto-
chemical studies showed that in the rat brain, GTK is especially prominent in the choroid plexus [17].
In that same study, we showed that the specific activity of both GTK and ω-amidase in the rat is much
higher in the isolated choroid plexus than in a homogenate of the whole brain [17]. As noted above,
previous work showed that both GTK and ω-amidase are widely distributed in rat tissues, with liver
and kidney exhibiting the highest specific activity for both enzymes [3]. In a separate study, Lin et al.
showed by Northern blot analysis that Nit2 mRNA (Nit2 is identical to ω-amidase; see below) is
widely distributed in human tissues with highest levels in liver and kidney [18]. Thus, it is likely that
the two enzymes of the glutaminase II pathway [i.e., GTK (and possibly GTL) and ω-amidase] are
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metabolically linked in most (if not all) tissues. As we discuss below, this may be important in the
transport of α-keto acids in epithelial tissues.
Much work has been carried out on interorgan trafficking and uptake of amino acids [19], but rela-

tively few studies have focused on the interorgan trafficking of the corresponding α-keto acids. In fact,
a recent PubMed search for α-keto acids/transporters brought up only three relevant references, all
published more than 25 years ago. The monocarboxylate transporter was shown to be responsible for

Fig. 3.2 The glutamine-methionine bi-cycle. Cycle 1: During polyamine biosynthesis the C1 carbon of l-methionine
is lost as CO2, the amino group is incorporated into polyamines and C2–C4 carbons are incorporated into polyamines.
During this process the original methyl group (green) and sulfur (orange) of l-methionine are incorporated into
5′-methylthioadenosine (MTA). The methyl and sulfur moieties are conserved by a remarkable series of reactions
termed the methionine salvage pathway that converts MTA to α-keto-γ-methiolbutyrate (KMB) [15]. This salvage path-
way is of ancient lineage and has been conserved, with minor variations, in archaea, bacteria, fungi, plants, and verte-
brates. The salvage pathway is closed by transamination of KMB to methionine. In mammals and many other organisms
the preferred amino donor is glutamine. In the salvaged methionine the original methyl group (green) and the sulfur
(orange) are retained, the amino group (blue) is obtained from the nonessential amino acid glutamine and carbons 1–4
are formed anew from the ribose moiety of MTA. Cycle 2: The α-ketoglutarate generated from glutamine by the gluta-
minase II pathway (KMB as α-keto acid acceptor) is converted to glutamate by the action of glutamate dehydrogenase/
α-ketoglutarate-utilizing aminotransferases and thence to glutamine by glutamine synthetase. Modified from ref. [10]

A.J.L. Cooper et al.



43

the uptake of branched-chain α-keto acids into rat liver cells [20], and for the uptake of pyruvate,
α-ketoisocaproate, α-ketobutyrate, and KMB across the blood–brain barrier [21]. A mitochondrial
transporter for the branched-chain α-keto acids in rat brain has also been described [22]. This paucity
of information on α-keto acid transporters is surprising given that (a) excessive accumulation of cer-
tain α-keto acids (e.g., phenylpyruvate, branched-chain α-keto acids) is deleterious to brain develop-
ment, and (b) the concentrations of α-keto acids in blood/plasma are often >10 μM. For example, the
concentrations of the keto acid analogues of the branched-chain amino acids in human plasma are in
the range of 12–22 μM [23].
The above discussion has prompted us to posit the following hypothesis: Glutaminase II enzymes

(i.e., GTK and ω-amidase) are enriched and centrally located in epithelial cells from a wide variety of
tissues and are thus poised to transaminate a variety of α-keto acids transported from body fluids using
glutamine as the amine donor. Our preliminary evidence has provided support for this hypothesis.
Specifically, we have used immunohistochemistry (hNit2/ω-amidase; OriGene; mouse monoclonal)
and human hKAT I/GTK (Santa Cruz, goat polyclonal) on sections of human tissues using the Vector
ABC immunoperoxidase kit [with 3,3′-diaminobenzidine (DAB) staining] (Fig. 3.3). [All human
specimens were from archived tissues. No direct or indirect identifiers were provided.]
Immunohistochemical staining indicates that ω-amidase is present in the epithelial cells of normal
human prostate (Fig. 3.3a), bladder (Fig. 3.3e), and pancreas (not shown). The staining is much less
intense in other areas. Immunohistochemical staining with peroxidase/DAB also illustrates intense
localization of GTK in normal human prostate epithelium (Fig. 3.3b), bladder (not shown), and pan-
creas (not shown). In normal bladder there is intense staining for ω-amidase in the cytoplasm of the
urothelial cells (Fig. 3.3e). Interestingly, intense staining for ω-amidase can also be observed in epi-
thelial cells within specimens of human prostate cancer (Fig. 3.3c) and human bladder cancer
(Fig. 3.3f). Immunohistochemical staining reveals a similar pattern of epithelial cell staining for GTK
in prostate cancer (Fig. 3.3d), bladder cancer (Fig. 3.3g), and pancreatic cancer (Fig. 3.3h).
Taken together these findings strongly suggest that the glutaminase II pathway is poised to metabo-

lize or salvage incoming α-keto acids to the corresponding amino acid with the concomitant conver-
sion of glutamine to anaplerotically useful α-ketoglutarate in epithelial cells in several tissues,
including the brain (choroid plexus), prostate, bladder, and pancreas. Moreover, the glutaminase II
pathway is well represented in those human cancer tissues that we have investigated thus far. This
preliminary work is ongoing to determine whether ω-amidase and GTK are present in epithelial tis-
sues of other normal and cancerous human tissues. As discussed in the next section, the presence of
the glutaminase II pathway may be of fundamental importance in cancer biology and progression.

 Role of the Glutaminase II Pathway in Tumor Metabolism: Identification 
of ω-Amidase as a Putative Tumor Suppressor

Two genes in the human genome have been designated Nit1 (nitrilase-like 1) and Nit2 (nitrilase-like
2). In mammals, the gene products are members of branch 10 of the nitrilase superfamily [24]. Nit1 is
a tumor suppressor, promoting apoptosis in cancer cells [25]. Nit2 has similarly been identified as a
putative tumor suppressor, but in this case the tumor suppressor property appears to be due to interfer-
ence with the cell cycle [18]. Initially, the substrate specificity of Nit2 was unknown. However, in
2009 our group [10] and Van Schaftingen’s group [9] simultaneously reported that Nit2 is identical to
ω-amidase. The finding that ω-amidase has tumor suppressor function emphasizes the strong link
between glutamine metabolism and cancer progression.
Glutamine is an important energy and nitrogen source for rapidly dividing cells such as fibroblasts

[26], colonocytes [27], and jejunal epithelial cells [28]. Metabolism of glutamine yields two
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Fig. 3.3 Immunohistochemical localization (peroxidase—DAB staining) of ω-amidase and GTK in human prostate,
bladder and pancreatic tissues. (a) Normal prostate stained with ω-amidase monoclonal antibody. (b) Normal prostate
stained with GTK polyclonal antibody. In a and b intense, but diffuse, granular cytoplasmic staining for both ω-amidase
and GTK is observed in the luminal epithelial cells. By contrast, no staining is visible for either enzyme in the stromal
cells. (c) Prostatic carcinoma stained with ω-amidase antibody. (d) Prostatic carcinoma stained with GTK antibody. As
with normal tissues, the staining within the malignant tissue is limited mostly to luminal epithelial cells. (e) Normal
bladder stained with ω-amidase antibody. Staining is intense within the cytoplasm of the urothelial cells, whereas some
smooth muscle cells exhibit faint staining. (f) Bladder carcinoma stained with hNit2/ω-amidase antibody. A complete
loss of organized urothelial layer is observed, with invasion of urothelial cells into the stromal cell layer. Invading
malignant cells demonstrate intense staining. (g) Bladder carcinoma stained with GTK antibody. The staining pattern is
remarkably similar to that of ω-amidase in panel f. (h) Pancreatic carcinoma stained with GTK antibody. Ducts of dif-
ferent sizes can be seen, with the enlarged duct exhibiting a cribriform (or perforated) pattern, with fusing micropapil-
laries. The glands are heterogeneous in size and the luminal epithelial cells show very intense staining for GTK. Data
are unpublished findings of Dorai and Dorai. [Note that the antibodies sold by the manufacturers for ω-amidase and
GTK are designated hNit2 and hKAT I, respectively; GTK is also referred to as CCBL 1. All magnifications are 20×]
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equivalents of nitrogen that can be used in DNA and polyamine synthesis, and at the same time the
carbon skeleton is easily converted to anaplerotic α-ketoglutarate, an important component of the
TCA cycle. Although many rapidly dividing cancer cells have been known for decades to have a high
requirement for glutamine [29] it is only recently that this “glutamine addiction” has attracted consid-
erable attention [30–32]. Many cancer cells are also well known to take up considerably more glucose
and produce much more lactate than comparable non-cancerous cells, even in the presence of ade-
quate oxygen and well functioning mitochondria (the Warburg Effect) [31, 32]. Thus, much of the
energy requirement in cancer cells is derived from anaerobic glycolysis—an important pathway in
cancer cells burdened with a limited oxygen supply. In cancer cells the TCA cycle is an important
anaplerotic machine for the supply of essential carbon compounds necessary for the replication path-
ways in rapidly dividing cells [32]. But, how does glutamine carbon enter the TCA cycle? The most
thoroughly studied pathway is the glutaminase pathway (Eq. 3.1) that generates glutamate. This glu-
tamate is then converted to the TCA cycle intermediate α-ketoglutarate via the glutamate dehydroge-
nase reaction (Eq. 3.5) or an aminotransferase reaction (Eq. 3.6):

L-Glutamate NAD P -ketoglutarate NH NAD P H+ ( ) + + ( )+ +
a 4 (3.5)

L-Glutamate -ketoacid -ketoglutarate L-aminoacid+ +a a (3.6)

It should be noted that if an α-keto acid is taken up by cancer cells, glutamine can be converted to
α-ketoglutarate anaerobically by either (1) coupling the glutaminase reaction (Eq. 3.1) to a glutamate-
linked aminotransferase reaction (Eq. 3.6), or (2) the glutaminase II pathway Eqs. (3.2)–(3.4).
Utilization of α-keto acids as key partners in aminotransferase reactions, especially if they accumulate
in the tumor from elsewhere in the body, would be a distinct advantage to cancer cells under hypoxic
conditions. We have detected glutamine transaminase and ω-amidase enzyme activities in a variety of
human cancers including breast and prostate cancers (unpublished data), and as noted above, GTK
and ω-amidase have been detected immunohistochemically in epithelia of cancerous human prostate,
bladder and pancreatic tissues. The following question then arises—Is the glutaminase II pathway a
“double-edged sword” for cancer cells? From one perspective, the glutaminase II pathway may serve
an anaplerotic function (i.e., provision of α-ketoglutarate) and provide useful nitrogen (for the synthe-
sis of DNA and polyamines), but from another perspective, the pathway may conceal a tumor sup-
pressor function (through the action of Nit2/ω-amidase). Work in our laboratory is ongoing to address
the relative importance of these seemingly dichotomous functions.

 GTK is a Cysteine S-Conjugate β-Lyase: Possible Role in Bioactivation 
of Halogenated Alkenes

Several pyridoxal 5′-phosphate (PLP)-containing enzymes naturally catalyze β-elimination reactions
with amino acids containing a nucleofuge (i.e., a leaving group with electron-withdrawing properties)
in the β-position [33]. The product of the enzyme reaction is highly reactive aminoacrylate
[CH2=C(NH3

+)CO2−], which spontaneously (nonenzymatically) tautomerizes to an imino acid
[CH3C(=NH2+)CO2−], which in turn nonenzymatically hydrolyzes to pyruvate and ammonia. The net
reaction is shown in (Eq. 3.7), where X is the nucleofuge.

XCH CH NH CO H O CH C O CO NH XH2 3 2 2 3 2 4
+ - - +( ) + ® ( ) + + (3.7)

If an amino acid containing an exceptionally strong nucleofuge (X) binds at the active site, many
PLP-containing enzymes (e.g., aminotransferases) that do not normally catalyze a β-elimination
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reaction are “coerced” into catalyzing such a reaction. For example, cytosolic aspartate aminotrans-
ferase can catalyze β-elimination reactions with β-chloro-l-alanine (X=–Cl) and l-serine O-sulfate
(X=–OSO3H)) [34]. Owing to the reactivity of aminoacrylate (or aminoacrylate bound to PLP in the
active site) the aspartate aminotransferase is eventually syncatalytically inactivated. However, the
enzyme may be protected from inactivation if a suitable small-molecular-weight Michael nucleophile,
such as thiosulfate or 2-mercaptoethanol is included in the reaction mixture. These reagents add to the
double bond of free aminoacrylate (or aminoacrylate in covalent linkage to PLP), preventing a) cova-
lent Michael addition of free aminoacrylate (or aminoacrylate-PLP) to a susceptible group in the
vicinity of the active site, or b) reaction between free aminoacrylate and PLP [35].
Cysteine S-conjugates possess the structure XCH2CH(NH3

+)CO2− where X=RS. These conjugates
can bind to a number of PLP-containing enzymes. When R is a simple aliphatic group, β elimination
is not favorable and transamination is the “preferred” reaction catalyzed by aminotransferases.
However, if R is strongly electron withdrawing, the ready polarizability of sulfur makes the RS moi-
ety a good nucleofuge. This phenomenon is observed with toxic cysteine S-conjugates derived from
many halogenated alkenes. Examples include the cysteine S-conjugates derived from trichloroethyl-
ene and tetrafluoroethylene, namely S-(1,2-dichlorovinyl)-l-cysteine (DCVC) and S-(1,1,2,2-
tetrafluoroethyl)-l-cysteine (TFEC), respectively. Enzymes that catalyze β-elimination reactions with
cysteine S-conjugates have been named cysteine S-conjugate β-lyases. These enzymes convert DCVC
and TFEC to pyruvate, ammonia and a sulfur-containing fragment (RS−). In both cases, RS− is unsta-
ble and decomposes to products that are potent nucleophiles, subsequently covalently adding to mac-
romolecules (Fig. 3.4) [36]. For reviews see refs. [36–39].

Fig. 3.4 Bioactivation of cysteine S-conjugates of halogenated alkenes. (a) Bioactivation of S-(1,2-dichlorovinyl)-l-
cysteine (DCVC) by cysteine S-conjugate β-lyases. DCVC (1) is converted to pyruvate (2), ammonium and a sulfur-
containing fragment that has the theoretical structure 1,2-dichloroethylenethiol (3). 1,2-Dichloroethylenethiol is
unstable and in part loses HCl to form the highly reactive chlorothioketene (4). The thioketene reacts with tissue nucleo-
philes (Nu:) to generate thioacylated products (5). (b) Bioactivation of S-(1,1,2,2-tetrafluoroethyl)-l-cysteine (TFEC)
(6) by cysteine S-conjugate β-lyases. TFEC is converted to pyruvate (2), ammonium and a sulfur-containing fragment
that has the structure 1,1,2,2-tetrafluoroethanethiolate (7). 1,1,2,2-Tetrafluoroethanethiolate is unstable and loses F− to
form difluorothioacetyl fluoride (8). Difluorothioacetyl fluoride reacts with tissue nucleophiles (Nu:) to generate thio-
acylated products (9). Based on Dekant et al. [36] and modified from refs. [37–39]
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The first cysteine S-conjugate β-lyase to be identified in mammalian tissues was GTK [40].
Consequently, the gene for GTK is named CCBL1 (cysteine S-conjugate β-lyase isozyme 1) in human
and rodent genomes. In addition, we have recently identified a closely related gene, named CCBL2,
as coding for KAT III/GTL [5]. In our opinion this is an inappropriate nomenclature as the lyase reac-
tion is not the natural reaction catalyzed by GTK and GTL. Moreover, we and others have identified
several other PLP-containing enzymes (mostly aminotransferases, but also cystathionine γ-lyase) that
can also catalyze β-lyase reactions with DCVC and/or TFEC (reviewed in ref. [39]). Nevertheless,
both GTK and GTL may contribute substantially to the bioactivation (toxification) of halogenated
alkenes, some of which are produced on an industrial scale and continue to be environmental contami-
nants.We shall revisit the ability of GTK and GTL to catalyze β-elimination reactions in a subsequent
section that reviews the biochemistry of selenium-containing amino acids.

 The Role of Glutamine Transaminases in the Production of Potentially 
Neuroactive Sulfur-Containing Cyclic Ketimines

As noted above, the glutamine transaminases have broad amino acid specificities. Thus, several
sulfur-containing amino acids (e.g., cystathionine, cystine, lanthionine, and thialysine) have been
shown to be substrates of glutamine transaminases (reviewed in refs. [12, 41–43]). Figure 3.5 illus-
trates the metabolic origin of the sulfur-containing amino acids and the importance of the glutamine
transaminases in converting these compounds to α-keto acids. These α-keto acids are spontaneously
converted to sulfur-containing cyclic ketimines. Naming of these cyclic ketimines is complex and the
first authors to describe these compounds assigned these imines trivial names [41], a practice we con-
tinue here. Thus, cyclic imines arising via transamination of thialysine (l-aminoethylcysteine), lan-
thionine, cystathionine, and cystine are named aminoethylcysteine ketimine (AECK), lanthionine
ketimine (LK), cystathionine ketimine (CysK), and cystine ketimine (CK), respectively. These com-
pounds exist in equilibrium with their open-chain and enamine forms. The relative concentrations of
open-chain-, ketimine- and enamine forms are strongly pH dependent [41–43].
Studies on the functional role of sulfur-containing cyclic ketimines are limited. Nevertheless, some

evidence suggests that these compounds may be neuroactive. For example, both the concentration of
cystathionine in human brain and glutamine transaminase activity are relatively high in human brain
[12]. LK and CysK have been found in human brain and AECK has been found in bovine brain. LK
has been shown to increase basal cAMP levels and reversibly bind to brain membranes at concentra-
tions that imply specific neuroreceptor binding. This binding is displaced by other ketimines (AECK
and CysK) and also by catecholamines. Several cyclic ketimines have been shown to promote free
radical formation by enhancement of NADPH oxidase activity.AECK is a potent inhibitor of D-amino
acid oxidase activity and is thus a potential regulator of the concentrations of D-amino acids. In this
regard, regulation of D-serine levels is especially important as D-serine is a neurotransmitter and
agonist of the NMDA receptor. Finally, a role in neurogenesis is implied by the findings that LK
stimulates neurite outgrowth. For original references on the potential neuroactive roles of the cyclic
sulfur-containing cyclic ketimines see refs. [42, 43].
The cyclic ketimines formed by glutamine transaminase are subsequently reduced by ketimine

reductases, one of which has been identified as the protein μ-crystallin (CRYM) [42, 43]. The activity
of this enzyme was shown to be regulated by the thyroid hormone triiodothyronine (T3) and, recipro-
cally, a role is implied for the enzyme in regulating the bioavailability of intracellular T3 (reviewed
in refs. [42, 43]). Mutations in CRYM are associated with non-syndromal deafness. The gene for
CRYM is a) upregulated in a murine model of amyotrophic lateral sclerosis, b) downregulated in
human glioblastomas, and c) induced by androgens in human prostate cancer. For original references
see refs. [42, 43].
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 Possible Role of Glutamine Transaminases in Chemopreventive Action 
of Selenium-Containing Amino Acids

A large number of cysteine S-conjugates [RSCH2CH(NH3
+)CO2−, where R is an aliphatic or aromatic

moiety] and selenocysteine Se-conjugates [[RSeCH2CH(NH3
+)CO2−, where R is also an aliphatic or

aromatic moiety] have been shown to be aminotransferase substrates of highly purified rat kidney
GTK [44]. Curiously, the selenocysteine Se-conjugates are generally an order of magnitude more
effective aminotransferase substrates than are the cysteine S-conjugates, possibly as a result of a
weaker α C-H bond in the selenocysteine Se-conjugates compared to that in the cysteine S-conjugates
[44]. In the same study, the authors also showed that GTK catalyzes a β-elimination reaction that
competes with the transamination reaction when selenocysteine Se-conjugates are employed as sub-
strates [44]. The β-elimination reaction is much more favorable with the selenocysteine Se-conjugates
than with the corresponding cysteine S-conjugates. For example, the specific activities of Se-methyl-
l-selenocysteine (MSC) as an aminotransferase substrate and as a β-lyase substrate of rat kidney GTK
were reported to be 7.40±1.55 and 1.61±0.41 μmol/min/mg, respectively. The corresponding values
for S-methyl-l-cysteine were 1.37±0.25 μmol/min/mg, and below the limit of detection, respectively.
The much greater ability of rat kidney GTK to catalyze β-elimination reactions with selenocysteine
Se-conjugates compared to cysteine S-conjugates is presumably due, at least in part, to the weaker
strength of the C-Se bond compared to that of the C-S bond [44].
Considerable evidence suggests that seleniferous vegetables, such as members of the allium fam-

ily, are chemoprotective. These vegetables contain varying levels of organified selenium, mostly in

Fig. 3.5 Metabolic pathways leading to the formation of sulfur-containing cyclic ketimines. Enzymes: 1. Glutamine
transaminases; 2. cystathionine-β-synthase; 3. pantetheinase; 4. Michael addition of cysteine/cysteine residues to dehy-
droalanine residues followed by proteolytic digestion; 5. uncharacterized decarboxylase; 6. cystathionine-γ-lyase. For
simplicity not all cofactors or reactants are shown. Note the importance of the glutamine transaminases (1) in the pro-
duction of cyclic sulfur-containing imines. Note also that the sulfur-containing imines may be in equilibrium not only
with the open-chain form, but in some cases with an enamine (not shown). The ratio of the various forms is strongly
dependent on the pH [41–43]. Abbreviations: CysK cystathionine ketimine, LK lanthionine ketimine, CK cystine keti-
mine, AECK aminoethylcysteine ketimine. From ref. [43] with permission
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the form of MSC and l-selenomethionine (SM). Numerous studies have reported on the anticancer
properties of MSC and SM in breast, prostate and colon (reviewed in refs. [45, 46]). As noted above,
rat kidney GTK has been reported to catalyze competing transamination and β-elimination reactions
with MSC [44]. We have verified this finding [47]. [Due to the extreme hydrophobicity of the frag-
ment eliminated from MSC (i.e., methylselenol, CH3SeH) and resulting difficulty in detection, the
β-elimination reaction could only be followed by measuring pyruvate formation.] Curiously, MSC is
a relatively good aminotransferase substrate of rat kidney GTK, but SM is a relatively poor substrate
[47]. We have obtained similar findings with recombinant human KAT I/GTK (Table 3.1). On the
other hand, SM is a relatively good aminotransferase substrate of recombinant mouse KAT III/GTL,
but MSC is not as effective (Table 3.1; [5]).
The data in Table 3.1 show that both SM and MSC are effective substrates of hGTK and mGTL in

the presence of KMB as amine acceptor. In addition, the data show that hKAT II/α-aminoadipate
aminotransferase can also catalyze transamination of SM and MSC with KMB. The following ques-
tion may then be asked: “How relevant are the data in Table 3.1 to the possible in vivo concentrations
of SM orMSC (and their α-keto acid metabolites) after ingestion of seleniferous vegetables”? Because
aminotransferases catalyze a ping-pong reaction the Km value for an amino acid will depend on the
concentration of the α-keto acid co-substrate. Nevertheless, apparent Km values for all three enzymes
listed in Table 3.1 for glutamine and some of the other most effective amino acid substrates are gener-
ally in the range of ~1 to several mM [3, 4, 6]. Thus, it is likely that the apparent Km for MSC and
KMB exhibited by the three aminotransferases evaluated in Table 3.1 will also be in this range (see
also ref. [44]). Thus, the concentration of SM and MSC used in the experiments shown in Table 3.1 is
probably not saturating. Nevertheless, each of the three aminotransferases exhibits substantial activity
with SM and MSC, especially mKAT III/GTL.
Another question may be asked: “Because of the wide amino acid substrate specificity of the ami-

notransferases listed in Table 3.1 and the relatively high concentration of several of the amino acid
substrates in tissues is it possible that the activity exhibited by each of the three aminotransferases
toward the seleno amino acids will be severely inhibited in vivo?” In an attempt to answer this ques-
tion, we conducted similar experiments to those noted in Table 3.1 for MSC except that the reaction
mixtures contained from 1 to 100 mM glutamine. Most tissues contain mM amounts of glutamine, but
somewhat lower concentrations of methionine, aromatic amino acids and branched-chain amino
acids. No significant inhibition of MSC transamination was noted in the presence of 1 mM glutamine.
Even in the presence of 100mMglutamine the rate of transamination ofMSCwas ~20% that observed
for the control that lacked added glutamine [5]. This finding is significant because it is unlikely that
all potential amino acid competitive inhibitors of GTK in the cell added together can reach a com-
bined concentration of 100 mM. In summary, our data suggest that dietary SM and MSC can be con-
verted to the corresponding α-keto acids in vivo despite the presence of a variety of intracellular
amino acids that can theoretically compete in aminotransferase reactions involving these seleno amino
acids. The importance of the α-keto acids of SM and MSC in chemoprevention is discussed below.

Table 3.1 Rates of transamination (nmol/min/mg) exhibited by various kynurenine aminotransferases (KAT I, II, III)
toward l-selenomethionine (SM) and Se-methyl-l-selenocysteine (MSC)

Amino acid
substrate

Recombinant human
KAT I/GTK

Recombinant human KAT II/α--
aminoadipate aminotransferase

Recombinant mouse KAT
III/GTL

SMa 162±46 160±59 2000±303
MSCa 253±35 172±55 607±44
aThe rates of transamination were determined at 37 °C in a reaction mixture containing 100 mM potassium phosphate
buffer pH 7.4, 1 mM amino acid substrate (SM or MSC) and 0.1 mM KMB as α-keto acid acceptor. At intervals the
amount of l-methionine formed from KMB in the reaction mixture was determined by HPLC with coulometric detec-
tion as described in ref. [51]. Data are expressed as mean±S.D. of 3 separate determinations
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Some evidence suggests that the chemopreventive action of SM and MSC is at least in part due to
elimination of methylselenol from these seleno amino acids, which in turn is converted in vivo to a
number of metabolites including dimethyldiselenide [CH3SeSeCH3], methylseleninic acid [CH3Se(O)
OH], H2Se, selenosugars, and trimethylselenonium [(CH3)3Se+], some of which may also exhibit
intrinsic anticancer properties [48]. The question arises as to how methylselenol is generated from
MSC and SM. An enzyme isolated from mouse liver and identified as cystathionine γ-lyase has been
shown tocatalyze theγ-eliminationofmethylselenol fromSM[49].Thenetproducts areα-ketobutyrate,
ammonia, and methylselenol (Eq. 3.8). However, the specific activity with l-selenomethionine as
substrate is <1 % that observed with the natural substrate cystathionine [49]:

CH SeCH CH CH NH CO H O CH CH C O CO
L Selenomethionine

3 2 2 3 2 2 3 2
+ -( ) + ® ( )

-
22 4 3
- ++ +NH CH SeH

ketobutyrate methylselenola - (3.8)

In addition, to catalyzing γ-elimination reactions, cystathionine γ-lyase can also catalyze
β-elimination reactions [50]. In fact, we have found that highly purified rat liver cystathionine γ-lyase
catalyzes the β-elimination of pyruvate from 10 mM MSC at about the same rate as it catalyzes
γ-elimination of α-ketobutyrate from cystathionine [5]. Although methylselenol was not measured
directly in these experiments, the production of pyruvate must have been accompanied by equimolar
production of methylselenol. Moreover, as noted above, MSC is both an aminotransferase and a
β-lyase substrate of rat kidney GTK [44, 47]. The formation of methylselenol from MSC is shown in
(Eq. 3.9):

CH SeCH CH NH CO H O CH C O CO NH
Methyl L sele

3 2 3 2 2 3 2 4
+ - - +( ) + ® ( ) + +

Se- - - nnocysteine pyruvate methylselenol

CH SeH3

(3.9)

Inasmuch as many PLP-containing enzymes catalyze β-elimination reactions with amino acids
containing a good nucleofuge in the β-position it is highly likely that, in addition to cystathionine
γ-lyase and GTK, additional PLP-containing enzymes will catalyze a β-elimination reaction with
MSC. In this context it is interesting to note that Suzuki et al. concluded that of the selenium-containing
compounds investigated (including SM), MSC is the likely source of methylselenol [48].
In addition to the production of methylselenol, another mechanism by which SM and MSC may be

chemoprotective has been identified (Fig. 3.6). We found that both SM and MSC are excellent sub-
strates of snake venom l-amino acid oxidase, quantitatively generating the corresponding α-keto
acids, α-keto-γ-methylselenobutyrate (KMSB) and β-methylselenopyruvate (MSP), respectively [45,
46]. Thus, the l-amino acid oxidase reaction afforded us a relatively simple mechanism for generating
both KMSB and MSP from their corresponding seleno amino acids, thereby allowing us to study
directly their biological properties. We have obtained evidence that both KMSB and MSP are potent
inhibitors of histone deacetylases (HDACs), properties that the seleno amino acids do not exhibit [45,
46]. It is interesting to note that both KMSB and MSP are similar in structure to butyrate, a well char-
acterized HDAC inhibitor (Fig. 3.7). The finding that KMSB and MSP are HDAC inhibitors is of
considerable interest, particularly in the aftermath of the Selenium and Vitamin E Cancer Prevention
Trial (SELECT), the largest prostate cancer prevention study to date (http://www.cancer.gov/clinical-
trials/noteworthy-trials/select/Page1). This Trial was aborted early because it was found that SM sup-
plements alone or in combination with vitamin E did not reduce prostate cancer risk. Understanding
the extent of in situ conversion of seleno amino acid to KMSB or MSP by tissue specific glutamine
transaminases (GTL or GTK) may reconcile the positive epidemiological data that were obtained
using different dietary organoselenium compounds with the disappointing results of the SELECT
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study. For example, our studies [51] show that MSC, but not SM, in prostate cancer cells is converted
to the corresponding seleno α-keto acid. The α-keto acid generated from MSC (i.e., MSP) exhibits
HDAC inhibitory properties and may act to modify DNA and alter pathways controlling cell replica-
tion. Future studies need to identify metabolic pathways influenced by intracellular formation of MSP
and KMSB by glutamine transaminases (GTK and GTL, respectively) and possibly other aminotrans-
ferases. In particular, α-seleno keto acids and their parent seleno amino acids may exhibit differential
effects on the glutamine-methionine bi-cycle and glutaminase II. These pathways function at the

Fig. 3.6 Proposed metabolic pathway for the dietary seleno amino acids Se-methyl-l-selenocysteine (MSC) and
l-selenomethionine (SM). MSC can undergo enzyme-catalyzed β-elimination, yielding methylselenol, ammonia and
pyruvate. SM can undergo enzyme-catalyzed γ-elimination, yielding methylselenol, ammonia and α-ketobutyrate. Both
MSC and SM can also undergo transamination (GTK, GTL, KAT II) and l-amino acid oxidase reactions yielding the
corresponding seleno α-keto acids. For emphasis pathways to methylselenol and seleno α-keto acids are shown in blue
and red, respectively. Methylselenol is a putative anticancer compound that can react with redox-sensitive signal pro-
teins. The seleno α-keto acids have been shown to inhibit HDACs in human prostate and colon cancer cells. Modified
from refs. [46, 51]

Fig. 3.7 Structural similari-
ties of β-methylselenopyruvate
(MSP) and α-keto- γ-methyl-
selenobutyrate (KMSB) to the
well-documented HDAC
inhibitor butyrate
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metabolic “crossroads” that link sulfur, nitrogen, 1-carbon compounds, and selenium for the purpose
of maintaining homeostasis and anaplerotic flux of nutrients in normal and cancerous cells.

 Conclusions

Unlike glutamate/α-ketoglutarate-linked aminotransferases, whose metabolic importance has been
well documented and intensively studied for over 60 years, only a limited number of investigations
have focused on glutamine-utilizing transaminases (aminotransferases) and their importance in
homeostasis and the control of anaplerotic pathways. Yet, as this chapter attests, the glutamine trans-
aminases are of fundamental importance (1) as repair enzymes (salvage of α-keto acids), (2) in nitro-
gen and sulfur homeostasis, (3) in 1-carbon metabolism, and (4) in the formation of chemopreventive
metabolites of seleno-amino acids. Of relevance to human health and disease, the glutamine transami-
nases may contribute to the bioactivation (toxification) of halogenated alkenes (and possibly other
xenobiotic electrophiles), many of which are environmental contaminants. Finally, the role of the
glutaminase II pathway (i.e. glutamine transaminases and ω-amidase) in cancer biology has been little
studied. However, the “glutamine addiction” of many tumors suggests that the glutamine transami-
nases may have a fundamental and influential role in regulating cancer progression.
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   Key Points 

•     Immune cells require high levels of extracellular glutamine for proper activation.  
•   The rate of glutamine uptake into leukocytes is likely to be limiting, and is increased by 

activation.  
•   Leukocytes can use glutamine as a primary energy source via glutaminolysis.  
•   Lymphocytes, macrophages, and neutrophils depend on glutamine to maintain specifi c effector 

functions.  
•   Intracellular glutamine levels may regulate uptake of other amino acids and activity of the mTOR 

signaling pathway.  
•   Glutamine is a potential precursor for synthesis of antimicrobial ROS and RNS.  
•   Glutamine metabolism is an important generator of reducing agents, which can protect leukocytes 

from toxic ROS/RNS products.  
•   Understanding the regulation of glutamine transport may allow development of novel therapeutic 

interventions for defective or pathogenic immune responses.    
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  SLC    Solute carrier   
  TCR    T cell antigen receptor   
  TORC1    mTOR complex 1   

       Introduction 

 The vertebrate immune system has evolved to defend against a wide variety of potential pathogens, using 
multiple complementary mechanisms. Although there are some components that are constitutively 
present and active, much of the immune response depends on the rapid activation of several different 
types of immune cells. Activation can involve cellular growth, proliferation, and de novo production 
of effector molecules. These processes place substantial energetic and biosynthetic demands on the 
immune system, and the inability to meet these demands may result in immune dysfunction and 
disease. In order to support the energetic and synthetic needs resulting from activation, immune cells 
must make large changes in the uptake and metabolism of nutrients, including amino acids. The utili-
zation of glutamine in the immune system has long been an area of particular interest, dating back to 
early studies of immune cells in tissue culture. More recent studies of both immune cells and cancer 
cells have also sparked renewed interest in understanding the functions of glutamine in immune cells. 
This chapter highlights the changes in glutamine uptake and metabolism in cells of the immune system, 
and discusses potential roles for glutamine in modulating immune responses. 

    Cells of the Immune System 

 The cellular portion of the vertebrate immune system is composed of white blood cells, or leukocytes. 
Leukocytes come in a variety of different cell types with specialized functions for combatting infec-
tious agents. A proper immune response requires the activation and coordination of multiple cell 
types. Most leukocytes circulate in a relatively quiescent state, and the initiation of an immune 
response leads to dramatic increases in cellular activity. Cells may grow in size, proliferate, differenti-
ate into effector forms, produce and secrete high levels of effector molecule, and/or generate toxic 
reactive oxygen and nitrogen species (ROS and RNS, respectively). This chapter focuses on gluta-
mine utilization by three major classes of leukocyte: lymphocytes, macrophages, and neutrophils. 

 Lymphocytes make up the “adaptive” arm of the immune system, and are responsible for maintaining 
immune memory. They circulate as small resting cells in the blood and lymphatic system until activated. 
B lymphocytes (also called B cells) produce antibodies, and are defi ned by the presence of the B cell 
antigen receptor (BCR) on their surface. T lymphocytes (also called T cells) are defi ned by the presence 
of the T cell antigen receptor (TCR) on their surface, and come in two types, based on the presence of 
accessory receptors. CD4+ T cells secrete an array of cytokines, which regulate and coordinate the 
responses of other immune cells, and are thus known as “helper” T cells. CD8+ T cells differentiate into 
cytotoxic cells that are able to kill virally infected and cancerous body cells. Through the use of somatic 
DNA recombination, each B or T cell expresses a unique antigen receptor, allowing the immune system 
to recognize a tremendous diversity of antigens. However, this also means that a given antigen will likely 
only be recognized by only a few lymphocytes. A strong immune response thus requires the clonal 
expansion of very small numbers of cells in response to an infectious agent, and so B and T cells must 
go through many rounds of proliferation in order to mount an effective defense. 

 Macrophages are phagocytic tissue-resident cells derived from circulating blood monocytes. 
Upon activation by infl ammatory stimuli, macrophages can differentiate further into microbicidal 
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and secretory cells. It is becoming increasingly understood that activated macrophages represent 
a highly heterogeneous, and possibly plastic, population of cells, with quite different functional 
properties. Overall, activated macrophages are highly motile and highly phagocytic. Different sub-
populations may secrete enzymes, infl ammatory lipid mediators, reactive oxygen and nitrogen species, 
and/or cytokines. The secretory “repertoire” can be modulated by the nature of the stimulus as well as 
other signals from the environment [ 1 ]. After an infl ammatory stimulus, large numbers of macro-
phages can accumulate in the tissue. However, because mature macrophages lose the ability to prolif-
erate, this accumulation is largely due to recruitment of new macrophages from the blood monocyte 
population. 

 Neutrophils are the most abundant white blood cells, making up 60–70 % of blood leukocytes 
in normal individuals. They are characterized by a multi-lobed nucleus (earning them the name 
“polymorphonuclear leukocytes”) and the presence of neutral-staining secretory granules. These are 
generally the fi rst cells to arrive at the site of an infection, and are highly phagocytic. They also pro-
duce toxic ROS and RNS, as well as other antimicrobial substances. Neutrophils are critical for anti-
bacterial defense, and conditions that result in severe neutropenia (low neutrophil counts) lead to 
recurrent bacterial infections, which can become life threatening. Neutrophils are nondividing cells 
and are generally short lived, with a circulatory half-life of at most a few days [ 2 ]. They must therefore 
be able to respond very rapidly to initiate infl ammatory responses.  

    Glutamine and the Immune System 

 The activation of immune cells places signifi cant energetic and biosynthetic demands on these 
cells. Cellular growth and effector molecule secretion depends on increased protein synthesis, and 
so increases in amino acid uptake and/or synthesis will also be required. Cells must also increase 
the generation of ATP and reducing equivalents to power biosynthesis and other energy-consuming 
processes (signal transduction, phagocytosis, ROS production, cellular migration, etc.). Thus, 
the nutrient acquisition and metabolism of activated leukocytes must accommodate these new 
demands. 

 As with most cells, leukocytes use glucose as a primary energy source, and activation of leukocytes 
leads to increased glucose consumption [ 3 ]. However, studies over the past 20 years have indicated 
that leukocytes metabolize glutamine at rates that are comparable to, and in some instances higher 
than, the rates of glucose utilization [ 4 – 8 ]. Thus, it is important to consider glutamine metabolism 
alongside glucose metabolism in supporting leukocyte activation. In most cases, actual glutamine 
consumption rates are substantially lower than the capacity of glutamine metabolic enzymes [ 5 ,  7 ,  8 ], 
and this suggests that uptake rates may be limiting for glutamine utilization. Depletion of glutamine 
or inhibition of glutamine metabolism impairs multiple cellular functions in lymphocytes [ 4 ,  9 ,  10 ], 
macrophages [ 11 – 13 ], and neutrophils [ 14 – 16 ] (Fig.  4.1 ), and so glutamine uptake may represent an 
important point of control for modulating immune responses.  

 As described earlier in this book, glutamine can be utilized in many metabolic pathways. Although 
this is likely to be true for leukocytes as well, a dominant metabolic pathway appears to be partial oxi-
dation via the citric acid cycle. This pathway, termed glutaminolysis, results in production of gluta-
mate, aspartate, and lactate. Glutaminolysis can account for greater than 80 % of glutamine consumption 
by cultured lymphocytes, macrophages, and neutrophils [ 17 ]. Cellular activation and differentiation, as 
well as changes in availability of other nutrients, can infl uence the relative proportions of the metabolic 
products [ 4 – 6 ], and can also direct glutamine metabolism toward other pathways, such as arginine 
synthesis [ 12 ]. Thus, the versatility of glutamine as an energy source and biosynthetic precursor is very 
much on display in the immune system.  
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    Glutamine Transport 

 As with all amino acids, glutamine uptake into cells involves a series of transporter proteins from 
the SoLute Carrier (SLC) superfamily. These transporters are grouped into systems based on their 
functional properties. Glutamine is a substrate for multiple different systems, with the major importers 
falling into systems ASC, A, and N [ 18 ,  19 ] (Table  4.1 ). All of these transporters are sodium- dependent 
co-transporters, and use the sodium ion electrochemical gradient to drive glutamine uptake. As a 
result, glutamine can accumulate within cells beyond even the relatively high concentration found in 
serum, providing a large pool of glutamine for cellular utilization.

   The ability of cells to use multiple transport systems (and potentially several different transporters 
within each system) for glutamine uptake complicates the picture. Different cell types may use dis-
tinct subsets of transporters, allowing for cell type-specifi c regulation. It is also possible that different 
transporter proteins establish separate intracellular pools of glutamine, as has been suggested for 
arginine [ 20 ]. There has been little characterization of the glutamine transport system(s) used by 
leukocytes, but we have found that T lymphocytes express members of the SLC38 family (systems 
A/N transporters) at both the RNA and protein levels [ 10 ] (see Fig.  4.2 ). Transporter mRNA levels and 
surface protein levels increase with activation, indicating that these transporters may be important for 
T cell glutamine utilization, but this does not exclude the use of other transporters. A systematic 
analysis of glutamine transporters in the immune system is needed to determine if there are cell-type 
differences in uptake mechanisms, and to understand the regulation of glutamine import in activated 
versus resting leukocytes.    

  Fig. 4.1    Immune cells 
depend on glutamine for a 
wide variety of functions. 
Lymphocytes require high 
glutamine levels for 
proliferation, cytokine 
secretion, and survival in 
culture. Macrophages require 
glutamine for opsonin- 
dependent phagocytosis and 
secretion of cytokines and 
nitric oxide. Neutrophils 
require glutamine for survival 
and for production of 
antimicrobial ROS       

   Table 4.1    Glutamine transporters: The major glutamine transporters fall into 
the SLC1 and SLC38 transporter families. Compiled from Kanai et al. (2004) [ 18 ] 
and Mackenzie et al. (2004) [ 19 ]   

 Transport system  Transporter protein  SLC gene name 

 ASC  ASCT2  SLC1A5 
 A  SNAT1  SLC38A1 
 A  SNAT2  SLC38A2 
 N  SNAT3  SLC38A3 
 N  SNAT5  SLC38A5 
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    Glutamine and Leukocyte Function 

 High levels of extracellular glutamine are required for proper functioning of lymphocytes, macrophages, 
and neutrophils. However, the mechanisms by which glutamine modulates the activities of these cells 
are still not well understood. Notably, it is unknown whether glutamine regulates the various leuko-
cytes via cell type-specifi c functions, or whether leukocytes possess common glutamine- dependent 
control points. Because glutamine plays many roles within cells, and because glutamine metabolism 
interacts and overlaps with the metabolism of other nutrients, it remains diffi cult to identify the 
particular points of dependency within the immune system. However, recent work has provided some 
new insights into both the metabolic and other fates of glutamine in mammalian cells, and these will 
be discussed in the context of their potential immunological signifi cance. 

    Glutamine Modulation of Lymphocyte Function 

 Upon activation, lymphocytes transition from small quiescent cells into rapidly dividing “blasts,” and 
eventually into highly secretory effector cells. Coincident with these functional changes, lymphocytes 
signifi cantly increase glutamine uptake after antigenic stimulation [ 4 – 6 ,  10 ]. This is not simply the 
result of a general increase in amino acid import, but instead represents a selective increase in gluta-
mine import [ 10 ] (see Fig.  4.3 ). This in turn implies that lymphocytes use glutamine for roles beyond 
protein synthesis. Glutamine serves as a nitrogen donor for the synthesis of nucleotides and NAD, 
which are important for rapidly growing and dividing cells such as activated lymphocytes. Further, 
glutamine can easily serve as a precursor for other amino acids and as an energy source. Activated 
lymphocytes increase expression of key glutamine metabolism enzymes, including glutaminase, 
glutamate dehydrogenase, and several aminotransferases [ 10 ,  21 ]. This allows glutamine to enter the 
citric acid cycle and produce other metabolic intermediates, such as lactate and aspartate, and supports 
a model of glutamine as an important contributor to cellular energetic and biosynthetic processes. 
However, as noted above, the maximal activities of the metabolic enzymes in lymphocytes are well 
above glutamine utilization rates [ 5 ]. This suggests that lymphocyte metabolism is limited by the rate 

  Fig. 4.2    Lymphocytes express SLC38A family members at the RNA and protein levels. ( a ) Purifi ed murine T lympho-
cytes were stimulated for the indicated times, and SNAT1 and SNAT2 RNA levels were determined by quantitative 
real-time PCR. ( b ) Purifi ed murine T lymphocytes were stimulated for the indicated times and surface biotinylated. 
SNAT2 protein was immunoprecipitated and visualized by blot with HRP-linked avidin. Reprinted from Carr et al. [ 10 ] 
with permission. Copyright 2010 The American Association of Immunologists, Inc       
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of glutamine import, and provides a global mechanism for regulation of lymphocyte function, by 
controlling the expression and/or activity of glutamine transporters.  

 Metabolism via the citric acid cycle (glutaminolysis) accounts for a substantial fraction of lympho-
cyte glutamine utilization [ 17 ], but it is likely that imported glutamine has additional roles. One key 
function in the regulation of lymphocytes may be tied to the use of glutamine as an exchange substrate 
for other amino acid transporters, such as heterodimeric amino acid transporters of the SLC7 family 
[ 22 ]. These transporters are obligate exchangers, and the concentration of the intracellular amino acid 
appears to be the rate-limiting factor. Glutamine can serve as the exchange partner for uptake of a 
wide range of neutral amino acids. Thus, the ability to generate a high intracellular glutamine concen-
tration allows the effi cient import of other amino acids needed for cell growth, proliferation, and 
effector molecule synthesis. 

 The use of glutamine as an exchange substrate to allow import of other amino acids has several 
important implications. Most obviously, glutamine import contributes to the global control of amino 
acid levels, with the attendant metabolic consequences. As lymphocyte function is dependent on rapid 
proliferation and the synthesis of effector molecules (immunoglobulins for B cells, cytokines for CD4+ 
T cells, and lytic granule components for CD8+ T cells), access to suffi cient amino acid supplies is a 
potential point of regulation. It is also unknown whether the pool of glutamine used for amino acid 
exchange overlaps with, or is distinct from, the glutamine that is metabolized intracellularly. If there is 
a common glutamine pool, then interfering with glutamine uptake would impair both metabolism and 
amino acid import. However, if glutamine is partitioned into separate pools, it may be possible to 
regulate its functions differentially and selectively by targeting the specifi c glutamine transporter(s) 
associated with the function of interest. 

 How do amino acid levels regulate cellular function? It has become clear that cells express several 
amino acid sensor systems, with distinct (although possibly overlapping) specifi cities. The best 
characterized of these is the mammalian target of rapamycin (mTOR) nutrient sensor system [ 23 ]. 
The nutrient- and rapamycin-sensitive mTOR complex 1 (TORC1) is generally thought to sense 
essential amino acids, especially leucine and arginine [ 24 – 27 ]. However, there has also been evidence 
that glutamine may play a role in this pathway [ 28 ]. More recent work by Nicklin et al. has been able to 
connect these observations via the glutamine exchange function [ 29 ]. They found that glutamine 
alone was insuffi cient to allow activation of mTOR signaling. Instead, import of glutamine via the 
ASCT2 transporter was required for the subsequent uptake of essential amino acids through the sys-
tem L transporter LAT1, and activation of mTOR resulted from this exchange. The LAT1 transporter 
is a heterodimer of the LAT1 protein with the common heavy chain 4F2hc (also known as CD98) [ 22 ]. 
The 4F2hc/CD98 protein is a well-known T cell activation marker [ 30 ], and the LAT1 transporter is 
upregulated during lymphocyte activation [ 31 ]. It is therefore likely that increased glutamine import 

  Fig. 4.3    Lymphocytes 
selectively upregulate 
glutamine uptake upon 
activation. Glutamate ( open 
bars ) and glutamine ( fi lled 
bars ) uptake were measured 
in resting and 24-h-stimulated 
purifi ed murine T lympho-
cytes. *** p  < 0.001. 
Reprinted from Carr et al. 
[ 10 ] with permission. 
Copyright 2010 The 
American Association of 
Immunologists, Inc       
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during lymphocyte activation is important for mTOR signaling, via the regulation of essential amino 
acid uptake (Fig.  4.4 ).  

 The regulation of mTOR activity by glutamine uptake is likely to be important for lymphocyte func-
tion beyond the role of mTOR in controlling cell growth. It is becoming clear that mTOR is also a 
central player in directing T cell differentiation into specifi c cell fates. As an immune response devel-
ops, lymphocytes must differentiate into the appropriate effector subtypes in order to best combat the 
infectious agent. In addition, some cells must differentiate into memory cells in order to be able to 
respond more rapidly upon a repeat encounter. Recent work has shown that the activity of TORC1 
(the amino acid-responsive mTOR complex) is specifi cally required for differentiation of CD4 +  
“helper” T cells into the T H 1 and T H 17, subsets [ 32 ]. In CD8+ T cells, mTOR signaling is involved in 
the decision between the effector and memory cell fates [ 33 – 35 ]. The ability of glutamine to facilitate 
import of mTOR-sensed amino acids therefore ties glutamine uptake to lymphocyte cell fate decisions, 
and may have an important impact on shaping immune responses.  

    Glutamine Modulation of Macrophage Function 

 Macrophages represent a very heterogeneous population and play multiple roles in immune responses, 
from phagocytosis and killing of microbes to wound healing. These distinct roles involve differentia-
tion of activated macrophages along a continuum of cell fates [ 1 ]. External stimuli help to direct this 
differentiation, and recent work has begun to resolve the signaling pathways involved. Although there 
has been little analysis of glutamine in macrophage differentiation, it is reasonable to predict that 
glutamine may play one or more important roles. As with lymphocytes, mTOR signaling appears to be 
a player, although its exact role is still not fully understood [ 36 ]. As described above, glutamine import 
is closely tied to mTOR activation, and regulation of glutamine uptake may contribute to macrophage 
differentiation via this mechanism. Signaling through the mitogen-activated protein kinase (MAPK) 
family members also controls macrophage effector cell fate determination [ 37 ]. In T lymphocytes, 
glutamine uptake is regulated through MAPK signaling [ 10 ], suggesting a way that glutamine may 
serve as a link between the MAPK and mTOR pathways in macrophages. We have also found that 
glutamine depletion inhibits MAPK signaling in T cells (E. Carr and K. Frauwirth, unpublished results). 
If a similar relationship exists in macrophages, glutamine may independently regulate MAPK and 
mTOR signaling. 

  Fig. 4.4    Glutamine uptake 
regulates mTOR activity. 
Activation of mTOR signaling 
depends on uptake of essential 
amino acids, such as leucine. 
Extracellular glutamine is 
imported via the ASCT2 
transporter, or possibly via 
other glutamine transporters 
(1). Cytoplasmic glutamine is 
used as an exchange substrate 
to allow import of leucine (and 
other essential amino acids) via 
the LAT1/4F2hc transporter 
complex (2), allowing for 
TORC1 signaling (3)       
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 Once activated, macrophages are dependent on glutamine uptake for a number of specifi c effector 
functions. Glutamine metabolism contributes substantially to macrophage ATP production [ 17 ], and 
so glutamine depletion is likely to inhibit processes with high energetic demands. A key role for mac-
rophages is the phagocytosis and killing of invading microbes. Although this would seem to be a 
highly ATP-consuming process, involving substantial rearrangements of cytoskeletal and plasma 
membrane components, general phagocytosis by macrophages does not appear to be very sensitive to 
glutamine levels. However, phagocytosis of opsinized particles is inhibited by low glutamine levels, 
and this refl ects reduced expression of opsonin receptors, such as F c γRI, CR3, and CR4 [ 38 ]. Thus, 
glutamine uptake can control the effi ciency of phagocytosis via regulating key cell-surface receptors, 
but may not be as important in directly supporting the energetics of phagocytosis. 

 Macrophages also produce numerous toxic substances to allow killing of phagocytosed microbes, 
including nitric oxide. Upon activation, macrophages can increase expression of inducible nitric oxide 
synthase (iNOS), which uses arginine as a substrate to generate nitric oxide. Although arginine is 
abundant in tissue culture medium (>1 mM), it is found at much lower levels in serum. As a result, 
arginine may become limiting under a range of pathological conditions, including sepsis, trauma, 
malnutrition, and cancer [ 39 ]. Macrophages express the metabolic enzymes required to use glutamine 
as a precursor for endogenous arginine synthesis (as described in the chapter, “Glutamine and 
Immunosuppression”), and glutamine is required for nitric oxide secretion under arginine-limited 
conditions [ 12 ]. Given that arginine levels are depleted under the very conditions requiring increased 
nitric oxide secretion, the high rate of glutamine utilization by activated macrophages may support 
this critical antimicrobial function.  

    Glutamine Modulation of Neutrophil Function 

 Neutrophils are the most numerous blood leukocytes and represent the front line of defense among 
immune cells. Thus, glutamine may have a sizable impact on immune responses via modulation of 
neutrophil activity. Neutrophils are terminally differentiated, nondividing, short-lived cells. This means 
that, unlike with lymphocytes and macrophages, glutamine uptake cannot regulate neutrophil function 
via long-term processes, such as major changes in gene expression or cell fate. Thus, in contrast to 
macrophages, glutamine depletion does not reduce expression of cell-surface complement receptors, 
and does not inhibit phagocytosis [ 14 ]. Instead, glutamine’s impact is restricted to processes that can 
respond immediately to the presence of a pathogen. 

 A key feature of neutrophil antimicrobial activity is the oxidative burst, in which high levels of 
ROS are produced to kill phagocytosed microbes. Notably, neutrophil production of superoxide 
depends on glutamine availability [ 15 ]. Neutrophils generate the superoxide radical through the 
non- mitochondrial NADPH oxidase complex, and so depend on high levels of NADPH for superox-
ide production. Although glucose oxidation via the pentose phosphate shunt is an important pathway 
for the reduction of NADP + to NADPH, glutamine is also a potentially signifi cant source for NADPH 
generation, via the action of NADP-dependent malate dehydrogenase [ 40 ,  41 ] (Fig.  4.5 ). NADPH is 
also required for nitric oxide production by iNOS, and so this may represent a second (and parallel) role 
for glutamine in nitric oxide secretion, in addition to serving as an arginine precursor. Thus, glutamine 
metabolism may provide not only ATP and biosynthetic substrates for leukocytes, but also NADPH 
critical for ROS and RNS generation.  

 The toxic nature of ROS presents a signifi cant problem for neutrophils and macrophages. In order 
to protect themselves from oxidative damage from their own antimicrobial products, these cells must 
maintain high levels of antioxidants. Glutamine plays several roles in maintaining cellular redox 
homeostasis. High intracellular levels of glutamine provide a ready source of glutamate, which in turn 
is a component of the important antioxidant glutathione. RNAi knockdown of the enzyme 

K. Frauwirth



63

glutaminase, which hydrolyzes glutamine to glutamate, decreases cellular glutathione levels and 
increases oxidative stress [ 42 – 44 ]. Consistent with its function in glutathione synthesis, glutamine 
inhibits apoptosis in neutrophils [ 16 ]. 

 Beyond the absolute levels of glutathione, redox state is controlled by the ratio of reduced glutathione 
(GSH) to oxidized glutathione (GSSG). Reduction of GSSG to GSH is catalyzed by glutathione 
reductase, which requires NADPH as a cofactor. As described above, glutamine metabolism can be 
used to generate NADPH via NADP-dependent malate dehydrogenase. Thus, glutamine may help 
provide the reducing power to generate both ROS/RNS to kill microbes and the key antioxidants to 
protect leukocytes from those same antimicrobial radicals (Fig.  4.6 ).    

  Fig. 4.5    Glutamine metabolism can generate cytoplasmic NADPH. Glutamine is hydrolyzed to glutamate by glutamin-
ase (1), and deaminated to α-ketoglutarate by glutamate dehydrogenase or a transaminase (2). α-ketoglutarate can enter 
the Krebs cycle to generate oxaloacetate (3). Addition of acetyl-CoA produces citrate, which is transported to the cyto-
sol (4). Citrate lyase cleaves citrate to produce oxaloacetate (5), which is reduced by malate dehydrogenase produces 
malate (6). Oxidative decarboxylation of malate by malic acid produces pyruvate and generates NADPH (7)       

  Fig. 4.6    Glutamine can 
contribute to both sides of 
redox balance in immune 
cells. ( a ) NADPH generated 
from glutamine metabolism 
(see Fig.  4.5 ) is required for 
production of nitric oxide and 
superoxide. ( b ) Glutaminase 
hydrolyzes glutamine to 
glutamate, a precursor for the 
antioxidant glutathione (1). 
NADPH generated from 
glutamine metabolism (see 
Fig.  4.5 ) can be used to 
reduce oxidized glutathione 
(GSSG), regenerating the 
antioxidant form (GSH) (2)       
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    Conclusions 

 Glutamine is a “nonessential” amino acid that is readily synthesized by mammalian cells, and it is the 
most abundant amino acid in serum. Cells of the immune system appear to be adapted to take advan-
tage of this resource, and they require high levels of extracellular glutamine during activation. 
Glutamine has the useful property of feeding into a large number of metabolic pathways, serving as a 
kind of bioenergetic and synthetic hub. Thus, the transport of glutamine into immune cells has the 
potential to regulate many different functions. 

 Lymphocytes, macrophages, and neutrophils play distinct roles in immune responses, and have 
very different functional capabilities. It is therefore intriguing that these cell types have in common 
the specifi c dependence on glutamine. One potentially critical use of glutamine in all three cell 
types is the regulation of redox state. The generation of ROS is a common feature during the activa-
tion of lymphocytes, macrophages, and neutrophils, and so limiting the toxic effects of ROS is 
essential. Glutamine is a precursor for glutathione synthesis, and can also be used for production of 
the reducing agent NADPH. Given the need to maintain antioxidant levels, leukocytes are depen-
dent on high rates of glutamine uptake. The regulation of glutamine transporter function is there-
fore likely to play an important common role in controlling oxidative stress in leukocytes during 
immune responses. 

 Glutamine transport systems move glutamine into cells against a concentration gradient, allowing 
cells to accumulate glutamine to high levels intracellularly. A signifi cant consequence of this is the 
ability to use glutamine as an exchange substrate for other amino acid transporters. The transporters 
responsible for uptake of a wide range of amino acids, including leucine and other “essential” amino 
acids, are obligate exchangers, and require export of one amino acid in order to import another. 
Leukocytes may therefore be importing glutamine through one set of transporters, in part simply to 
export it again through a different set. While this may seem to be a rather convoluted approach to amino 
acid uptake, it allows cells to use extracellular glutamine levels as a sensor for general nutrient status. 
Circulating glutamine is largely synthesized by skeletal muscle and adipose tissue, rather than being 
derived from dietary protein [ 45 ]. Glutamine may therefore act as an integrator for a range of amino 
acids (and other nutrients), allowing glutamine uptake to serve as a common point of regulation for 
amino acid import. As long as extracellular glutamine levels remain high, immune cells “know” that 
conditions are favorable to support an infl ammatory response. Conversely, if a pathological condition 
reduces either local or global glutamine levels, this may be interpreted by the immune system as a more 
general nutrient-depleted state. As a result, immune responses could be suppressed to maintain nutrient 
resources for more critical biological functions. 

 Glutamine has many metabolic fates in cells, and it is likely that no single role is responsible for the 
glutamine dependence of leukocytes. However, its importance in redox control and regulation of 
broader amino acid uptake may allow it to act as a critical gatekeeper of immune cell activation. 
As such, it will be important to gain a more complete understanding of the glutamine transporters used 
by immune cells, and the regulatory mechanisms that control transporter expression and function. 
Because of the wide variety of potential cellular fates for glutamine, it will also be necessary to deter-
mine how cellular glutamine pools are partitioned. Can all processes access all of the glutamine, or are 
there separate pools that feed only into specifi c pathways? If the latter is true, then it is also possible, 
even likely, that different transporters supply these separate pools. Characterizing the precise roles of 
individual transporter types will be critical for deciphering how glutamine uptake controls specifi c 
immune cell functions. This in turn may allow glutamine transport to become a useful therapeutic tar-
get, both to improve suboptimal responses against infectious agents and to reduce harmful immune 
responses, as in cases of allergy, graft rejection, and autoimmunity.     
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   Key Points 

•     In the central nervous system, glutamate is locally converted in the glutamine/glutamate signaling 
system and acts as an excitatory neurotransmitter, exerting an important role in the brain functions 
involved in cognition, memory, and learning functions.  

•   The high levels of glutamate-binding sites are localized in the peripheral tissues, such as adrenal 
gland and pituitary glands, and the mRNA expression of many subtypes of glutamate receptors was 
found in those tissues.  

•   The administration of excitatory glutamate at very high stimulates the secretion of pituitary 
hormones, such as prolactin, growth hormone, and cortisol.  

•   Glutamine/glutamate signaling system including the amino acid transporter A2 known as the 
glutamine transporter and glutaminase were highly expressed in the pars tuberalis.  

•   In the pars tuberalis cells, glutamate locally converted from glutamine and induces TSH expression 
via an ionotropic glutamate receptor KA2 in an autocrine and/or paracrine manner.    
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  ATA2    Amino acid transporter A2   
  Gls    Glutaminase   
  Gls2    Glutaminase 2   
  ACTH    Adrenocorticotropic hormone   
  GH    Growth hormone   
  PRL    Prolactin   
  FSH    Follicle-stimulating hormone   
  LH    Luteinizing hormone   
  TSH    Thyroid-stimulating hormone   
  MT1    Melatonin receptor type 1   

       Introduction 

 Glutamine and glutamate are metabolic intermediates and key links between mammalian carbon and 
nitrogen metabolism, and in particular between the carbon metabolism of carbohydrates and protein. 
In general, it is thought that most of the glutamate obtained from food is absorbed and consumed in 
the intestinal tract as metabolic fuel, while little glutamate enters the bloodstream [ 1 ]. A study had 
shown that 95 % of the dietary glutamate is presented in the gut mucosa layer and is metabolized in a 
number of mammalian species [ 2 ]. Glutamate is the single and most important oxidative substrate for 
the intestinal mucosa [ 1 ,  2 ]. On the other hand, glutamine is also the most abundant free amino acid 
found in the body, especially in the muscles and blood [ 3 ]. It is also known that glutamine works as brain 
fuel because it is able to cross the blood–brain barrier [ 3 ]. In the central nervous system, glutamate is 
locally converted from glutamine, which is absorbed into the neurons [ 4 ], and acts as a neurotransmitter 
[ 5 ]. The functional molecule that is required for glutamine/glutamate signaling has been identifi ed in 
neuronal tissues. Therefore, the hypothesis that glutamate is an excitatory amino acid neurotransmitter 
is now gaining more support because the genes involved in the conversion of glutamine into/from 
glutamate have been successfully identifi ed in the mammalian central nervous system [ 5 ]. 

 Relatively little attention has been paid to the function of glutamine and glutamate as extracellular 
signal mediators in the autocrine and/or paracrine system of the endocrine tissues. Recently, many 
studies have suggested that glutamine and glutamate could play a dual role as excitatory neurotransmit-
ters in the central nervous system and as extracellular signaling molecules in endocrine tissues, such as 
the adrenal gland, pancreas, and testis. In this review, we describe the possible roles of glutamine and 
glutamate in the pituitary gland.  

    Glutamine/Glutamate Signaling Molecules and Glutamate Receptor 

 Glutamine/glutamate signaling as excitatory neurotransmitter is well established and it is involved in 
higher nervous activities such as cognitive, memory, and learning functions [ 6 ,  7 ]. 

 Figure  5.1  shows the neurochemical mechanisms of glutamatergic signaling and glutamate- 
glutamine recycling. In the synaptic cleft, presynaptic cells intake extracellular glutamine and convert 
it into glutamate through glutaminase (glutamine + H 2 O → glutamate + NH 3 ). The sources of gluta-
mine are (1) extracellular circulating glutamine and (2) conversion from α-ketoglutarate in the tricar-
boxylic acid (TCA) cycle into glutamine. Then, glutamate is released from the presynaptic terminal 
via a small clear vesicle into the synaptic gap, and the released glutamate binds to the glutamate 
receptor located in the postsynaptic cell and acts as an excitatory neurotransmitter [ 5 ]. On the other 
hand, high concentrations of extracellular glutamate induce neuronal death caused by the 
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overstimulation of the excitatory amino acid receptors [ 8 ,  9 ]. Therefore, extracellular glutamate is 
transferred into glial cells through the excitatory amino acid transporter and glutamate transporter, 
which are present on the cell membrane of the glial cells. In the glial cells, glutamate is converted into 
glutamine by the action of glutamine synthetase (glutamate + NH 3  → glutamine). Finally, glutamine 
converted from glutamate in the glial cells is released extracellularly, and converted again into gluta-
mate in the presynaptic cell (Fig.  5.1 ).  

 The receptors for glutamate (GluRs) are categorized into two classes, ionotropic receptor (iGluR) 
and G protein-coupled receptor (GPCR; also called metabotropic receptor, mGluR), according to their 
molecular structure and the different intracellular signal transduction mechanisms [ 10 – 12 ]. To date, 
14 types of iGluR and 8 types of mGluR have been identifi ed in the mammalian central nervous sys-
tem [ 13 ]. On the basis of agonist studies, iGluR is further classifi ed into  N -methyl- D -aspartate 
(NMDA) receptors,  L -a-amino-3-hydroxy-5-methylisoxazole-4-propionate (AMPA) receptors [ 14 ], 
and kainate (KA) receptors [ 13 ]. iGluRs are ligand-gated cation channels that allow the fl ow of K + , 
Na + , and Ca 2+  in response to glutamate binding. NMDA receptors are permeable to Ca 2+ , while AMPA 
receptors and KA receptors are permeable to Na + . mGluRs are GPCRs containing seven transmem-
brane domains and are further subdivided into three distinct subtypes: group I (mGluR1 and mGluR5), 
group II (mGluR2 and mGluR3), and group III (mGluR4, mGluR6, mGluR7, and mGluR8), in line 
with each receptor’s exogenous agonists and intracellular second messengers [ 15 ,  16 ]. The mGluR 
group I subtype induces the formation of inositol-1,4,5-triphosphate and increases the intracellular 
Ca 2+  concentrations [ 15 ,  16 ]. Both group II and III subtypes induce the inhibition of adenylate cyclase 
and reduction of intracellular cyclic adenosine monophosphate (cAMP) [ 15 ,  16 ]. In the central ner-
vous system, glutamate is locally converted in the glutamine/glutamate signaling system, as described 
above, and acts as an excitatory neurotransmitter, exerting an important role in the brain functions 
involved in cognition, memory, and learning.  

  Fig. 5.1    Glutamine/glutamate signaling molecules as excitatory neurotransmitters. In the synaptic cleft, presynaptic 
cells intake extracellular glutamine (Gln) and convert it into glutamate (Glu) through glutaminase, or conversion from 
α-ketoglutarate (KG) in the TCA cycle into Gln. Then, Glu is released via a small clear vesicle into the synaptic gap, 
and it binds to the glutamate receptor mGluR (metabotropic glutamate receptor) and/or iGluR (ionotropic glutamate 
receptor) located in the postsynaptic cell, where it acts as an excitatory neurotransmitter. Glu is also transferred into glial 
cells through the glutamate transporter (GT), and converted into Gln by the action of glutamine synthetase       
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    Effect of Glutamine and Glutamate on Endocrine Organs 

 Relatively little attention has been paid to the glutamine/glutamate signaling and the functions of 
glutamine and glutamate in peripheral tissues. It has been reported that high levels of glutamate binding 
sites are localized in the rat adrenal gland [ 17 ] and pituitary glands [ 18 ], and that the mRNA expres-
sion of many subtypes of iGluRs and mGluRs was found in those tissues. For example, high- affi nity 
[3H] glutamate-binding sites were found in rat adrenal medulla, and it was shown that AMPA and 
NMDA receptors are expressed in the adrenal cortex and adrenal medulla, respectively [ 17 ]. The role 
of glutamate in adrenal glands has been investigated not only using glutamate but also iGluR (NMDA, 
AMPA, and KA) agonists and an mGluR agonist, and it was found that all stimulate catecholamine 
release from the adrenal gland [ 19 ]. On the other hand, the membrane-binding assay revealed that 
[3H] glutamate-binding sites are widely spread in the rat brain, not only in the nervous system but also 
in the pituitary gland and pineal glands [ 20 ,  21 ]. In the pineal gland, 1 mM exogenous glutamate leads 
to the inhibition of the activation of norepinephrine-induced  N -acetyltransferase and hydroxyindole-
 O -methyltransferase activation, which are enzymes involved in the day/night rhythmic production of 
melatonin by the modifi cation of serotonin, in a dose-dependent manner in cultured rat pineal glands, 
consequently suppressing both the synthesis and secretion of melatonin [ 22 ]. Interestingly, there are 
many reports showing the effects of glutamate and glutamine on the pituitary gland. In this chapter, 
we focus on the effect of glutamine and glutamate on the pituitary gland.  

    The Pituitary Gland 

 The pituitary gland is the endocrine gland that is located at the base of the brain and is composed of 
three lobes: anterior lobe, intermediate lobe, and posterior lobe. The posterior pituitary is composed 
of neurons and it collects the nerve terminals from the hypothalamus. The hypothalamic neurosecretory 
cells produce the hormone oxytocin, which targets the mammary glands causing milk release and 
causes the contractions of the smooth uterine muscles. The hypothalamic neurosecretory cells also 
produce vasopressin, which targets the kidney tubules and increases water retention; these cells trans-
mit these hormones through the axons to the posterior pituitary [ 23 ], where secretory vesicles contain-
ing the hormone are stored and released through the hypophyseal vein in response to the nerve 
impulses from the hypothalamus [ 24 ]. 

 The anterior pituitary has been known as the major organ of the endocrine system, producing 
six different anterior pituitary hormones: adrenocorticotropic hormone (ACTH), growth hormone 
(GH), prolactin (PRL), follicle-stimulating hormone (FSH), luteinizing hormone (LH), and 
thyroid- stimulating hormone (TSH). The regulatory mechanisms for these anterior pituitary hor-
mones have been well studied, and they were found to be mainly regulated by the molecules pro-
duced in the hypothalamus and by the negative feedback from the organs targeted by these hormones. 
The anterior pituitary receives the releasing and/or inhibiting hormones from the hypothalamic 
neurosecretory cells through a hypothalamic-hypophyseal portal system, and these hypothalamic 
hormones regulate the cells of the anterior pituitary gland responsible for hormone production and 
secretion. 

 The anterior pituitary gland is divided into two parts: pars distalis and pars tuberalis. The pars 
distalis comprises the majority of the anterior pituitary and is the bulk of the pituitary hormone pro-
duction. The pars tuberalis exists as a thin cell layer extending from the pars distalis and covering 
around the pituitary stalk and median eminence. In general, the mammalian pars tuberalis consists of 
two cell types, folliculo-stellate cells and glycoprotein hormone-producing cells, such as thyrotropes 
(TSH-producing cells) and gonadotropes (FSH/LH-producing cells) [ 25 ]. Notably, a high density of 
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melatonin-binding sites has been observed in the pars tuberalis of many species [ 26 ], and melatonin 
receptor type 1 (MT1) is expressed in the mammalian pars tuberalis [ 27 ]. Melatonin is exclusively 
secreted from the pineal gland during the dark period, and its signal corresponds to the duration of the 
dark period, thereby providing photoperiodic information to the melatonin receptor-producing target 
sites. Although the function of the pars tuberalis is poorly understood, it might play an important role 
in the mediation of seasonal and/or circadian signals. 

 On the other hand, attention has been paid to the function of glutamine and/or glutamate in the 
anterior pituitary gland, both pars distalis and pars tuberalis. Interestingly, the circadian changes of 
the concentration of glutamine and glutamate in the rat anterior pituitary were reported [ 28 ]. Both 
glutamine and glutamate have a peak at the Zeitgeber time 15 (3 h later than light off; lights-on time 
defi ned as ZT0 (08:00) and lights-off time defi ned as ZT12 (20:00)) in the anterior pituitary, and the 
concentration is much higher than that in the posterior pituitary (neurohypophysis) [ 28 ].  

    Glutamine and Glutamate in the Pars Distalis 

 Many subtypes of glutamine and glutamate receptors are expressed in the pars distalis. Earlier, it has 
been shown using binding assays that glutamate strongly binds to the pituitary gland homogenate in 
addition to the brain homogenate [ 18 ]. Molecular biological and immunohistochemical analyses have 
demonstrated the presence of glutamate receptors such as non-NMDA [ 29 ,  30 ] and NMDA iGluRs in 
the pituitary gland [ 31 ]. In addition, Hinoi et al. demonstrated that [ 3 H] kinate binds to the rat pituitary 
gland and showed that an intraperitoneal injection of KA increased the DNA-binding activity of the 
nuclear transcription factor activator protein-1 (AP1) in the hippocampus and the pituitary gland of 
the rat, suggesting that glutamate may regulate the pituitary hormone production at the transcriptional 
level [ 21 ]. In isolated rat pituitary melanotropes, glutamate induced a marked increase in the cytosolic 
free Ca 2+  concentration [ 32 ]. Collectively, these fi ndings indicate that particular subtypes of glutamate 
receptors are functionally expressed and glutamate might induce several physiological effects on the 
pars distalis. 

 It has been reported that glutamate plays an important role in the regulation of pituitary hormone 
secretion in the pars distalis. Several studies have demonstrated the direct regulation of hormone 
secretion by glutamate in primary pars distalis cell cultures. In the agonist study, it was reported that 
NMDA and KA induced the secretion of GH in several mammalian species in vitro and in vivo [ 33 ]. 
In rat somatotropes, glutamate increased the cytosolic Ca 2+  concentration and increased GH release 
[ 34 ]. It has been well known that the growth hormone-releasing hormone (GHRH) and growth 
hormone- inhibiting hormone (GHIH or somatostatin) from the hypothalamus mainly control GH 
secretion. Therefore, the stimulatory effect of glutamate on GH secretion seems to be additive to the 
regulation of hypothalamic hormones, suggesting that glutamate might play a role in basal GH secre-
tion [ 33 ]. In addition, the effect of glutamate on prolactin release has been reported. An in vitro study 
showed that high concentrations of glutamate (1 mM) increased the calcium concentration in the 
prolactin-producing cells, stimulating prolactin secretion [ 35 ], while its effect was blocked by 
MK-801, an antagonist of NMDA iGluRs [ 36 ]. Furthermore, KA, the agonist of glutamate receptor 
KA, stimulated LH and FSH release at low concentrations (1 μM) in the rat anterior pituitary gland 
in vitro, and this effect disappeared with progression of age; this effect might be exerted both through 
NMDA and non-NMDA receptor subtypes [ 37 ]. According to a study conducted on monkeys, the 
administration of excitatory glutamate at very high doses or active agonist for glutamate receptors has 
been reported to stimulate the secretion of pituitary hormones, such as prolactin, GH, ACTH (cortisol), 
and LH and/or FSH [ 38 – 40 ,  42 ].  
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    The Effect of Glutamine and Glutamate on the Pars Tuberalis 

 The relationship between glutamine and/or glutamate and hormone production in the pars tuberalis 
has been recently studied. The mammalian pars tuberalis consists of folliculo-stellate cells and gly-
coprotein hormone-producing cells (i.e., thyrotropes and gonadotropes) [ 25 ]. In rats, the majority of 
the hormone-producing cells in the pars tuberalis are small and oval-shaped TSH-producing cells 
that are characterized by spot-like TSH immunoreactivity in the Golgi apparatus [ 41 ]. The regulatory 
mechanisms of the TSHβ subunit and α-glycoprotein subunit (αGSU) mRNA expression and TSH 
release in the pars tuberalis are believed to be different from those in the pars distalis cells because 
the TSH- producing cells in the pars tuberalis do not express the receptor for the thyrotropin-
releasing hormone (TRH) and thyroid hormone receptor beta 2 (TR-β2) that are needed for the 
negative feedback regulation from the target organ, the thyroid gland [ 42 ]. As the notable charac-
teristics of the pars tuberalis, it is known that MT1 is highly expressed in the pars tuberalis [ 27 ]. 
Melatonin, known as the “hormone of darkness,” is secreted from the pineal gland, and its signal 
corresponds to the duration of the dark period, thereby providing photoperiodic information to the 
melatonin receptor-producing target sites and mediating the circadial and/or seasonal physiological 
functions, such as seasonal reproduction. Therefore, the pars tuberalis is thought to play an important 
role in the mediation of the seasonal and/or circadian signals. In fact, the mRNA expression and 
protein secretion of the TSH in the pars tuberalis are inhibited by melatonin, and the TSH expression 
and production have a circadian rhythm [ 43 ]. 

 Recently, another regulatory mechanism of TSH in the pars tuberalis has been elucidated and it has 
been shown that glutamine and glutamate stimulate the TSH mRNA expression and secretion [ 44 ]. In 
the rat pars tuberalis, the KA2 receptor, which is one of the iGluR subtype, is highly expressed and its 
expression level is higher than that of MT1 (Fig.  5.2a, b ). Furthermore, amino acid transporter A2 
(ATA2) (Fig.  5.2c ), which is also known as glutamine transporter [ 45 ], glutaminase (Gls), and gluta-
minase 2 (Gls2) [ 4 ] are highly expressed in the pars tuberalis (Fig.  5.2d, e ). Moreover, slice culture 
experiments using rat brain showed that 1 mM  L -glutamic acid signifi cantly enhanced the TSHβ sub-
unit mRNA expression within 2 h. Furthermore, 1 mM glutamine also increased the TSHβ mRNA 
expression in 4 and 8 h in a time-dependent manner after stimulation. Since the ATA2, which acts as 
glutamine transporter, and glutaminase and glutaminase 2, which convert glutamine to glutamate, 
were also highly expressed in the pars tuberalis, it was suggested that the converted glutamate in the 
pars tuberalis increased the TSHβ subunit mRNA expression and secretion [ 44 ] in an autocrine and/
or paracrine manner and that it might be necessary for the maintenance of TSHβ expression and secre-
tion in the pars tuberalis [ 44 ] (Figs.  5.3  and  5.4 ).     

    The Effect of Glutamine and Glutamate on the Human Pituitary Gland 

 In humans, the studies of the effect of glutamine and glutamate on the pituitary hormones are limited, 
but the signifi cant effect of oral glutamate intake on prolactin and cortisol secretion has been reported. 
Oral administration of 10 g of glutamate (high dose) stimulated the secretion of prolactin and cortisol 
to approximately twice the baseline values [ 46 ]. However, this result is thought to be unwarranted, 
and another study on healthy men who received oral glutamate in the morning after overnight fasting 
reported no signifi cant effect of the oral intake of glutamate on the pituitary hormone. In particular, 
although the plasma concentration of the glutamate immediately increased from 50 nmol/mL (fasting 
plasma glutamate concentration) to 11-fold within 60 min after high-dose oral glutamate intake 
(12.7 g), the plasma prolactin concentration was so very little stimulated that it failed to reach 
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signifi cance [ 47 ]. To clarify the effects of glutamate on prolactin secretion, further human studies are 
needed in the future, as well as the description of the mechanisms of the infl uence of glutamate on 
hormone secretion in the pituitary gland. 

 On the other hand, it has been shown that oral administration of glutamine infl uences the physio-
logical functions controlled by the pituitary gland hormones. For example, orally administrated glu-
tamine acts on the anterior pituitary gland and increases the production of GH at the pituitary level, 
resulting in an increase in the plasma GH levels in humans [ 48 ,  49 ]. Although there is no direct evi-
dence, the glutamine/glutamate signaling might be active in the human pituitary and through the 
stimulation of the pituitary hormone secretion by glutamate in an autocrine and/or paracrine manner, 
similar to the TSH secretion from the pars tuberalis in animals. 

 The number of studies concerning the effects of glutamine and glutamate on human pituitary gland 
is small. Recently, using animal models, researches have been gradually proceeding in elucidating the 
functions of glutamate and glutamine. By conducting the same experiments on humans, it might be 
possible to discover novel functions of glutamate and glutamine in some physiological and pathological 
conditions.  

  Fig. 5.2    Glutamate signaling components in the pars tuberalis, pars distalis, and arcuate nucleus. ( a ) Microphotograph 
of iGluR kinate receptor cells expressing KA2 mRNA, detected by in situ hybridization. KA2 (kinate receptor 2) 
mRNA-expressing cells were observed not only in the rat PT ( arrows ) but also in the hypothalamus, including the Arc 
( arrowheads ). Scale bar: 200 μm. ( b ) qPCR analysis of KA2 mRNA expression in the PT, PD, and Arc. The KA2 
mRNA level in the PT was similar to that in the PD. Although there was no statistically signifi cant difference in the 
mRNA levels between the PT and Arc, the KA2 mRNA level tended to be lower in the PT. ( c ) Glutamine transporter 
ATA2 mRNA expression in the PT, PD, and Arc. The ATA2 mRNA level was signifi cantly higher in the PT than in the 
PD and Arc. ( d ) Glutaminase (Gls) and ( e ) Glutaminase2 (Gls2) mRNA expression in the PT, PD, and Arc. Gls mRNA 
expression was higher in the PT than in the PD and Arc. Gls2 mRNA expression in the PT was signifi cantly higher than 
that in the PD but comparable to that in the Arc. PT, pars tuberalis; Arc, arcuate nucleus; and 3 V, third ventricle. Values 
are the means ± S.E.M. ( n  = 3). * P  < 0.05 and *** P  < 0.001       
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  Fig. 5.3    Effects of glutamine and  L -glutamic acid on TSHβ subunit mRNA expression and secretion in the rat pars 
tuberalis. ( a ) Microphotographs of in situ hybridization for TSHβ subunit mRNA. The staining densities of TSHβ sub-
unit mRNA were altered by treatment with glutamine ( middle column ) or  L -glutamic acid ( right column ) compared to 
the control ( left column ). Scale bar = 200 μm. PT, pars tuberalis; 3 V, third ventricle. ( b ) Concentration of TSH secreted 
into the medium from brain slices that included the pars tuberalis, measured by ELISA. Treatment with 1 mM  L - 
GLUTAMIC  acid for 4 h signifi cantly increased the TSH secretion compared to the control. * P  < 0.05. Values are the 
means ± S.E.M. ( n  = 3)       

  Fig. 5.4    Model of the glutamine/glutamate signaling in the pars tuberalis. PT cells intake extracellular glutamine 
(Gln) through glutamine transporter ATA2. Glutaminase and glutaminase 2 convert Gln to glutamate (Glu). The 
converted Glu acts on iGluR kinate receptor KA2 in an autocrine and/or paracrine manner and induces TSHβ subunit 
mRNA expression and TSH secretion, while melatonin inhibits the TSHβ subunit mRNA expression via melatonin 
receptor MT1       
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    Conclusions 

 The hypothesis of glutamine and glutamate as extracellular signaling molecules in peripheral tissues is 
gaining more support after the successful cloning of a number of genes coding for the machinery required 
for this glutamine/glutamate signaling, including glutamine transporter, glutaminase, glutamate trans-
porter, glutamine synthetase, and glutamate receptor. Many reports have shown that glutamate plays the 
role of excitatory neurotransmitter in the central neuroendocrine system and as an extracellular signal in 
the peripheral endocrine organs, including the pituitary gland. In general, glutamate obtained from food 
is absorbed and consumed in the intestinal tract as metabolic fuel, while little glutamate enters the blood 
stream. The concentration of serum glutamate seems to be low, impeding the access to the glutamate 
receptor. On the other hand, glutamine is the most abundant free amino acid in the blood stream and it 
could pass the blood–brain barrier, where the neuronal system can interact with the glutamate converted 
from glutamine through the glutamine/glutamate signaling. In the peripheral endocrine tissues as well as 
the neuronal system, the source of glutamate might be the circulating glutamine. Based on these observa-
tions, although inconclusive, it has been proposed that glutamate is locally converted from glutamine and 
then acts as extracellular signal in an autocrine and/or paracrine manner in the pituitary gland.     
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       Introduction 

 Since the discovery of the Warburg effect, it has been known that cancer can meet its metabolic needs 
in a different manner from that of normal cells. In order to grow and survive in the harsh hypoxic, and 
nutrient-deprived, conditions of the tumor microenvironment, cancer cells must generate additional 
metabolic energy and be able to synthesize the necessary biosynthetic precursors of proteins, nucleic 
acids and membrane lipids in order to make new cells. Studies in recent years have documented 
differences in the metabolism of cellular nutrients, such as glucose and glutamine, between cancer 
cells and normal cells [ 1 ]. Under aerobic conditions, normal cells will convert glucose to pyruvate and 
then use pyruvate to run the tricarboxylic acid cycle (TCA). In the absence of oxygen, glucose is 
instead converted to lactate to regenerate NAD + as a means of producing ATP from glycolysis [ 2 ] 
(Fig.  6.1 ). However, in cancer cells, the conversion of pyruvate to lactate occurs even in the presence of 
oxygen. This aberrant process is called aerobic glycolysis or the “Warburg effect” [ 3 ,  4 ]. The altered 
nature of the Warburg effect suggests that the sources of the carbon for the TCA cycle may differ 
between normal and cancerous cells. Recently, research by Le et al. demonstrated that human lym-
phoma B cells maintain the TCA cycle by exclusively relying on glutamine in the absence of glucose. 
When subjecting cancer cells to hypoxic conditions, glutamine metabolism also contributes to bioen-
ergetics. The TCA cycle provides cellular energy and metabolites through a series of chemical reac-
tions, is a key part of aerobic respiration, and is classically regarded as the dominant pathway for 
glucose oxidation. However, the study by Le et al. found that glutamine plays a prominent role in 
cancer cells, as it can provide the TCA cycle intermediates, thereby promoting cell growth and survival 
in the absence of glucose [ 5 ] (Fig.  6.2 ).   

 Cancer defi nes a broad category of diseases involving genetic alterations, which result in direct 
alterations to the regulation of cellular metabolism. This reprogramming of cellular metabolic 

  Fig. 6.1    Glycolysis. 
Diagram of glycolysis 
depicting the conversion of 
glucose into pyruvate. For 
every molecule of glucose, 
2 molecules of pyruvate are 
produced through a series of 
reactions, producing a 
number of intermediates. 
Glycolysis occurs in both 
aerobic and anaerobic 
conditions and produces a net 
of 2 ATP and 2 NADH. In the 
presence of oxygen, pyruvate 
is decarboxylated into 
acetyl-CoA and enters 
tri-carboxylic acid cycle       
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processes ensures adequate nourishment for the unusually resilient and proliferative cancer cells 
despite their hypoxic and nutrient-deprived microenvironments.  

    The Tricarboxylic Acid (TCA) Cycle 

 The tricarboxylic acid (TCA) cycle—also known as the Krebs cycle, or the citric acid cycle—is a 
series of enzyme-catalyzed reactions that play a key role in aerobic respiration and cellular metabo-
lism in order to generate energy through the oxidization of acetate. Acetate can be derived from a wide 
variety of sources including carbohydrates, fats, and proteins. Taking place in the mitochondrial 
matrix, the cycle produces precursors needed to synthesize a range of biological molecules. The TCA 
cycle is a component of cellular respiration and acts as the link between the decarboxylation of pyru-
vate and oxidative phosphorylation [ 2 ]. Cellular respiration begins when glucose, a carbohydrate, is 
reduced into pyruvate through glycolysis. Pyruvate is then transported into the mitochondria and is 
decarboxylated into acetyl CoA, the starting product of the TCA cycle. The conversion of pyruvate 
into acetyl-CoA, referred to as pyruvate decarboxylation, is catalyzed by the pyruvate dehydrogenase 
complex (PDC). Acetyl CoA consists of an acetyl group attached to a coenzyme A molecule. Acetyl 
CoA then undergoes a condensation reaction with oxaloacetate (OAA), a TCA cycle intermediate, to 
form citric acid. The addition of water releases coenzyme A from the PDC and forms citrate. Citrate 
is subsequently transformed into several TCA intermediates that include isocitrate, α-ketoglutarate, 
succinyl-CoA, succinate, fumarate, and malate through oxidative and decarboxylative reactions, 
which concomitantly generate NADH. Acetyl-CoA and OAA each loses carbons in the reaction, and 
therefore generates CO 2  as a by-product. The conversion of succinyl-CoA to succinate by succinyl- 
CoA synthetase generates GTP, which is used by diphospho kinase in a trans-phosphorylation reac-
tion to produce ATP from ADP. The GDP regenerated from GTP allows for the continued operation 
of succinyl-CoA synthetase. The 3 moles of NADH and 1 mole of FADH2 generated during each 
round of the cycle feed into the oxidative phosphorylation pathway. Each mole of NADH generates 3 
moles of ATP and each mole of FADH2 leads to 2 moles of ATP via oxidative phosphorylation. 

  Fig. 6.2    The tricarboxylic 
acid (TCA) cycle       

 

6 Glucose-Independent Glutamine-Driven TCA Cycle in Cancer Cells



80

Therefore, for each mole of pyruvate which enters the TCA cycle, 12 moles of ATP can be generated. 
Between 30 and 38 molecules of ATP are obtained after the complete oxidation of one molecule of 
glucose in glycolysis, the citric acid cycle, and oxidative phosphorylation [ 6 ]. 

 The TCA cycle plays an essential role in the metabolism of normal cells, providing energy and 
molecules necessary for cell survival. However, could the TCA cycle be driven in the absence 
of glucose?  

    Glucose-Independent Glutamine-Driven TCA for Human 
Lymphoma B Cell Survival and Proliferation 

 Using isotopically labeled carbon and nitrogen to trace glutamine in human lymphoma B cells grown in 
the absence of glucose, the study by Le et al. documented that TCA cycle intermediates can be derived 
solely from glutamine in the lymphoma B cells. They observed a range of citrate isotopologues pro-
duced:  13 C3- ( m  + 3),  13 C4- ( m  + 4),  13 C5- ( m  + 5), and  13 C6-citrate ( m  + 6) (Figs.  6.3 ,  6.4 , and  6.5 ).    

 First,  13 C6, 15 N2-labeled glutamine is converted into  13 C5, 15 N1-labeled glutamate via the enzyme 
glutaminase (GLS) and then into  13 C5-labeled α-ketoglutarate via glutamate dehydrogenase (GLDH). 
The  13 C5-citrate can be directly derived from  13 C5- α- ketoglutarate (which is from  13 C6-glutamine) 
via reductive carboxylation [ 7 ] (purple circles, Fig.  6.3 ). 

 Another possibility for the  13 C5-citrate (orange circles, Fig.  6.4 ) is that  13 C5-citrate is produced 
from ( m  + 2) acetyl-CoA and ( m  + 3) OAA. First,  13 C5-labeled α-ketoglutarate goes to the forward 
reactions of the cycle to make ( m  + 4) malate, which then converts into ( m  + 3) pyruvate via the oxida-
tive decarboxylation by the malic enzyme (ME, blue). This  m  + 3 pyruvate pool ( m  + 3) can serve as a 
precursor for both ( m  + 2) acetyl-CoA, by the pyruvate dehydrogenase complex (PDC, light blue), and 
( m  + 3) OAA, by pyruvate carboxylase (PC, green) (Fig.  6.4 ). 

  Fig. 6.3     13 C5-citrate can be 
directly derived from 
 13 C5- α-ketoglutarate (which 
is from  13 C5-glutamine) via 
reductive carboxylation. ME: 
malic enzyme; PC: pyruvate 
carboxylase; PDC: pyruvate 
dehydrogenase complex; 
GLS: glutaminase; GLDH: 
glutamate dehydrogenase 
(GLDH). CO 2  indicates 
where carbon dioxide is 
released       
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 The ( m  + 4) malate pool can also continue the forward reactions of the cycle to produce ( m  + 4)-OAA, 
which then combines with ( m  + 2) acetyl-CoA to yield  13 C6-citrate ( m  + 6) (red, Fig.  6.5 ). This 
 13 C6-citrate (m+6) can proceed via backward reactions to produce acetyl CoA and OAA via the cyto-
plasmic ATP-citrate lyase (ACL, red), concomitantly generates ADP (Fig.  6.6 ).  

 The presence of the  13 C6-citrate isotopologue is the result of fully labeled acetyl CoA produced 
from the glutamine tracer via the ACL-ME-PDH pathway. 

  Fig. 6.4     13 C5-citrate from 
( m  + 2) acetyl-CoA and 
( m  + 3) OAA via GLS-
GLDH- ME-PC- PDC 
pathway. ME: malic enzyme; 
PC: pyruvate carboxylase; 
PDC: pyruvate dehydroge-
nase complex; GLS: 
glutaminase; GLDH: 
glutamate dehydrogenase 
(GLDH). CO 2  indicates 
where carbon dioxide is 
released       

  Fig. 6.5     13 C6-citrate from 
( m  + 2) acetyl-CoA and 
( m  + 4) OAA via GLS-
GLDH- ME-PC- PDC 
pathway. ME: malic enzyme; 
PC: pyruvate carboxylase; 
PDC: pyruvate dehydroge-
nase complex; GLS: 
glutaminase; GLDH: 
glutamate dehydrogenase 
(GLDH). CO 2  indicates 
where carbon dioxide is 
released       
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 These citrate isotopologues will continue the forward reactions of the TCA cycle to make 
 13 C3-succinate, -fumarate, and -malate, which cannot be formed from labeled glutamine via the TCA 
cycle activity alone. Notably,  13 C, 15 N-labeled glutamine only forms  13 C4-succinate, -fumarate, and 
-malate via TCA cycle activity. The  13 C4-citrate ( m  + 4) can come from the combination of  13 C3-OAA 
and 13 C1-acetyl CoA. The  13 C3-citrate ( m  + 3) can come from  13 C2-OAA and 13 C1-acetyl CoA or from 
 13 C3- OAA and non-labeled acetyl. The unlabeled acetyl-CoA is potentially the product of either fatty 
acid oxidation or the oxidation of amino acids. 

 Overall, the relative abundance of the  m  + 5 is less than  m  + 3,  m  + 4, and  m  + 6 citrate isotopologues, 
which are characteristic of the forward reactions in the Krebs cycle plus pyruvate carboxylation. 

 The malic enzyme (ME) is a key component in running the TCA cycle when it is dependent upon 
glutamine. ME converts malate to pyruvate, which is then converted to OAA via pyruvate carboxylation. 
These processes subsidize the TCA cycle with OAA and acetyl-CoA, making the cycle independent 
from glucose-derived metabolites, which would be advantageous for cancer cells subjected to glucose 
defi ciency in the tumor microenvironment. In the absence of glucose, P493 cells remained viable, and 
still able to maintain cell populations, as compared to cells under glucose-replete conditions. This can be 
explained by the ability of glutamine metabolism to meet the energy demands of the cells and to main-
tain redox homeostasis. Specifi cally, the citrate produced through pathways of glutaminolysis also 
serves as a precursor for glutathione synthesis, which is critical in alleviating oxidative stress. 

 Using this glutamine dependent TCA cycle, cancer cells can produce 17.5 moles of ATP for every 
mole of glutamine. This process is much more effi cient than the canonical glutaminolysis pathways, 
which convert glutamine to lactate, CO 2 , and 5 moles of ATP, and completely bypass the TCA cycle 
[ 8 – 10 ]. These processes are critical for the survival and proliferation of cancer cells and are consistent 
with the fact that interruption of glutamine conversion by the means of a drug-tool glutaminase 
inhibitor, BPTES, increased ROS production and slowed cell growth. Genetic alterations, in addition 
to being the fundamental drivers of tumorigenesis, give rise to a variety of adaptive metabolic changes 
that further the extraordinary and characteristic capacity of cancer cells to reprogram the TCA cycle 
by depending on glutamine. This metabolic change demonstrates the fl exibility of cancer cells’ 
ability to utilize alternative fuel sources in order to generate energy, an important factor for tumor 
adaptation. More practically, therapeutic approaches that target metabolism must consider these adaptive 
strategies.  

  Fig. 6.6    The cytoplasmic 
ATP-citrate lyase (ACL) 
pathway       
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    Glutamine Metabolism as a Target for Cancer Therapy 

 The recent elucidation of glutamine’s more consequential involvement in cancer metabolism provides 
an attractive array of potential targets for therapeutic intervention. Given the evidence suggesting 
glutamine’s novel role in a glucose-independent and glutamine-driven TCA cycle, a scheme to inhibit 
this alternative pathway of energy production so as to disrupt cancer progression is not only realistic 
and appealing, but is, in fact, already contributing promising results. The activation of the oncogene 
MYC facilitates glutamine uptake and an increase in glutaminolysis through a coordinated transcrip-
tional program. The excessive intake of glutamine in cancer cells, along with its necessary role in 
glucose-independent glutamine metabolism via TCA cycling, demonstrates that increased aerobic 
glycolysis is not suffi cient to drive the bioenergetics requirements that rapidly proliferating cancer 
cells demand [ 11 ]. Therefore, this specifi c, alternative energy-generating glutaminolysis pathway via 
TCA cycling is an attractive target of focus for therapy. Methods to regulate the level of glutamine and 
its metabolism can offer great promise in the prevention and treatment of cancer. 

 As shown in Fig.  6.7 , one primitive test of this concept involves BPTES [bis-2-(5 phenylacet-
amido- 1, 2, 4-thiadiazol-2-yl) ethyl sulfi de]. This uncompetitive inhibitor has been elucidated to 
inhibit human glutaminase [ 12 ]. Studies have revealed that BPTES, a small molecule, binds to an 
allosteric site at the dimer interface of KGA—a kidney-type glutaminase isoform (GLS1)—and leads 
to a conformational change near the catalytic site, which inactivates the enzyme [ 13 ]. Thus, the inter-
ruption of glutamine metabolism by this inhibitor has shown to be a promising area of focus. In fact, 
the inhibition of glutaminase by BPTES activity in hypoxic conditions has shown to result in a killing 
effect on pancreatic cancer cells [ 5 ].  

 A member of the benzo[a]phenanthridinone family, compound 968 is a small molecule inhibitor that 
exploits a regulatory connection between NF-kB phosphorylating GAC, the slicing isoform of GLS1, 
and NF-kB, the latter of which is activated by Rho GTPases. Rho GTPases have previously been 
observed to be overexpressed and/or hyperactivated in a variety of cancers [ 14 – 16 ]. The treatment of 
human breast cancer cells with the small molecule 968 has been shown to reduce growth, density, 
and invasiveness of malignant cells [ 17 ]. Moreover, an additional effect was observed when cancer cells 
were dosed with 968 and BPTES simultaneously, suggesting that these inhibitors act via different mech-
anisms. This information could provide a realistic avenue for therapeutic intervention [ 18 ]. 

  Fig. 6.7    The glucose- 
independent and glutamine- 
driven TCA Cycle relies on 
key enzymes to catalyze the 
production of ATP, nucleo-
tides, lipids, and glutathione 
from glutamine. Efforts to 
inhibit glutaminase (GLS), 
which prepares glutamate and 
α-ketoglutarate for the TCA 
cycle, has led to the 
development and investiga-
tion of BPTES, compound 
968, and Mek2-
K101A. Similarly, SIRT4 has 
been studied for its inhibitory 
effect on glutamine 
dehydrogenase       
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 Similar multidrug approaches toward the inhibition of target enzymes involved in glutamine 
metabolism have been explored. The combined inhibitory effect of Mek2 and BPTES on KGA and 
cell proliferation has been reported, and has introduced the potential for more effective designs and 
strategies to inhibit KGA- and Mek2-linked pathways to target glutamine metabolism [ 13 ]. Glutamate 
dehydrogenase has also been targeted as a means to indirectly inhibit glutamine metabolism. The 
inhibition of GLDH by SIRT4, a mitochondrial NAD-dependent ADP-ribosyltransferase encoded by 
the SIRT4 gene, has been shown to reduce the production of α-ketoglutarate, which in turn reduces 
the level of ATP production from the TCA cycle [ 19 ]. 

 Key enzymes of the TCA cycle are also viable targets for the inhibition of glutamine metabolism. 
One such enzyme is succinate dehydrogenase (SDH), a critical component of the TCA cycle that cata-
lyzes the conversion of succinate to fumarate. The inhibition of SDH by 2-thenoyltrifl uoroacetone 
(TTFA) as a possible pathway for the disruption of glutamine metabolism has yet to be confi rmed 
[ 20 ]. Aminooxyacetate (AOA), an inhibitor of glutamate-dependent transaminase, has also been 
shown to target glutamine metabolism, as well as to sensitize melanoma cells to tumor necrosis factor- 
related apoptosis inducing-ligand (TRAIL), while sparing normal cells [ 21 ]. 

 Depending on their genetic makeup, cancer cells can become dependent on either glucose or glu-
tamine to such an extent that they cannot survive without it. Exploitation of this dependence via inhi-
bition of these pathways in some cancer cells provides therapeutic potential. However, this approach 
introduces great complexities, as cancer cells can exhibit unique metabolic pathways in addition to the 
classic metabolic pathways of normal cells. This plasticity makes it diffi cult to specifi cally target the 
metabolic enzymes in cancer cells while sparing those in normal cells.  

    Conclusion 

 A convergence of studies identify glutamine metabolism as a crucial component in the reprogram-
ming of cancer cell metabolism. In this chapter, a glucose-independent, glutamine-driven TCA cycle 
is highlighted as an alternative energy-generating pathway for the survival and growth of tumor cells 
despite hypoxic and nutrient-deprived microenvironments. Through analysis of various labeled isoto-
pologues of TCA cycle intermediates, the continued function of the TCA cycle in the absence of 
glucose, and sole presence of glutamine, provides substantial evidence that glutamine is a viable 
alternative source of energy for glucose-deprived cancer cells. 

 This alteration of cellular metabolism in cancer cells is linked with the oncogene MYC, which is 
involved in regulating glutamine metabolism. When this oncogene is induced, the enzyme glutamin-
ase is expressed, and thus stimulates glutamine metabolism via the TCA cycle. 

 Given the importance of the glucose-independent and glutamine-driven TCA cycle in proliferating 
tumor cells, inhibitors like BPTES and 968 are being investigated to effectively exploit cancer’s reli-
ance on glutamine catabolism to meet its demanding bioenergetics needs. The coupled application of 
some of these inhibitors has already shown promise in vitro; therefore, future investigation to better 
design and develop drugs in order to disrupt the glucose-independent and glutamine-driven TCA cycle 
holds tremendous value for the advancement of preventing and treating cancer.     
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   Key Points 

•     Glutamine is an essential nutrient that feeds into multiple metabolic pathways of tumor cells.  
•   There are signifi cant heterogeneity of glutamine metabolisms between the basal vs. luminal breast 

cancer cells.  
•   Basal breast cancer cells are addicted to exogenous glutamine while luminal breast cancer cells are 

independent of exogenous glutamine.  
•   The distinct glutamine metabolism and dependence are mediated by their distinct expression patterns 

of genes and enzymes that involved in glutamine metabolisms.  
•   The glutamine addiction of basal-type breast cancer cells is triggered by c-myc and presents thera-

peutic opportunities.  
•   The glutamine independence of luminal-type breast cancer cells is mediated by the cell-type- specifi c 

expression of glutamine synthetase triggered by GATA3.  
•   Signifi cant metabolic interaction and symbiosis between the adjacent luminal and basal breast 

cancers.  
•   Control of glutamine availability and metabolism represents a promising therapeutic strategy.    
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  AST    Aspartate transaminase   
  DNA    Deoxyribonucleic acid   
  FAS    Fatty acid synthase   
  GCL    Glutamate cysteine ligase   
  Gln (Q)    Glutamine   
  GLS    Glutaminase   
  Glu (E)    Glutamate   
  GLUL    Glutamate-ammonia ligase   
  GS    Glutamine synthetase   
  mRNA    Messenger ribonucleic acid   
  mTOR    Mammalian target of rapamycin complex 1   
  NADPH    Nicotinamide adenine dinucleotide phosphate   
  NF-κB    Nuclear factor κ light-chain enhancer of activated B cells   
  TCA    Tricarboxylic acid   
  TNBC    Triple-negative breast cancer   

       Introduction 

 Treatment for breast cancer has advanced signifi cantly in recent years and is at least partly responsible 
for the recent improvement in disease outcome. Even with these advances, the American Cancer 
Society estimated that 39,620 US women will die of the disease in 2013. Continual improvements in 
chemo, hormonal, and molecular targeted therapies will continue to chip away at these numbers, 
although likely only with incremental benefi t. Triple negative breast cancer (TNBC) is the subset of 
breast tumors that are negative for ER, PR and HER2 amplifi cation [ 1 ]. The treatment for TNBC has 
been challenging due to the lack of well-defi ned molecular targets and heterogeneity of the disease. 
TNBC tumors tend to be larger, respond less well to chemotherapeutics and exhibit higher propensity 
for metastasis. Detailed characterizations of cancer genomes have revealed how genetic dysregulation 
contributes to tumor heterogeneity [ 2 ]. However, few effective therapeutic targets have emerged, 
especially for TNBC. For example, recent analysis of the gene expression of a large number of TNBC 
tumors have identifi ed at least six different subtypes of TNBC that show signifi cant differences in the 
biological behaviors and response to various therapeutic agents [ 3 ]. 

 One possible ways to treat TNBC is to exploit the distinct metabolic requirements between normal 
and cancerous cells. Different types of cells have distinct ways of utilizing nutrients and generating 
energy, thus resulting in diverse nutrient needs or addictions. Among different differentiated cells, 
such cell-type-specifi c metabolic differences may preserve during the oncogenic transformations to 
exhibit similar differences in the corresponding transformed cells. For example, glutamine is recog-
nized as an important and essential nutrient that contributes to various metabolic processes and signal-
ing events of oncogenesis in human cancers. Therefore, the therapeutic targeting of glutamine 
metabolism has been proposed to have signifi cant potential. However, the mechanisms of glutamine 
dependence and likely response and resistance of such glutamine-targeting strategies among cancers 
are largely unknown. Recently, we have found a systematic variation in the glutamine dependence 
among breast tumor subtypes associated with mammary differentiation: basal- but not luminal-type 
breast cells are more glutamine-dependent and may be susceptible to glutamine-targeting therapeutics 
[ 4 ]. Glutamine independence of luminal-type cells is associated mechanistically with lineage-specifi c 
expression of glutamine synthetase (GS). Luminal cells can also rescue basal cells in co-culture with-
out glutamine, indicating a potential for glutamine symbiosis within breast ducts. The luminal- specifi c 
expression of GS is directly induced by GATA3 and represses glutaminase expression. Such distinct 
glutamine dependency and metabolic symbiosis is coupled with the acquisition of the GS and 
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glutamine independence during the mammary differentiation program. Understanding the genetic 
circuitry governing distinct metabolic patterns is relevant to many symbiotic relationships among dif-
ferent cells and organisms. In addition, the ability of GS to predict patterns of glutamine metabolism 
and dependency among tumors is also crucial in the rational design and application of glutamine and 
other metabolic pathway targeted therapies.  

    Dysregulated Metabolism as Potential Therapeutic Targets in Cancers 

 Dysregulation of basic metabolic processes is often associated with oncogenic progression. Therefore 
a detailed knowledge of cancer biochemistry may be of critical importance to understand the disease 
[ 5 ,  6 ]. The metabolic changes of cancer cells create specifi c therapeutic windows, or “metabolic 
Achilles’ heels,” some of which have already provided treatment opportunities for certain types of 
cancer, such as the use of asparaginase to treat acute lymphoblastic leukemia (ALL). However, very 
few ongoing efforts focus on realizing the “metabolic Achilles’ heel” potential in breast cancer. 
While metabolic pathways of most untransformed cells usually exhibit great fl exibility, which can 
become signifi cantly limited during oncogenic transformation. The Warburg effect remains a central 
concept of tumor physiology: the use of glycolysis for energy renders cancer cells addicted to glucose 
and therefore sensitive to inhibition by glucose analogues. Similarly, different oncogenic mutations 
limit cellular metabolic fl exibility by altering requirements for certain amino acids. Glutamine is 
reported to be essential for cancer cells harboring oncogenic events including c-myc activation [ 7 – 9 ]. 
Recently, we found that infl exible tumor metabolic dysregulation is manifest in basal-type breast 
cancer cells which both exhibit a robust hypoxia program [ 10 ] and require exogenous glutamine for 
survival [ 4 ]. Several recent reports have also revealed that exogenous glutamine is essential under 
hypoxia or lactic acidosis in the presence of an IDH1 mutation for lipid biogenesis [ 11 – 13 ]. Therefore, 
glutamine metabolism has been considered an attractive target for the signifi cant number of tumors that 
appear to be addicted to this nutrient [ 14 ,  15 ]. In addition, other amino acids can also be essential for 
tumor cells. Asparagine is required to maintain the viability of acute lymphoblastic leukemia (ALL), 
providing a rational basis for asparaginase treatment [ 16 ]. Also, leucine deprivation causes the apop-
totic death of melanoma cells [ 17 ]. Other studies have highlighted the essentiality of arginine, [ 18 ] 
methionine, [ 19 ] and valine [ 20 ] in various biological contexts. These data indicate that amino acid 
addiction is a common cancer phenomenon. While systematic information that links amino acid 
addictions and cancer genetics remains largely absent, understanding this connection is now feasible 
with current biochemical and genetic methods.  

    The Role of Glutamine in the Metabolisms and Signaling of Cancer Cells 

 Glutamine is the most abundant amino acid in plasma and has long been recognized to play a unique role 
in the metabolism of proliferating cells. While fi rst reported in 1970s, the essential role of glutamine in 
cancer metabolisms is not well understood until recent studies using the modern biochemical and 
genetic tools. Glutamine plays several important metabolic roles, including as carbon source for energy 
production, contributes carbon and nitrogen to biosynthetic reactions, regulates lipid generation, and 
adjusts redox homeostasis (Fig.  7.1 ). Glutamine availability and metabolism also tightly intersected 
with signal transduction pathways involved in oncogenesis. Each of these following functions of 
glutamine supports different aspects of the metabolic requirement of cell growth and proliferation.  

  Glutamine as carbon sources : While non-proliferating cells can completely oxidize glucose- derived 
carbon in the TCA cycle to support their energy needs, proliferating cells use nutrients to support 
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biosynthesis of macromolecules for proliferation. To support lipid biosynthesis from acetyl- CoA in 
the cytoplasm, citrate is exported out of the mitochondria to generate acetyl-CoA (Fig.  7.1 ). This will 
deplete the metabolic metabolites in TCA and require additional source to replenish the TCA cycle in 
processes called anapleurosis. Glutamine serves as an important anaplerotic substrate in most prolif-
erating cells to generate oxaloacetate that will combine with acetyl-CoA to replenish citrate. 
Glutamine’s role as a carbon source is critical for many cancer cells which are glutamine addicted. 
The cellular viability can be restored by supplementing cells with TCA cycle intermediates, such as 
pyruvate, oxaloacetate, or α-ketoglutarate. Under hypoxia or mitochondria dysfunction, glutamine 
can also directly supply acetyl-CoA for lipogenesis by converting malate into pyruvate, by malic 
enzyme, which re-enters the TCA cycle as acetyl-CoA. The α-ketoglutarate can undergo reductive 
carboxylation to generate isocitrate, which is then converted into citrate by a process termed “reduc-
tive carboxylation.” [ 11 ,  12 ] 

  Glutamine as nitrogen sources : The amido and amino groups of glutamine contribute to multiple 
biosynthetic pathways, including synthesis of nonessential amino acids, nucleotides, and hexos-
amines, especially during proliferation. K-ras-transformed fi broblasts cultured in glutamine-depleted 
media exhibit decreased cellular proliferation and abortive S phase entrance, which could be restored 
by addition of the four deoxyribonucleotides. Interestingly, the expression of glutaminase 1 (GLS1) 
and the glutamine consumption is tightly regulated within the process of cell cycle—highly expressed 
during S phase and decreases as cells progress into G2/M. This cell-cycle regulation is due to its tar-
geted by APC/C (anaphase-promoting complex/cyclosome)-Cdh1, the ubiquitin ligase that controls 
G1- to S-phase transition. A decrease in the activity of APC/C-Cdh1 in mid-to-late G1 releases GLS1 
and simultaneously increases glutamine utilization during cell proliferation. Thus, the function of 
glutamine during DNA synthesis contributes to its role in supporting cell proliferation. 

  Glutamine as signaling molecules and redox homeostasis : In addition to serving metabolic needs, 
glutamine has also been implicated in modulating cell-signaling pathways to promote growth. 
These signaling events include mammalian target of rapamycin complex 1 (mTORC1) [ 21 ], mito-
chondrial ROS production [ 22 ] and ERK signaling [ 23 ]. Glutamine metabolism also plays a key role 
in the cellular redox homeostasis by its role in synthesis of glutathione, an endogenous antioxidant 
comprised of glutamate, cysteine, and glycine. The high level of glutathione (GSH) makes it the 

  Fig. 7.1    Glutamine and 
glucose metabolism. The 
import and metabolisms of 
glucose and glutamine 
metabolisms in the cytosol, 
mitochondria, TCA cycle, 
GSH synthesis, and fatty acid 
synthesis. The transcriptional 
regulation of several genes 
involved in glutamine 
metabolism, including 
glutaminase (GLS1 and 
GLS2) and glutamine 
synthetase (GS) in the nuclei       
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predominant cellular anti-oxidants that neutralize the ROS by donating electrons and becoming 
oxidized (GSSG). The regeneration of GSH from GSSG requires NADPH, which can be produced by 
glutamine metabolism through malic enzyme [ 24 ,  25 ].  

    The Heterogeneity of Tumor Metabolisms in Breast Cancers 

 It is now well established that signifi cant heterogeneity of metabolism exists among human breast 
cancers. This heterogeneity is observable at every level of examination from the macroscopic to the 
molecular. Recent large-scale efforts to measure and describe human breast tumor heterogeneity 
include the Cancer Genome Atlas (TCGA) where a number of high-throughput “omic” technologies 
were systemically applied to hundreds of primary cancer specimens [ 26 ]. Mutations, germ line poly-
morphisms, DNA copy number, RNA expression, DNA methylation, and protein expression analyses 
were performed in parallel on a large and carefully curated set of breast cancer specimens to produce 
the most comprehensive molecular portrait of the disease to date. 

 One signifi cant metric that was not included in TGCA was an unbiased analysis of tumor metabo-
lism. While metabolic fl ux cannot be measured in fi xed or frozen specimens, steady-state levels of 
numerous key metabolites may provide insight into these fundamental phenotypic traits. A number of 
studies in cancer have uncovered relationships between genetic abnormalities and various metabolic 
reprogramming suggesting that key metabolic process can be altered as a result of specifi c transfor-
mation events [ 27 – 29 ]. Relatively nonspecifi c cancer related events such as increased proliferation 
may also underlie some of the inferred/observed metabolic remodeling. Glucose uptake, serine and 
glutamine auxotrophy, and mitochondrial oxidative phosphorylation all appear to have roles in defi ning 
breast cancer metabolism [ 10 ]. However, it is not clear whether these regulatory relationships can be 
observed in all or subsets of human tumors. 

 Breast cancers are broadly categorized as luminal versus basal types possibly derived from different 
precursor cells or at least different committed parental lineages [ 30 ,  31 ]. Within these broad catego-
ries, alterations in specifi c driver genes are believed to produce the heterogeneity observed amongst 
and within breast tumor subtypes. While the identity and frequency of driver alterations are generally 
different in basal and luminal cancers, there is still considerable overlap. For example, TP53 muta-
tions are very common in basal tumors and so as PI3KCA mutations in luminal cancer, but neither is 
subtype exclusive. In contrast, MYC (8q24) amplifi cation can be seen in both types. Each of these 
genetic drivers has been associated with specifi c changes in cellular metabolism and therefore may 
have dominant effects that can be observed across tumor types. Metabolomic profi ling via mass spec-
trometry or NMR is now an established approach that has been employed in several studies to analyze 
primary human breast tissues (normal and cancer) [ 32 – 34 ]. Building upon transcriptional profi ling of 
breast cancer, there have also been several efforts to integrate steady-state metabolite levels with 
specifi c breast cancer subtypes defi ned by mRNA expression. Expression subtypes are dominated by 
estrogen receptor and ERBB2 status and thus, metabolic profi ling was performed to seek an additional 
level of information to refi ne these existing classifi cations. These analyses identifi ed a subclassifi cation 
of luminal A type cancers based on metabolite levels and found higher levels of Warburg-associated 
metabolites in more aggressive cancer types [ 35 ,  36 ].  

    Glutamine Addiction vs. Independence in Breast Cancers 

 The metabolism in cancer cells is different from normal cells, and they uptake more nutrients from the 
environment to survive and even spread. Two nutrients, glucose and glutamine, are main sources of 
energy production for tumor cells. Although high glucose consumption (Warburg effect) is recognized 
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as a selective marker for tumor cells, the glutamine need in tumor cells is getting noticed and under 
huge amount of investigations by scientists. Glutamine for tumors not only serves as a nitrogen donor, 
in nucleotide and amino acid biosynthesis, but also a primary mitochondrial substrate, for mainte-
nance of mitochondrial membrane potential and integrity, NADPH production, and glutathione pro-
duction (Fig.  7.1 ). Researchers revealed that different breast cancer cells have various glutamine 
dependencies. The glutamine-dependent cells cannot survive or grow in glutamine-free condition, 
such as MDAMB231 and SUM149, and the growth of glutamine-independent cells is not limited in 
glutamine free environment, such as MCF10A and MCF7 [ 37 ]. 

 There are two key enzymes directly involve in the metabolism of glutamine, glutaminase 
(GLS/GLS2) and glutamine synthetase (GS). These two enzymes help controlling the intracellular 
glutamine homeostasis. GLS is the fi rst enzyme in the glutamine utilizing pathway that transfers 
glutamine into glutamate and amine group. Glutamate can be used as the blocks of DNA, RNA, or 
protein synthesis or further metabolized into α-ketoglutarate and thus included into the TCA cycle for 
ATP production. In order to avoid the toxicity of glutamate and amine group inside cells, these two 
components can be joined by GS to form glutamine again. 

 The expression pattern of glutamine-related enzymes, including GS, GLS, and GLS2, is conspicu-
ously different between luminal and basal breast cancer cells (Fig.  7.2a ), as well in breast tumor 
samples (Fig.  7.2b ) and normal breast cells (Fig.  7.2c ), and this distinguishing expression pattern may 
be related to the glutamine preference in breast cancer cells.  

    Glutamine Addiction of the “Basal”-Type Breast Cancer Tumors 

 The high rate of glutamine uptake and glutamine utilization exhibited by glutamine-dependent cells 
is called “glutamine addiction.” [ 15 ] Since this type of cells uses and uptakes more glutamine as the 
main energy resource, they should have higher GLS to get more glutamate for TCA cycle. The expres-
sion of GLS is controlled by Myc protein, which suppresses the GLS inhibitor, miR-23a/b [ 9 ,  38 ]. 
Myc is frequently overexpressed in aggressive breast cancers, drive poor prognosis gene expression 
signature, and a marker for tumor malignancy [ 39 – 42 ]. Myc is also found to distinguish basal-type 

  Fig. 7.2    The differential expression of GLS1, GLS2 and GS (GLUL) in the luminal vs. basal cancer cell lines ( a ), 
primary breast tumor ( b ) and isolated primary breast cells ( c )       
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breast cancer from luminal-type breast cancer [ 41 ,  43 ,  44 ]. It is also obvious that GLS level is signifi cantly 
higher in basal type of cells [ 4 ]. From all the researches mentioned above, glutamine addiction can be 
positively linked to basal-type breast tumor, with higher myc and glutaminase levels (Fig.  7.2 ). 
Furthermore, this phenomenon can be observed in breast tumors and primary breast cells (Fig.  7.2 ). 
Under glutamine deprivation environment, the DNA synthesis is stopped [ 45 ] and the amino acid 
response (AAR) genes are activated [ 4 ,  46 ], including TXNIP, XBP1, and ATF3, in glutamine- 
addicted tumor cells (Fig.  7.3a–c ). The expression levels of various glutamine transporters were also 
dramatically induced by glutamine deprivation in basal breast cancer cells, but not in luminal-type 
breast cancer cells (Fig.  7.3d , unpublished data).  

 Unlike the expression position of kidney type of glutaminase (GLS), there is another subtype of 
glutaminase, the liver-type glutaminase (GLS2), which expressed in different organs. GLS2 expression 
is induced in response to DNA damage or oxidative stress in a p53-dependent manner, and overexpres-
sion of GLS2 reduces the growth of tumor cells and colony formation. GLS2 level is lower in basal-type 
breast tumors [ 4 ] (Fig.  7.2 ), showing that basal breast tumors use GLS as the key enzyme transferring 
glutamine to glutamate for energy production and other functions. Among these two enzymes, GLS has 
been demonstrated to be correlated to tumor cell growth and be regulated by oncogenes, while GLS2 
behaves more like a tumor suppressor by glutathione-dependent antioxidant defense. Thus, modulation 
of glutaminase function may be a new therapeutic target for cancer treatment [ 47 ].  

    Glutamine Independence of the “Luminal”-Type Breast Tumors 

 Except glutamine-addicted basal-type breast cancer cells, luminal-type breast cancer cells are more 
glutamine independent [ 4 ,  45 ]. Luminal cells have higher glutamine synthetase (GS) and lower GLS 
in cells [ 4 ] (Fig.  7.2 ). The higher GS level is regulated by GATA3 [ 4 ] (Fig.  7.1 ), which promotes 

  Fig. 7.3    The    differential 
transcriptional response of 
MCF-7 and MDA-MB231 to 
glutamine deprivation ( a ) and 
the amino acid response in 
the MCF-7 ( b ) and 
MDA-MB231 ( c ). Induction 
of several glutamine 
transporters by glutamine 
deprivation in MDA-MB231 
but not MCF-7. The relative 
expressions of various 
glutamine transporters in 
both MCF7 and MDAMB231 
cells with or without 
glutamine ( d )       
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luminal cell differentiation in luminal breast cancers [ 48 ]. GATA3 is also a downstream signaling 
element in β-catenin pathway [ 49 ]; thus the GS expression level could also be controlled by β-catenin. 
In addition, GATA3 causes the downregulation of GLS, which the mechanism is still unclear [ 4 ] and 
need further investigations. GS can generate glutamine from glutamate and amine group, while the 
usage of glutamine is reduced by the downregulation of GLS, thus indicating that luminal breast 
cancer cells can resist extracellular glutamine deprivation [ 4 ].  

    Glutamine Synthetase and Glutaminase as Determinants 
of Glutamine Dependence Phenotypes 

 The differential expression of glutamine-metabolizing enzymes among luminal and basal breast can-
cers correlate to the distinct glutamine requirement, and are consistent with the genetic circuitry 
governing breast cancer subtypes [ 4 ,  45 ]. Basal-type breast tumor usually exhibit a more malignant 
phenotype with few current therapeutic options, they may benefi t from glutamine-targeting therapies 
with the feature of glutamine addiction [ 14 ,  15 ]. Although GS and GLS cannot perfectly distinguish 
the subtypes within basal-type breast tumors [ 45 ], such as claudin-low, their expression still can be 
determinants of glutamine dependence phenotypes in the breast tumor analysis. Since glutamine 
metabolism could be a potential therapeutic target, researchers now focus on searching more promis-
ing targets in the glutamine metabolism. A potential target, xCT antiporter, is recently found to be a 
therapeutic target in triple-negative breast tumors [ 45 ].   

    Metabolic Symbiosis Between Different Breast Cancer Cells 

 When facing glutamine deprivation condition, intracellular GS level increased to produce more glutamine 
supporting the cell survival and regular functions in luminal cells (Figs.  7.4a  and  7.5a ). They even can 
export the excess glutamine to the environment to sustain the survival of adjacent cells, including 
basal-type breast cells [ 4 ]. With transwell co-culture technique, we observe that the survival of basal-type 
breast cancer cell, MDAMB231, is increased by the co-culture of MCF7 under glutamine deprivation 
(Fig.  7.4b ). Since higher GS leads cells become more glutamine independent, and GS is regulated by 
GATA3, MDAMB231 cells can produce more glutamine with GS or GATA3 overexpression 
(Fig.  7.4c -right panel). The survival of MDAMB231 cell is upregulated by co-culturing with GS or 
GATA3 overexpression MDAMB231 (Fig.  7.4c -lower panel), which means the increase of GS in cells 
helps MDAMB231 cells to generate glutamine and export to the environment and the glutamine can 
support the critical survival of glutamine addicted basal-type breast cancer cells under glutamine 
deprivation situation (Fig.  7.5a ). This nutritional and metabolic symbiosis can be seen in many organ-
isms and cell types, for example the symbiotic nitrogen fi xation in the root nodules on legumes of 
plants, the mutualistic symbiosis between bacteria and insects, and the shuttle glutamine- glutamate 
transport between neuron cell and glial cells (Fig.  7.5b ).   

 Since basal-type breast tumor is more sensitive to glutamine withdrawal, targeting glutamine 
metabolisms may present potential target therapy for TNBC with few therapeutic choices. In the pro-
cess of glutamine denudation, luminal-type breast cells or other non-tumor cells, such as fi broblast 
and macrophages, might synthesize glutamine and export glutamine to extracellular environment or 
into the blood circulation to provide the survival of basal-type breast and to reduce the effect of glu-
tamine targeting therapy. Therefore, GS inhibition should be combined into the glutamine targeting 
therapy to improve the effi ciency and reduce the resistance in treating basal-type breast tumors with 
glutamine-targeting therapies.  
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    Conclusion 

 With all the therapies in the clinic for now, breast tumor, especially the TNBC or basal-type breast 
cancers, is still a great threaten among various tumors. Finding a new and promising therapeutic strategy 
is urgent and demands immediate attention. The glutamine dependency can be a potential target for 

  Fig. 7.4    Co-culture    of basal and luminal breast cells in glutamine symbiosis. ( a ) The induction of GS protein and 
medium glutamine levels in MCF7 ( b ) A diagram illustrating the co-culture systems and increased viability of 231 
cells when co-cultured with MCF7. ( c ) The co-culture system of MDAMB231 cells (base) with GLUL- or GATA3-
overexpression MDAMB231 cells (transwell membrane). The glutamine concentration in the medium and the survival 
of MDAMB231 cells (base) were both increased signifi cantly       

  Fig. 7.5    ( a ) Model of distinct glutamine metabolism and symbiosis between luminal and basal breast cancer cells. ( b ) 
Similar glutamine symbiosis between glial and neuron cells by GS       
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treating breast cancers. Although not in a perfect correlation, the glutamine metabolic enzymes, 
GS and GLS, controlled the glutamine dependency. With the glutamine addiction phenotype, drugs 
targeting glutaminase is thought to be a good way to inhibit the growth of basal-type breast tumors 
with few therapeutic options. But with higher GS levels, luminal breast cancer cells are more glutamine 
independent. They even can export excess glutamine to support the cells in the neighborhood, which 
could lower the effi ciency of glutamine targeting therapy on basal-type breast cancer cells. Combine 
with the glutamine symbiosis between luminal and basal-type breast cancer cells, GS inhibition 
should be combined with glutamine-targeting therapy to increase the effect and decrease the resistance 
of therapy.     
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   Key Points 

•     Cancer cells show alterations in metabolic pathways to fulfi ll their energetic and biosynthetic 
requirements.  

•   Glutamine is the most abundant amino acid in plasma and it is taken up by cancer cells at higher 
rates that all other amino acids.  

•   As with glucose, glutamine can provide both ATP and precursors for biosynthetic pathways.  
•   Alterations of glutamine metabolism favor glutamine uptake and catabolism.  
•   Most of the alterations of glutamine metabolism are driven by oncogenes.  
•   Exploit glutamine addiction is a feasible strategy for therapeutic purposes.  
•   Glutamine deprivation chemopotentiates the effi cacy of monocarboxylated anticancer drugs like 

3-bromopyruvic acid and dichloroacetate.    
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  ETC    Electron transport chain   
  FDG-PET    [ 18 F]-fl uorodeoxyglucose positron emission tomography   
  G6PD    Glucose-6-phosphate dehydrogenase   
  GAPDH    Glyceraldehyde-3-phosphate dehydrogenase   
  GDH    Glutamate dehydrogenase   
  GLS    Glutaminase   
  GLUL    Glutamate-ammonia ligase   
  GLUT    Glucose transporter   
  GPNA    Gamma- L -glutamyl- p -nitroanilide   
  GS    Glutamine synthetase   
  GSH    Glutathione reduced   
  GSSS    Glutathione oxidized   
  HCC    Hepatocellular carcinoma   
  HK2    Hexokinase 2   
  IDH1    Isocitrate dehydrogenase 1   
  LDH    Lactate dehydrogenase   
  MCT-1    Monocarboxylate transporter 1   
  ME1    Malic enzyme 1   
  mTORC1    Mammalian target of rapamycin complex 1   
  NADPH    Nicotinamide adenine dinucleotide phosphate reduced   
  OXPHOS    Oxidative phosphorylation   
  PA    Phenylacetate   
  PB    Phenylbutyrate   
  RFTA    Radiofrequency thermal ablation   
  ROS    Reactive oxygen species   
  SDH    Succinate dehydrogenase   
  SLC1A5    Solute carrier family 1 (neutral amino acid transporter) member 5   
  SLC7A5    Solute carrier family 7 (amino acid transporter light chain L system), member 5   
  TCA    Tricarboxylic acid   

       Introduction 

 Most cancer cells show a higher rate of glucose uptake and consumption and lactate production than 
their normal counterparts. In 1920s, Otto Warburg observed that cancer cells preferentially utilize 
glycolysis with respect to oxidative phosphorylation (OXPHOS) to produce ATP, even in the pres-
ence of normal oxygen tension, the so-called “Warburg effect” or “aerobic glycolysis   ” [ 1 ] (Fig.  8.1 ). 
The increased glucose uptake of cancer cells has been successfully exploited for diagnostic purposes 
through [ 18 F]-fl uorodeoxyglucose (FDG) positron emission tomography (FDG-PET). Indeed, FDG is 
taken-up mainly by tumor cells, resulting in a “hot” spot on PET imaging and providing a powerful 
tool for the diagnosis of solid tumors [ 2 ]. Although Warburg effect was initially thought to be due to 
defects in the mitochondrial electron transport chain (ETC), later studies showed that many cancer cells 
do not present defects in oxidative metabolism and the tricarboxylic acid (TCA) cycle is completely 
functional. However, if we consider that glycolysis is far less effi cient than OXPHOS in terms of ATP 
production (36 versus 2 mol ATP/mol glucose), the advantage conferred by such metabolic switch 
must be searched beyond the need of ATP. This apparent paradox can be explained taking into consid-
eration that cancer cells, in addition to ATP, require a continuous supply of biosynthetic precursors 
and reducing equivalents for the synthesis of nucleotides, proteins, and lipids, necessary for sustaining 
their fast proliferation rate. Intermediates of glucose degradation can, indeed, be used for the synthesis 
of ribose, glycerol, and NADPH [ 3 ]. Moreover, an extensive lactate production and extrusion towards 
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the extracellular environment lowers the pH of the extracellular space and allows cancer cells survival 
by favoring blood vessel invasion in response to angiogenic stimuli [ 4 ]. Although glucose is a crucial 
nutrient for the growth of cancer cells, it is not the sole nutrient that cells can consume. The blood-
stream, indeed, supplies cells with a broad range of compounds that can be used to satisfy both the 
energetic and biosynthetic requirements. This is the case of glutamine, the most abundant amino acid 
in plasma, whose consumption is much greater (up to tenfold) than that of all other amino acids [ 5 ]. 
Although glutamine is a nonessential amino acid that can be synthesized from glutamate by gluta-
mate-ammonia ligase (GLUL), also known as glutamine synthetase (GS), the extreme sensitivity of 
many cancer cells to fl uctuations of glutamine availability highlights the importance of this amino 
acid in tumor metabolism. In fact, similarly to glucose, glutamine can serve as a substrate for both 
bioenergetics and anabolic pathways. The discovery that proteins responsible for oncogenic transfor-
mation, such as Myc, akt, and ras [ 6 ], can drive tumor metabolic reprogramming has boosted both the 
interest in this research area and the attempts to exploit tumor-specifi c metabolic features for the 
development of novel anticancer therapies.   

    Glutamine Fuels Cancer Cell Growth 

 As with glucose, glutamine can satisfy the need of both energy (ATP) and intermediates for the synthesis 
of macromolecules. Glutamine is taken up and consumed at higher rates with respect to all other 
amino acids. Within the cell, glutamine plays a broad range of metabolic and non-metabolic roles [ 7 ]. 
As soon as it enters the cell, it can be promptly extruded through the antiporter solute carrier family 7 
(amino acid transporter light chain, L system), member 5 (SLC7A5), to allow the uptake of essential 
amino acids (EAAs), including leucine, which has been recently characterized as an activator of the 
mammalian target of rapamycin (mTOR) complex 1 (mTORC1), a potent positive regulator of protein 
translation and cell growth [ 8 ]. Glutamine also provides both nitrogen, derived from both its amido 

  Fig. 8.1    Cancer cells exhibit 
Warburg Effect. In presence of 
normal oxygen tension, 
non-proliferating cells ( left 
panel ) preferentially utilize 
oxidative metabolism, a far 
more effi cient mechanism than 
glycolysis (up to 36 mol ATP/
mol glucose  vs.  2 mol ATP/
mol glucose), to produce ATP. 
When oxygen tension is low, 
pyruvate produced from 
glycolysis is converted to 
lactate (anaerobic glycolysis) 
to regenerate NAD +  required 
for glycolysis. Lactate is 
extruded towards the 
extracellular environment. 
Many cancer cells ( right 
panel ) preferentially utilize 
glycolysis regardless of 
oxygen tension (Warburg 
Effect), even in the presence of 
a fully functional TCA cycle       
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and amino groups, and carbon from its carbon skeleton for anabolic processes. Indeed, nitrogen 
derived from glutamine amido group is required for the de novo synthesis of both purines and 
pyrimidines. This function of glutamine may be at the basis of the reduced proliferation and the abortive 
S-phase entry observed in K-Ras-transformed fi broblasts deprived of glutamine [ 9 ]. Glutamine amido 
group is also important for the synthesis of hexosamines, which are involved in cellular signaling and 
can infl uence tumor growth. Other biosynthetic reactions use the amino group of glutamate produced 
from glutamine through a deamination process catalyzed into the mitochondria by glutaminase (GLS), 
which has been reported to be upregulated in some tumor types [ 10 ]. In this process ammonia (NH 4  + ) 
is also produced. Ammonia is an extremely toxic compound, which is massively released by cancer 
cells toward the extracellular environment. Although ammonia can diffuse through the plasma mem-
brane, many lines of evidence reported that ammonia could be extruded via some transporters, which 
have not yet been completely characterized. These putative transporters could be attractive targets to 
trap ammonia inside the cells and exploit its high toxicity to induce cancer cells death. Although it is 
extremely toxic, recent fi ndings demonstrated that ammonia derived from glutamine is also able to 
stimulate basal autophagy, which may confer cancer cells resistance to nutrient shortage or chemo-
therapeutics [ 11 ]. Glutamine-derived glutamate can be further metabolized by glutamate dehydroge-
nase (GDH) to α-ketoglutarate (αKG), a metabolic intermediate of the TCA cycle. TCA cycle is 
critical for fast proliferating cancer cells. Actually, in these cells, TCA cycle intermediates are con-
tinuously drained to sustain biosynthetic pathways, in particular lipid synthesis. Glutamine- derived 
αKG refuels TCA cycle (anaplerosis) and maintains constant levels of biosynthetic precursors. GDH 
activity is positively regulated by the direct binding of leucine, which leads to an increased production 
of αKG [ 12 ]. Leucine uptake is directly regulated by glutamine availability through the glutamine/
leucine antiport SLC7A5, thus providing a fi nely regulated mechanism to increase or decrease gluta-
minolysis in response to glutamine concentration. The rate of αKG production in cancer cells may 
exceed the need of metabolic intermediates [ 13 ]; thus αKG could be involved in other cellular pro-
cesses. In a recent paper by Duran et al. a role for αKG in the regulation of autophagy has emerged. 
In fact, αKG activates mTORC1-mediated pathways by favoring Rag GTPase-dependent mTORC1 
sequestration to lysosomes [ 14 ]. As indicated before, mTORC1 stimulates cell growth. Moreover, 
mTORC1 has been known for long time to be also a negative regulator of autophagy. Autophagy is an 
evolutionarily conserved mechanism that is crucial for the maintenance of cellular homeostasis, and 
alteration of autophagy regulation contributes to a great number of pathological conditions, including 
cancer [ 15 ]. The role of autophagy in cancer is dual: on the one hand, autophagy can preserve cancer 
cell viability in condition of nutrient deprivation, hypoxia or in presence of chemotherapeutics; on the 
other hand, it strongly interferes with tumorigenesis in several ways (see Box 8.1); thus it can be con-
sidered a tumor suppressor mechanism.  

 Box 8.1 Autophagy Counteracts Tumorigenesis by Multiple Mechanisms 

 Macroautophagy, commonly known as autophagy, is a catabolic mechanism consisting in the 
degradation of cellular components through the lysosomal pathway. Initially known for its role 
in providing ATP when nutrients are limited, it is now considered pivotal for the maintenance of 
cellular homeostasis. Autophagy is a fi nely regulated mechanism whose alteration contributes 
to the onset of many diseases, including cancer. The evidence that a high percentage of human 
cancers harbors a Beclin-1 monoallelical deletion [ 16 ] contributed to the current thought of 
autophagy as a tumor suppressor mechanism. The role of autophagy as a tumor suppressor is 
carried out through multiple mechanisms. The most relevant of these are (I) the preservation of 
DNA integrity through the selective digestion of damaged proteins and organelles, which could 

(continued)
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 A fast proliferation rate is often associated with an increased production of reactive oxygen species 
(ROS), which can be detrimental for cell, being able to damage all cellular structures (e.g., mem-
branes, proteins, nucleic acids). To cope with the deleterious effects of ROS, cancer cells must be 
equipped with an antioxidant defense. In this context, glutathione (GSH), a tripeptide-like molecule 
consisting of glutamate, cysteine, and glycine, with its intracellular concentration in the millimolar 
range, is considered pivotal to maintain the intracellular redox homeostasis and to counteract ROS- 
induced oxidative damages [ 18 ]. Recently, we have demonstrated that GSH participates in the modu-
lation of autophagy induced by nutrient deprivation. Under this experimental conditions, ROS are 
produced, likely by mitochondria, and are indispensable for the activation of autophagy [ 19 ]. In this 
context, GSH modulates the autophagic response, preventing an excessive activation of this process, 
which may result to be detrimental and lead to cell death [ 20 ]. Deprivation of glutamine affects intra-
cellular GSH concentration in two different ways, (I) by reducing the availability of glutamate and (II) 
by limiting the uptake of cysteine that is mediated by the glutamate/cystine antiporter system X c  − , 
which transports cystine (the dimer of cysteine) with the concomitant extrusion of glutamate [ 21 ]. The 
maintenance of the proper redox environment also relies on the availability of reducing equivalents, 
supplied by reduced nicotinamide adenine dinucleotide phosphate (NADPH). NADPH is, indeed, the 
cofactor required for reductions, such as the reduction of oxidized glutathione (GSSG) by glutathione 
reductase (GR). NADPH is also required for biosynthetic reactions, in particular for the synthesis of 
lipids. A robust source of NADPH derives from the activity of glucose-6-phosphate dehydrogenase. 
However, glutamine contributes to maintain NADPH pool through the activity of NADP + -dependent 
cytosolic malic enzyme 1 (ME1), which is under the control of the tumor suppressor p53 [ 22 ]. ME1 
converts the TCA cycle intermediate malate to pyruvate, with the concomitant production of 
NADPH. Pyruvate produced by ME1 is converted to lactate by lactate dehydrogenase (LDH) and it is 
fi nally extruded toward the extracellular milieu through monocarboxylate transporters (MCTs) [ 23 ].  

    Alterations of Glutamine-Related Enzymes in Cancer Cells 

 To adapt glutamine metabolism to their needs, cancer cells display several alterations that favor gluta-
mine uptake and catabolism (glutaminolysis) (Table  8.1 ). Many alterations of glutamine metabolism 
have been found to be driven by oncogenes responsible for oncogenic transformation, highlighting the 

otherwise give rise to an increase in detrimental oxidative stress; (II) in apoptosis-defi cient 
cells, autophagy can prevent necrotic cell death, which is known to trigger an infl ammatory 
response, a condition that favors tumorigenesis [ 17 ]. Moreover, an excessive autophagic rate 
can give rise to autophagic cell death, or type II cell death, which, unlike necrosis, does not trigger 
an infl ammatory response. 

   Table 8.1    Oncogenes-driven alterations of glutamine metabolism in cancer cells   

 Oncogene  Target  Tumor type 

 Myc  Glutaminase 1 (GLS1)  Breast Cancer 
 Hepatocellular Carcinoma 
 Colon Cancer 

 SLC1A5 (glutamine transport) 
 SLC38A5 (glutamine transport) 

 β-catenin  Glutamine synthetase (GS)  Hepatocellular Carcinoma 
 Rho-GTPase  Glutaminase 1 (GLS1)  Breast Cancer 
 Erbb2  Glutaminase 1 (GLS1)  Breast Cancer 

Box 8.1 (continued)
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importance of metabolic reprogramming in tumorigenesis. A key player in the alteration of glutamine 
metabolism is the oncogene Myc, which is overexpressed in a plethora of human cancers. Myc has 
been known for long time as one of the responsible for the Warburg effect. In fact, Myc stimulates the 
expression of several enzymes that favors glucose uptake and glycolysis, including glucose transport-
ers (GLUTs), hexokinase 2 (HK2) and lactate dehydrogenase (LDH) [ 24 ]. More recently, Myc has 
been found to be profoundly involved also in the modulation of glutamine metabolism. Myc, indeed, 
favors glutamine uptake and glutaminolysis [ 25 ]. One of the direct target genes of Myc is the solute 
carrier family 1 (neutral amino acid transporter), member 5 (SLC1A5), also known as ASCT2. 
This plasma membrane-localized protein is responsible for glutamine incorporation inside the cell. 
SLC1A5/ASCT2 has been found to be overexpressed in a great number of cancerous tissues, as well 
as in several cancer cell lines, like colorectal adenocarcinomas (CRC) and human hepatocellular car-
cinomas (HCCs) [ 26 ], and its expression levels are often associated with an aggressive biological 
behavior [ 27 ]. Glutaminase (GLS) catalyzes the fi rst step of glutamine degradation within the cell. 
The evidence that GLS is upregulated in some tumor types raised the interest in this protein as a pos-
sible therapeutic target for the treatment of cancer. As with SLC1A5/ASCT2, Myc positively regu-
lates GLS expression. Indeed, although GLS is not a direct target of Myc, its expression levels are 
modulated by two microRNA, miR-23a and miR-23b, which reduce GLS expression. It has been 
recently demonstrated by Gao et al. that Myc is able to repress the transcription of these two microR-
NAs, thus leading to the upregulation of GLS [ 28 ]. The infl uence of Myc on cancer cell metabolism 
is refl ected by the extreme dependence of cell overexpressing Myc on glutamine [ 29 ]. In fact, many 
lines of evidence showed that glutamine removal preferentially induces cell death in this type of cells. 
Beyond Myc, other oncogenes can modulate the expression of GLS. Worthwhile citing is the reported 
involvement of the oncogene ErbB2 in the regulation of GLS. The oncogene ErbB2 is overexpressed 
in almost 30 % of human breast cancers, as well as in other tumor types, including ovarian and lung 
carcinomas [ 30 ], and it is associated with a more aggressive tumor behavior and with a poor prognosis. 
ErbB2 regulates GLS through the activation of NF-κB signaling pathway [ 30 ]. The NF-κB signaling 
pathway is also involved in the modulation of GLS activity induced by Rho-GTPases, which infl uence 
a wide range of cellular processes and are involved in malignant transformation [ 31 ]. Although many 
cancer cells depends on exogenous glutamine, they can synthesize glutamine from glutamate and 
ammonia through the activity of glutamine synthetase (GS), whose expression levels are regulated 
by the Wnt/β-catenin signaling pathway. GS is increased in some cancer types like HCCs, where it 
has been found to be abnormally expressed in the majority of the cases. The high frequency of GS 
overexpression in HCCs could make this protein a potential biomarker for early diagnosis of HCCs, 
as already speculated [ 32 ]. Cells expressing high levels of GS should possess a metabolic advantage 
with respect to cell expressing low levels of GS, since they are less dependent on exogenous gluta-
mine. This may be crucial for HCCs survival, since glutamine concentration is generally low in the 
parenchyma of cirrhotic liver in which HCC occurs [ 33 ]. A study published in 2000s shows that GS 
expression could be associated with a higher metastatic potential of HCCs and an high risk of recur-
rence [ 34 ]. On the contrary, a more recent paper shows that patients with HCCs showing GS-positive 
immunostaining have a better survival rate after radiofrequency thermal ablation (RFTA) [ 35 ]. Overall, 
the limited availability of experimental data caused by the reduced interest received by GS with respect 
to other enzymes involved in glutamine metabolism, such as GLS, leaves the question about GS role in 
tumor formation and progression still open and cloudy.

       Targeting Glutamine Metabolism for Anticancer Therapy 

 The higher dependence of many tumors on glutamine supply than normal cells makes glutamine 
metabolism a potentially ideal target for the development of anticancer strategies. The attempts to exploit 
glutamine addiction for therapeutic purposes can be dated back of several decades, when glutamine 
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analogs, such as 6-diazo-5-oxo- L -norleucine (DON) and acivicin showed a promising antitumor activ-
ity, both in preclinical and in clinical studies [ 36 ]. However, the use of these compounds has been 
progressively suspended due to their severe side effects and toxicity. A high selectivity for a com-
pound that targets glutamine metabolism is critical to avoid the severe side effect a plasma reduction 
of glutamine could cause. In fact, as the main storage of glutamine is the skeletal muscle, cancer 
patients often (up to 50 % of the cases) suffer cachexia, i.e., a loss of skeletal muscle mass, caused by 
the avid consumption of glutamine by tumor cells [ 37 ]. Thus, a systemic glutamine deprivation could 
worsen this condition, which is already known to be responsible for a high percentage of deaths of 
cancer patients. Moreover, several pieces of evidence showed that glutamine supplementation has 
benefi cial effect in cancer patients, including a reduced risk of chemo- and radiotherapy, as well as 
protection against radiotherapy-induced oxidative stress [ 38 ]. Nowadays, a deeper comprehension of 
signaling pathways involved in cellular functions and the discovery of the importance of metabolic 
pathways for cancer cell proliferation led to a renewed interest in cancer cell metabolism and provided 
the possibility to develop more selective strategies aimed at selectively killing cancer cells, with no or 
reduced effects for non-transformed cells. A great number of compounds targeting enzymes involved 
in glutamine metabolism have been developed and tested in both preclinical and clinical studies, 
Fig.  8.2  and Table  8.2 , some of them showing promising effects. 

       L -Asparaginase 

 Asparaginase is an anticancer agent successfully used in chemotherapy protocols for the treatment of 
pediatric acute lymphoblastic leukemia (ALL) [ 44 ]. Asparaginase catalyzes the conversion of aspara-
gine to aspartate, thus limiting asparagine plasma concentration. Moreover, asparaginase also pos-
sesses glutaminase activity, catalyzing the conversion of glutamine to glutamate and ammonia, leading 
to reduced level of glutamine in the plasma. Some of the effects of asparaginase could be attributed to 
its glutaminase activity. Although asparaginase showed a great effi cacy towards ALL, it resulted in 
some degree of toxicity and little effi cacy against other types of tumor, in particular solid ones [ 45 ].  

    Phenylbutyrate/Phenylacetate 

 Phenylbutyrate (PB) is a modifi ed fatty acid that is rapidly oxidized to its active metabolite phenylacetate 
(PA). PA conjugates with plasma glutamine to form phenylacetylglutamine, which is excreted in the 
urine, resulting in a net decrease of glutamine plasma levels [ 46 ]. PA has been tested for its anticancer 
activity in a great number of cancer cell lines, showing effi cacy in reducing cancer cell growth [ 47 ]. 
PA underwent some Phase I studies in patients with advanced solid tumors showing no toxicity and 
some anticancer effects. Unfortunately, a Phase II study in patients with recurrent malignant glioma 
showed that PA had very little effi cacy [ 41 ].  

    Gamma- L -Glutamyl- p -Nitroanilide 

 Gamma- L -Glutamyl- p -Nitroanilide (GPNA) is a pharmacological inhibitor of the glutamine transporter 
SLC1A5, which is a direct target of the oncogene Myc and it is upregulated in some cancer types. 
Preclinical studies showed that inhibition of SLC1A5 by GPNA resulted in a reduced growth and 
viability of lung cancer cell lines, at least in part dependent on the inactivation of mTORC1- mediated 
pathways [ 39 ]. At the moment, neither in vivo nor clinical studies are available about the effi cacy of 
GPNA in cancer treatment as single agent.  
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  Fig. 8.2    Glutamine metabolism fuels cancer cell proliferation and offers potential therapeutic targets. Cancer cells 
avidly consume glutamine. Administration of asparaginase and phenylbutyrate lowers plasma level of glutamine, 
triggering anti-tumor effects. Glutamine is taken up by the solute carrier family 1 (neutral amino acid transporter), 
member 5 (SLC1A5) and can be extruded by solute carrier family 7 (amino acid transporter light chain, L system), 
member 5 (SLC7A5) to favor the uptake of leucin, an essential amino acid and an activator of the mammalian target 
of rapamycin (mTOR) complex 1 (mTORC1), a positive regulator of cell growth and an inhibitor of autophagy. 
SLC1A5 is inhibited by Gamma-l-Glutamyl-p-Nitroanilide (GPNA). Glutamine deamination by mitochondrial glu-
taminase (GLS) converts glutamine to glutamate and ammonia (NH 4  + ), which triggers basal autophagy. Mitochondrial 
GLS is a target of many novel anticancer drugs, such as the small molecules 968 and BPTES. Glutamate derived 
from glutamine can supply TCA cycle after conversion to α-ketoglutarate (α-KG). Citrate is continuously drained 
from TCA cycle for fatty acid synthesis. Malate is converted to pyruvate by cytosolic malic enzyme 1 (ME1) to 
produce nicotinamide adenine dinucleotide phosphate reduced (NADPH). Pyruvate is converted to lactate by lactate 
dehydrogenase (LDH) and then extruded through monocarboxylate transporters (MCTs) towards the extracellular 
environment. Glutamine contributes to glutathione (GSH) synthesis by mediating the uptake of cystine through the X c  −  
cystine/glutamate antiporter system       
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    Glutaminase Inhibitors 

 Most glutamine roles in cell metabolism requires its deamination by glutaminase (GLS). It is then 
obvious that GLS has been identifi ed as a good potential therapeutic target. In the last few years, a lot 
of compounds targeting this enzyme have been developed and tested. However, although inhibition of 
GLS showed promising anticancer effects, not one result derives from clinical studies. In fact, all the 
available information comes from cell or mouse models, such as in the case of the small molecule 968, 
a dibenzophenanthridine, which inhibits Rho-GTPase. The small molecule 968 has been showed to 
blocks Rho GTPase-dependent transformation, as well as the growth of human cancer cells, both 
in vitro and mouse xenograft models [ 42 ]. Another piece of paper showed the effi cacy of an additional 
small-molecule inhibitor of glutaminase, bis-2-(5-phenylacetamido-1,2,4-thiadiazol-2-yl)ethyl sulfi de 
(BPTES), which showed effi cacy in reducing growth of glioma cells harboring mutant isocitrate 
dehydrogenase 1 (IDH1) [ 43 ]. Both these papers, although of reduced clinical value, support the idea 
that glutaminase could be a good target for cancer treatments and show the potentiality of the use of 
small-molecule inhibitors to selectively target a protein.   

    Glutamine Deprivation Opens the Door to Monocarboxylic Drugs: 
The Case of 3-Bromopyruvate 

 Another intriguing possibility to exploit glutamine addiction of cancer cells derives from the evidence 
that glutamine deprivation enhances the effi cacy of anticancer agents. Our group has recently demon-
strated that glutamine deprivation chemopotentiates the effi cacy of 3-bromopyruvate (3-BrPA) [ 48 ,  49 ], 
a halogenated analog of pyruvic acid (Fig.  8.3 ). 3-BrPA possesses alkylating properties and exhibits 
a great anticancer effect, as demonstrated by a great number of in vitro and in vivo studies [ 50 ] and it 
is currently under clinical investigation [ 51 ]. 3-BrPA has been shown to possess multiple targets 
within the cell, including many enzymes involved in cell metabolism, such as hexokinase-II (HKII), 
succinate dehydrogenase (SDH), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) [ 50 ]. 
The inhibitory effect of 3-BrPA triggers a metabolic stress with a reduction of anabolic precursors and 
ATP, which fi nally results in the induction of cell death. 3-BrPA is incorporated in the cell through the 
monocarboxylate transporter-1 (MCT-1). MCT-1 stability is directly infl uenced by glutamine avail-
ability. In fact, in the presence of normal glutamine concentrations, MCT-1 levels are maintained low 
by a high protein turnover through proteasome-dependent degradation. When glutamine is lacking, or 
when its uptake is inhibited by GPNA, the turnover rate of MCT-1 is reduced, resulting in higher 
protein levels and localization at the plasma membrane. The increased levels of MCT-1 allow the entry 
of greater concentrations of monocarboxylate drugs, such 3-BrPA, potentiating their anticancer effect 
(Fig.  8.4 ). Although still in preclinical stages, the combined use of glutamine deprivation, or the inhi-
bition of glutamine uptake, and monocarboxylated drugs showed promising results in in vitro, as well 
as in mouse xenograft studies, without showing any apparent toxicity or side-effect. In fact, an evident 

   Table 8.2    Compounds targeting glutamine metabolism in preclinical/clinical studies   

 Compound  Target  Stage  References 

 GPNA  SLC1A5 (glutamine transport)  Pre-clinical  Hassanein M et al. [ 39 ] 
 Asparaginase  Plasma Asparagine/glutamine  Approved agent for ALL  Cory and Cory [ 40 ] 
 Phenylacetate  Plasma glutamine  Phase II  Chang SM et al. [ 41 ] 
 968  Glutaminase 1 (GLS1)  Pre-clinical  Wang et al. [ 42 ] 
 BPTES  Glutaminase 1 (GLS1)  Pre-clinical  Seltzer et al. [ 43 ] 
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advantage of the chemopotentiating effect of glutamine deprivation is to maintain the effi cacy of the 
drugs at lower concentrations, thus limiting its toxic effect towards non-transformed cells. The results 
obtained can be extended to other available monocarboxylated drugs, like dichloroacetate (DCA), 
whose effects are also potentiated by a reduced glutamine availability and opens the door to a poten-
tially winning strategy through the development of other monocarboxylated drugs, which may benefi t 
of glutamine deprivation to enhance their delivery inside the cell.    

  Fig. 8.4    Glutamine deprivation opens the door to monocarboxylate drugs. ( left panel ) Under normal glutamine concen-
tration, the monocarboxylate transporter 1 (MCT-1) is degraded in a proteasome-dependent mechanism, resulting in a 
reduced amount of protein localized at the plasma membrane and limiting the uptake of monocarboxylate drugs 
3- bromopyruvic acid (3-BrPA) and dichloroacetate (DCA). ( right panel ) When glutamine concentration is low or glu-
tamine transporter solute carrier family 1 (neutral amino acid transporter), member 5 (SLC1A5) is inhibited by gamma-
l- glutamyl-p-nitroanilide (GPNA), the turnover of the MCT-1 transporter is reduced, resulting in an increased 
localization of MCT-1 at the plasma membrane. Increased expression of MCT-1 favors the delivery of 3-BrPA and DCA 
inside the cells, thus increasing their anticancer properties       

  Fig. 8.3    The pyruvic acid analog 3-bromopyruvic acid and dichloroacetate, two monocarboxylic drugs with anticancer 
properties. Structure of pyruvic acid ( left ). Structure of 3-bromopyruvic acid (3-BrPA) ( middle ), a halogenated deriva-
tive of pyruvic acid with alkylating properties. Dichloroacetate (DCA), an analogue of acetic acid. 3-BrPA and DCA 
showed both in vitro and in vivo anticancer properties       
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    Conclusions 

 Cancer cells have been known for long time to possess peculiar metabolic requirements to sustain 
their fast proliferation rate. As with glucose, glutamine can play a plethora of functions within the 
cells and satisfy all cancer cells needs, being able to provide both ATP and intermediates for anabolic 
reactions. Many cancer cells have adapted their metabolism to enhance glutamine uptake and catabo-
lism. In this way, cancer cells can sustain an extremely high proliferation rate. On the other hand, this 
glutamine addiction renders these cells extremely more sensitive to fl uctuation in glutamine avail-
ability with respect to non-transformed cells. This metabolic feature can be exploited to selectively 
kill cancer cells, without detrimental effects to normal cells. During the past 50 years, a great number 
of compounds have been developed and tested as anticancer agents. Unfortunately, only few of them 
underwent clinical studies, not always with positive results. In fact, it must be taken into big consid-
eration that glutamine is involved in many cellular functions also in normal cells and that depriving 
organism of glutamine could have severe deleterious effects. This is particularly true for cancer 
patients, which often suffer a depletion of glutamine caused by its avid usage by cancer cells, resulting 
in a loss of skeletal muscle mass, where the majority of glutamine is localized. A further reduction of 
glutamine levels could be detrimental rather than benefi cial for this type of patients. Thus, a deep 
comprehension of the pathways in which glutamine is involved and the alterations that favor these 
pathways is mandatory for the development of chemotherapeutics with a high degree of specifi city 
and low degree of toxicity. In this chapter, we reported several proteins abnormally expressed in can-
cer cells (most of which are under the control of oncogenes) that may represent good therapeutics 
targets (e.g., GLS and SLC1A5) and that are subject of intensive studies from several research groups. 
Finally, the chemopotentiation of monocarboxylic drugs by glutamine deprivation offers an intriguing 
strategy aimed at increasing the delivery of anticancer compounds, enhancing their effi cacy and offer-
ing the possibility to reduce their concentrations, with enormous benefi cial effects for the entire 
organism. So far, MCT-1 is the sole transporter identifi ed to be upregulated by glutamine shortage, 
thus limiting the possibility to develop new compounds to monocarboxylic derivatives. However, the 
possible discovery of other transporters like MCT-1 but with other substrate specifi cities would open the 
door to the development of a great variety of anticancer drugs with different chemical and biological 
properties, and with an increased specifi city.     
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   Key Points 

•     By modifying different genes required for changing cellular energy production, tumor metabolism 
is signifi cantly different from the normal cells.  

•   Changes in cellular metabolism, “aerobic glycolysis” plays an essential role in maintaining tumor 
growth and proliferation.  

•   Glutamine, which is the most abundant nonessential amino acid in the human body, is an alternative 
nutrient for tumor growth.  

•   In vivo imaging of metabolism with  L -[5- 11 C]-glutamine and [ 18 F]-(2S,4R)4-fl uoro- L -glutamine 
will provide a tool for mapping the location and proliferation status of tumors, which may be 
“addicted” to use glutamine for survival.  

•   Imaging of glutamine, as an essential nutrient for metabolism, may be useful for diagnosis and 
treatment of tumor cells, which may be re-programmed and adapted for various tumor 
microenvironments.  

•   Recent advances in developing anti-cancer treatment, based on modulating tumor metabolism, 
may also be benefi ted by mapping tumor metabolism prior to or during the anti-metabolism drug 
treatment.    
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       Introduction 

 Recently, strong emerging evidence suggests that glutamine, which is the most abundant nonessen-
tial amino acid in the human body, may be an alternative nutrient for tumor growth [ 1 ,  2 ]. Glutamine 
transporters play an important role in mammalian cell biology, and these include SNAT1, SNAT3, 
SNAT5, SLC6A19, and ASCT2 [ 3 ,  4 ]. Among these, ASCT2 appears to be the glutamine transporter 
most commonly utilized in actively growing tumors. ASCT2 is up-regulated in tumor cells in a man-
ner analogous to the up-regulation of the glucose transporter, GLUT1, in tumors utilizing aerobic 
glycolysis. Increased uptake of glutamine may result in enhanced accumulation of labeled glutamine 
tracers in tumors, thereby enabling their imaging. Adaption to tumor microenvironment plays an 
essential role in maintaining tumor growth and proliferation. Exploring the changes occurred in 
tumor metabolism under a changing microenvironment was fi rst reported by Warburg [ 5 ]. Cancer 
cells preferentially use glucose without active participation of the glycolytic Krebs cycle. This leads 
to an overproduction of lactate, even when oxygen supply is plentiful. This increased glycolysis is 
commonly called the “Warburg effect” [ 6 – 9 ]. Boosted by genetic alterations, cancer cells often dis-
play up-regulations of the PI3K/Akt/mTor and related pathways. The up-regulation leads to an 
increase in glucose transporters and hexokinase 2. Both enhance the uptake and phosphorylation of 
glucose and its close analog 2-fl uoro-2-deoxy-glucose (FDG) inside the cell. They serve as the bio-
chemical basis of using [ 18 F]FDG-PET as a diagnostic tool for the detection of human cancers 
[ 10 – 12 ]. Beyond detecting tumor location, FDG-PET is also useful for: staging and assessing the 
extent of the disease, targeting and delineating radiation therapy treatment, and predicting and evalu-
ating response to therapy [ 4 ,  13 – 15 ]. 

 Glutamine, which is the most abundantly available nonessential amino acid in the human body, is 
an alternative nutrient for tumor growth. In cancer patients it becomes a conditioned essential amino 
acid for tumor growth. It enters the mitochondria via α-ketoglutarate and can be used to replenish 
Krebs cycle intermediates [ 16 ,  17 ]. Glutamine also serves as a precursor to produce more pyruvate 
through the action of malic enzymes. As part of the process, the c-Myc gene induces cancer cell meta-
bolic changes in favor of using glutamine as the energy source [ 7 ,  8 ,  18 – 20 ]. In contrast to FDG-PET 
studies of glycolysis, the association between different oncogenic pathways and glutamine metabo-
lism is less well known. Since the 1950s, glutamine has been recognized as an important tumor nutri-
ent that contributes to key metabolic processes in proliferating cancer cells [ 21 ,  22 ]. Glutamine 
participates in bioenergetics, supports cell defenses against oxidative stress, complements glucose 
metabolism, and is an obligate nitrogen donor for nucleotide and amino acid synthesis [ 23 – 28 ]. 
Glutamine also infl uences a number of signaling pathways that contribute to tumor growth, in part 
through maintaining the activation of mTOR [ 29 ]. Although the myc gene appears to play a key role 
in promoting glutaminolysis in cancer cell lines, its role in tumor metabolism in vivo is less clearly 
defi ned. In addition, the relationship between glutamine uptake, metabolism, and other oncogenic 
pathways remains unexplored. 

 Figure  9.1  A simplifi ed schematic drawing of intracellular metabolism of glucose and glutamine is 
presented to show the possible metabolic changes in tumor cells using “glycolysis” or “glutaminolysis.” 
The tumor cells may utilize both pathways to generate energy and intermediate metabolites for 
survival and growth. However, tumor cells may switch the energy source to glutamine and thus, 
enhance their survival and proliferation.  

 Positron emission tomography (PET) imaging is an important tool, which could facilitate the diag-
nosis and treatment planning of glioblastoma and other tumors. Currently, [ 18 F]FDG/PET has been 
approved for the diagnosis of cancer. There is a growing infrastructure of local radiopharmacies 
supplying [ 18 F]FDG, thus circumventing the need for an on-site cyclotron in nuclear medicine clinics. 
[ 18 F]FDG is currently the most widely available PET imaging agent. Most of the FDG/PET studies are 
designed for the detection of tumors, based on the fact that tumor tissues often exhibit a higher glu-
cose metabolism. A normal brain is one of the organs in the body that actively metabolizes glucose. 
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Due to high background activity in a normal brain, FDG/PET is not useful for glioblastoma imaging. 
As such, alternative tracers, which show higher tumor uptakes and can distinguish between glioma 
and normal brain tissue, are needed [ 30 ]. The rationale for using labeled glutamine and its related 
derivatives is evident. However, it is likely that using [ 11 C] L -glutamine in PET imaging to study the 
glutaminolysis may measure the additive effects of up-regulation of glutamine transport and gluta-
mine utilization. Similar to the mechanisms of tumor cell trapping of FDG, based on up- regulations 
of membrane-bound glucose transporter 1 and cytosol hexokinase, glutamine may be utilized via 
glutamine transporter (ASCT2) and glutaminases located in the cytosol [ 2 ,  11 ,  31 ]. Previously, [ 13 N]
glutamine imaging of various spontaneous canine tumors showed that the imaging agent displayed 
positive correlation with postmortem fi ndings [ 32 ,  33 ].  

    L-[5- 11 C]-Glutamine for Pet Imaging 

 Recently, a convenient procedure to prepare  L -[5- 11 C]-glutamine,  5 , was reported [ 34 ]. The synthesis 
of  11 C-labeled  L -glutamine was performed as described in Scheme 1. The radiolabeling process started 
from converting [ 11 C]CO 2  to a [ 11 C]cyanide ion according to a previously reported method [ 35 ]. 
This method for preparation of  L -[5- 11 C]-glutamine,  5 , is more effi cient than the previously reported 
enzymatic preparation [ 36 ]. 

 Figure  9.2  Scheme for synthesis of precursor and radiolabeling of [ 11 C] L -glutamine,  5 . Reagents 
and conditions: (a) p-Toluenesulfonyl chloride, triethylamine, dimethylaminopyridine, DCM, r.t.; (b) 
KI, acetone, refl ux; (c) K  11   C N, DMF, KOH, 5 min, 120 °C; (d) TFA/H 2 SO 4 , 10 min, 120 °C.  

 Time-dependent uptake of  L -[5- 11 C]-glutamine,  5 , in PBS was determined in rat glioma 9 L and 
human glioblastoma SF188 (Fig.  9.3 ).  L -[5- 11 C]-glutamine,  5 , demonstrated high uptake and linear 
incremental uptake within 60 min in both cell lines. Uptake in the SF188 cell line, which has shown 
a 25-fold amplifi cation of the oncogene, myc, was higher than in 9 L cells. The maximum uptake of 
 L -[5- 11 C]-glutamine,  5 , reached 17.9 and 22.5 % uptake/100 μg protein at 60 min in 9 L and SF188 cells, 
respectively. In the dual isotope studies, uptake of [ 3 H] L -glutamine was similar to that of 

  Fig. 9.1    Intracellular 
metabolism of glucose and 
glutamine (reprinted with 
permission from  J Nucl Med.  
Jan 2012; 53(1):98–105)       

 

9 L-[5-11C]-Glutamine and Metabolic Imaging in Cancer Cells



116

 L -[5- 11 C]-glutamine,  5 , under the same condition (e.g., [ 3 H] L -glutamine had 13.5 % uptake/100 μg 
protein at 30 min in SF188 cells, which was comparable to 15.6 % uptake/100 μg protein for  L -[5- 11 C]-
glutamine). A comparable experiment using [ 3 H] L -glutamic acid showed one-tenth of the cell uptake 
(1–2 % uptake/100 μg protein, data not shown).  

 Figure  9.3  Uptake of [ 11 C] L -glutamine,  5 , in 9 L and SF188 glioma cell lines. The uptake value is 
represented as % uptake/100 μg protein, mean ± standard deviation (SD),  n  = 3. 

 To study the metabolism of this tracer in tumor cells, incorporation of  L -[5- 11 C]-glutamine,  5 , into 
protein in 9 L and SF188 cell lines was measured at 30 min after incubation (Table  9.1 ). In this dual- 
isotope experiment  L -[5- 11 C]-glutamine,  5 , and [ 3 H] L -glutamine, were incorporated with comparable 
values into protein as measured by the trichloroacetic acid precipitation method. The percent incorpora-
tion in the 9 L cells was 44.1 ± 2.28 % and 53.7 ± 3.18 %, respectively, while the protein incorporation in 
the SF188 tumor cells was 26.7 ± 0.48 % and 35.5 ± 2.77 %, respectively. The results further suggest that 
the tumor cells promptly used  L -glutamine as the source of energy. It is likely that the  L -glutamine was 
rapidly introduced inside the cytosol and incorporated into protein and other macromolecules.

   Table  9.1  Protein incorporation of [ 11 C] L -glutamine,  5 , and [ 3 H] L -glutamine in glioma cells after 
30-min incubation period (% incorporation TCA precipitated fraction, mean ± SD,  n  = 3). 

  Fig. 9.2    Synthesis of L-[5- 11 C]-glutamine       

  Fig. 9.3    Uptake of [ 11 C]
L-glutamine in 9 L and 
SF188 glioma cell lines 
(reprinted with permission 
from  J Nucl Med.  Jan 2012; 
53(1):98–105)       

    Table 9.1    Protein incorporation of L-glutamine   

 Cells  Protein incorporation (%) of  L -[5- 11 C]-glutamine, 5  Protein incorporation (%) of [ 3 H] L -glutamine 

 9L  44.1 ± 2.28  53.7 ± 3.18 
 SF188  26.7 ± 0.48  35.5 ± 2.77 
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 The in vivo biodistribution of  L -[5- 11 C]-glutamine,  5 , showed the expected behavior of a radiolabeled 
amino acid with signifi cant pancreas uptake (7.37 % dose/g at 15 min) in male ICR mice (20–25 g), most 
likely due to the exocrine function and high protein turnover within the pancreas. Pancreatic function 
requires the use of various amino acids as precursors for protein and peptide synthesis. Heart uptake 
and retention drops rapidly after 15 min post-injection, showing lower activity at 60 min postinjection 
(3.34 % dose/g). Initial lung and kidney uptake was prominent, although quickly washing out at 
60 min post-injection. Rapid uptake of the tracer is observed within the kidneys but is quickly excreted 
through the urinary bladder.  L -[5- 11 C]-glutamine,  5 , showed moderate liver uptake with a relatively 
slow washout rate. The brain exhibited moderate uptake of 1.49 % dose/g at 15 min post-injection and 
rapidly washed out to 0.89 % dose/g at 60 min [ 34 ]. 

 Small animal PET studies on rats bearing 9 L tumor xenograft tumors were carried out with 
 L -[5- 11 C]-glutamine,  5  (Fig.  9.4 ). Animal PET images of summed 60-min coronal, transverse and 
sagittal sections were selected for visualization. As the images demonstrate, clear tumor uptake is visu-
alized, despite the necrotic tissue observed within the F344 rat tumor (Fig.  9.4 ). Region-of-interest 
analysis was performed on the reconstructed images in order to generate the time activity curves for 
 L -[5- 11 C]-glutamine,  5 . The kinetics indeed confi rmed that the tracer exhibited higher tumor uptake 
compared to the background (muscle) regions. After 15 min post-injection, tumor washout is rapid 
through the 60-min scan time. Within the F344 animal model, maximum tumor uptake was reached 
within the fi rst 20 min after injection. Tumor uptake then remains consistent throughout the 60-min 
scan time, with little to no washout observed, suggesting that the radioactivity was taken up and trapped 
in the tumor tissue (Fig.  9.4 ).  

  Fig. 9.4    Small animal APET images of [ 11 C]L-glutamine (reprinted with permission from  J Nucl Med  Jan 2012; 
53(1):98–105)       
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 Figure  9.4  (Upper) Small animal APET images of [ 11 C] L -glutamine,  5 , in xenografted 9 L tumor 
of a F344 rat after an intravenous injection. Data represent images from a summed 60-min scan. 
The images are shown in transverse, coronal, and sagittal views. Note areas of necrosis within the 9 L 
tumor (donut shape). Arrows correspond to organs and tissues of interest. 

 (Lower) Small animal PET time activity curve for [ 11 C] L -glutamine,  5 , after iv injection into a F344 
rat. The xenografted 9 L tumor was clearly visualized; however, there was necrotic tissue located in 
the middle region of the tumor, which does not show glutamine uptake (donut shape). The heart, liver, 
and pancreas uptake was also prominent, which is consistent with the biodistribution data. 

 This new tracer,  L -[5- 11 C]-glutamine,  5 , may serve as a metabolic imaging agent for probing 
glutamine- addicted tumors not detected by FDG-PET. The development of a convenient synthesis of 
 L -[5- 11 C]-glutamine,  5 , may provide an exciting opportunity for advancing diagnosis and treatment of 
tumor. This novel tumor metabolic imaging agent may lead to new methods to appraise the metabolic 
status of tumor growth in human cancer by PET imaging. In the future, this agent may be a useful tool 
for monitoring the effi cacy of chemotherapeutics, which alter the metabolism of cancer cells.  

    [ 18 F]( 2S,4R )4-Fluoro-Glutamine for Pet Imaging 

 Recently,  11 C- and  18 F-labeled amino acids have been used as PET tumor imaging agents [ 34 ,  37 ]. 
Logistically,  18 F tracers are more suitable to be prepared from an off-site cyclotron (half-life of  18 F 
is 110 min). The manufacturing and distribution of  18 F tracers can be centralized, which will signifi cantly 
simplify the manufacturing, distribution and clinical application. A novel chemical synthesis and char-
acterization of four isomers of 4-fl uoroglutamine have been reported [ 38 ]. One of the isomers, [ 18 F]
( 2S,4R )4-fl uoro- glutamine, was fully identifi ed and a detailed radiochemistry preparation was suc-
cessfully implemented. This tracer appeared to be a suitable candidate showing high tumor cell uptake 
and retention [ 38 ]. 

 Figure  9.5  Representative radiolabeling reaction and an HPLC profi le (Chirex 3126 (d)-penicilla-
mine, 1 mM CuSO 4  solution, 1 mL/min) for [ 18 F]( 2S,4R )4-fl uoro-glutamine.  

 The radiosynthesis for [ 18 F]( 2S,4R )4-fl uoroglutamine was accomplished by a method as described 
before (Fig.  9.5 ) [ 38 ]. The radiochemical and stereochemical purity of the fi nal product was deter-
mined by chiral HPLC (Chirex 3126 (d)-penicillamine, 1 mM CuSO 4  solution, 1 mL/min). The radio-
chemical yield was 8.4 ± 3.4 % (non-decay corrected). The radiochemical purity was 98 ± 1 %; optical 
purity > 91 ± 8 %;  n  = 10). 

  Fig. 9.5    HPLC profi le of [ 18 F]( 2S,4R )4-fl uoroglutamine       
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 Results of in vitro and in vivo evaluations of this novel metabolic tracer, an optically pure [ 18 F]
( 2S,4R )4-fl uoroglutamine, for positron emission tomography (PET) imaging of glutamine-addicted 
tumors: time-dependent uptake of [ 18 F]( 2S ,  4R )4-fl uoroglutamine in PBS was determined in rat gli-
oma 9 L, a commonly used proliferative cell line for the evaluation of tumor imaging agents [ 39 ,  40 ]. 
A second type of tumor cell line SF188, derived from human glioblastoma, displays a 25-fold ampli-
fi cation of oncogene c-Myc [ 24 ]. It has been demonstrated that elevated levels of c-Myc lead to glu-
tamine addiction and increased uptake of glutamine. Results demonstrated high cell uptakes of [ 18 F]
( 2S,4R )4-fl uoroglutamine in both tumor cell lines. In 9 L cells, this new tracer showed a linear 
increasing uptake and reached a maximum of 15.7 ± 1.0 % ID/100 μg protein at 120 min. This value 
is comparable or little higher than that reported for [ 18 F]FACBC (1-amino-3- 18 F-fl uorocyclobutane-
carboxylic acid), another  18 F labeled amino acid for tumor imaging developed under a totally different 
uptake mechanism [ 39 ,  41 ,  42 ]. In SF188 cells, uptake of [ 18 F]( 2S,4R )4-fl uoroglutamine exhibited 
different kinetics from that in 9 L cells and reached maximum around 60 min, and then decreased. 
Within the fi rst 60 min, rate of the uptake was higher in SF188 cells and the uptake value in SF188 at 
60 min was 1.5 fold higher than the corresponding uptake in 9 L cells. 

 Figure  9.6a  In vitro uptake studies of [ 18 F]( 2S,4R )4-fl uoroglutamine (blue) in SF188 bcl-xL cell line. 
[ 3 H] L -glutamine (black) and [ 18 F]FDG (red) were used as reference ligands. (Adopted from [ 38 ]). (b) 
Uptake of [ 18 F]( 2S,4R )4-fl uoroglutamine in 9 L and SF188 cells. Values are represented as mean ± SD, 
 n  = 3.  

 We have compared the cell uptake of [ 18 F]( 2S,4R )4-fl uoroglutamine to [ 18 F]FDG in SF188 using 
[ 3 H] L -glutamine (GLN) as the internal reference (Fig.  9.5 ). Results indicate that the uptake of [ 18 F]
( 2S,4R )4-fl uoroglutamine was signifi cantly higher than that of [ 18 F]FDG. The maximum uptake of 
[ 18 F]( 2S, 4R )4-fl uoroglutamine was more than twofold higher than that of [ 18 F]FDG. Since the experi-
ments were performed under the same condition using two tracers at the same time, the results of 
these dual-isotope experiments strongly suggest that the cell uptake of this new tracer, [ 18 F]( 2S,4R )4- 
fl uoroglutamine, is likely associated with the up-regulation of c-myc in SF188 cells. 

 To investigate the transport mechanisms involved in the uptake of [ 18 F]( 2S,4R )4-fl uoroglutamine, 
we have conducted a series of competitive inhibition studies in 9 L cells using specifi c inhibitors for 
system A, ASC, L, and N. These are major amino acid transport systems in mammalian cells and are 
potentially responsible for the uptake of glutamine and its analogs [ 3 ,  43 ]. The result showed that 
system A inhibitor MeAIB (methylaminoisobutyric acid) had no inhibitory effect on the uptake of 
[ 18 F]( 2S,4R )4-fl uoroglutamine, which suggests that system A amino acid transport was not involved 
in the uptake of this new tracer. System L inhibitor BCH, System ASC inhibitor L-serine (L-Ser) and 
System ASC, N inhibitor  L -glutamine (L-Gln) exhibited similar concentration-dependent reduction of 

  Fig. 9.6    ( a ) In vitro uptake of [ 18 F]( 2S,4R )4-fl uoroglutamine ( blue ), [ 3 H]L-glutamine ( black ) and [ 18 F]FDG ( red ); 
( b ) [ 18 F]( 2S,4R )4-fl uoroglutamine in 9 L and SF188 cells (reprinted with permission from  J Nucl Med.  Dec 2011; 
52(12):1947–1955)       
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cell uptake, thus indicating potential involvement of system L, ASC, and N in the uptake of [ 18 F]
( 2S,4R )4-fl uoroglutamine. Further examination of transport mechanism by Na +  and pH dependence 
studies showed that the uptake of [ 18 F]( 2S,4R )4-fl uoroglutamine was reduced by 78 % in Na +  free 
medium and was insensitive to pH change from 6 to 8. Since activity of system N is highly pH sensi-
tive and is almost inactive in pH 6 [ 44 ], this might suggest that system N did not play an important 
role in the transport. Moreover, system ASC is sodium dependent, while system L is sodium indepen-
dent [ 45 ]. These results indicate that system L might be responsible for sodium- independent uptake 
of [ 18 F]( 2S,4R )4-fl uoroglutamine, while sodium-dependent uptake of the tracer was predominately 
through system ASC. We also differentiated the roles of two subtypes of amino acid transport systems 
(ASCT1 and ASCT2) [ 46 ], in the uptake of [ 18 F]( 2S,4R )4-fl uoroglutamine. ASCT2 is over-expressed 
in a variety of cancer cells and is important for tumor growth and survival [ 47 ,  48 ]. To examine the 
selectivity of [ 18 F]( 2S,4R )4-fl uoroglutamine towards ASCT2, we compared the inhibitory effect of 
 L -γ-glutamyl-p-nitroanilide (GPNA), a potent ASCT2 inhibitor [ 49 ], to its close analog  L -γ-glutamyl-
anilide (GA) that is inactive towards ASCT2   . It was found that GPNA had more impact on the uptake: 
1 mM GPNA could reduce the uptake by 77 % compared to 44 % when 1 mM GA was present. The 
result suggests that the transport of [ 18 F]( 2S,4R )4-fl uoroglutamine might prefer ASCT2 to ASCT1. 
Results of the transport studies suggest that the transport of [ 18 F]( 2S,4R )4-fl uoroglutamine may be 
predominantly through system ASC and may prefer its subtype ASCT2. 

 Incorporation of [ 18 F]( 2S,4R )4-fl uoroglutamine into protein at 30 and 120 min in 9 L and SF188 cells 
was measured (Fig.  9.7 ). [ 3 H] L -glutamine, the native glutamine, was used as the reference ligand in 
this experiment. [ 18 F]( 2S,4R )4-fl uoroglutamine demonstrated a similar incorporation profi le as observed 
for [ 3 H] L -glutamine. A signifi cant percentage of [ 18 F]( 2S,4R )4-fl uoroglutamine was incorporated into 
protein after 2 h. At 30 and 120 min, the protein incorporation of [ 18 F]( 2S,4R )4- fl uoroglutamine in 9 L 
cells was 29 % and 72 % and 12 % and 62 % in SF188 cells, respectively (Fig.  9.6 ). 

 Figure  9.7  Incorporation of [ 18 F]( 2S,4R )4-fl uoroglutamine and [ 3 H] L -glutamine into protein in 9 L 
and SF-188 tumor cells. The comparison of cellular uptake of [ 18 F]( 2S,4R )4-fl uoroglutamine and [ 3 H] L -
glutamine was performed using dual-isotope experiments at 30 and 120 min incubation time periods.  

 In vivo biodistribution of [ 18 F]( 2S,4R )4-fl uoroglutamine in mice showed the expected behavior 
of a radiolabeled amino acid with signifi cant pancreas uptake (19.7 % dose/g at 30 min), most likely 
due to the exocrine function and high protein turnover within the pancreas. Pancreatic function 
requires the use of various amino acids as precursors for protein and peptide synthesis. Blood levels 
drop fairly quickly with time, showing low blood activity at 240 min post injection (0.48 % dose/g). 
There was no signifi cant uptake within the lung, along with no signifi cant retention within the fi rst 

  Fig. 9.7    Incorporation of 
[ 18 F]( 2S,4R )4-
fl uoroglutamine and [ 3 H]
L-glutamine into protein in 
9 L and SF-188 tumor cells 
(reprinted with permission 
from  J Nucl Med.  Dec 2011; 
52(12):1947–1955)       
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arteriovenous capillary bed. This suggests that [ 18 F]( 2S,4R )4-fl uoroglutamine is fairly hydrophilic and 
water- soluble. Rapid uptake is observed within the kidneys but is quickly excreted through the urinary 
bladder. [ 18 F]( 2S,4R )4-fl uoroglutamine showed a moderate liver uptake with a relatively slow wash-
out rate. Brain uptake exhibited a relatively low, but consistent, uptake of 0.54 % dose/g at 2 min 
post- injection and remained consistent with little to no washout throughout the 240 min experiment. 
Lastly, bone (femur) showed rapid uptake and increased with time implying that in vivo de-fl uorina-
tion may be occurring after injection. 

 Use and production of 9 L xenografts in F344 rats is a well-known and established animal model 
that represents typical glioblastomas that would be found within a clinical setting [ 39 ,  50 ]. Uptake 
of [ 18 F]( 2S,4R )4-fl uoroglutamine showed respectable 9 L tumor uptake values (1.03 % dose/g uptake 
at 30 min post injection). 9 L tumor/muscle ratio (target/background) decreased slightly from 2.78 
at 30 min to a ratio of 2.00 at 60 min post-injection. Results of biodistribution studies also showed a 
high pancreas uptake, again due to the various amino acid precursors used for protein and peptide 
synthesis. Bone uptake (femur) slightly rose from 0.78 % dose/g at 30 min to 1.03 % dose/g at 
60 min post- injection, suggesting in vivo de-fl uorination of the compound may be occurring. 

 Dynamic small animal PET studies on rats bearing 9 L tumor xenograft tumors were carried out 
with [ 18 F]( 2S,4R )4-fl uoroglutamine. A-PET images of summed 2-h coronal sections were selected for 
visualization. As the images demonstrate, clear tumor uptake is visualized within each animal model. 
Reconstructed images were used to generate time activity curves for [ 18 F]( 2S,4R )4-fl uoroglutamine. 
The kinetics indeed confi rmed that the tracer exhibited higher tumor uptake compared to the muscle 
(background) regions. Rapid tumor uptake is visualized in each animal model within the fi rst 20 min. 
Tumor uptake remains rather constant throughout the 2-h scan time, with a slow washout rate observed. 
High kidney and bladder uptake was observed (see Fig.  9.8 ).  

  Fig. 9.8    Small animal APET 
images of [ 18 F]( 2S,4R )4-
fl uoroglutamine in F344 9 L 
rat (reprinted with permission 
from  J Nucl Med.  Dec 2011; 
52(12):1947–1955)       
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 Figure  9.8  (Upper) Small animal APET images of [ 18 F]( 2S,4R )4-fl uoroglutamine in F344 9 L rat 
after an iv injection. Data represent images from a summed 2-h scan. Images are shown in transverse, 
coronal, and sagittal views. Arrows represent the location of tumors. (Lower) Small animal APET time 
activity curve for [ 18 F](2 S ,4 R )4-fl uoroglutamine after iv injection into F344 rat bearing a xenografted 
9 L tumor on the left shoulder. 

 It has been demonstrated that animal PET imaging studies using [ 18 F]( 2S,4R )4-fl uoroglutamine 
exhibited the expected high uptake and retention in the tumor models in rats (9 L xenografted tumor). 
The 9 L xenografted tumor model is well known in the literature for studying novel tumor imaging 
agents [ 39 ,  50 ,  51 ]. The imaging studies in this rat tumor model clearly confi rmed that the agent is 
highly sequestered in tumor tissue and the trapping was highly persistent—suggesting that the tracer 
was taken up and incorporated into protein, other cytosol macromolecules, and the large intracellular 
glutamic acid pool. However, the linkage between c-myc and quantitative PET imaging of glutami-
nolysis is not yet fully established. One obstacle not easy to overcome is that the size of the tumor 
varies under different c-myc gene expression levels; thus obtaining quantitative data of tumor uptake 
by animal PET imaging studies is diffi cult to accomplish. Correction for tumor size might alleviate 
some of the variations, but the quantitative correlation of c-myc gene expression and glutamine uptake 
may be a challenge not yet easily resolved.  

    Conclusions 

 In summary, it was demonstrated that in vitro tumor cell uptake of [ 18 F]( 2S,4R )4-fl uoroglutamine is 
higher than those of [ 3 H] L -glutamine and [ 18 F]FDG. In vivo PET imaging studies showed signifi cant 
tumor uptake and trapping inside tumor tissue in two different tumor models. The results support the 
feasibility of PET imaging for the study of a fundamental change in tumor metabolism—high-rate 
glutaminolysis. 

 Previously published works on [ 18 F]( 2S,4R )4-fl uoroglutamine [ 37 ] and  L -[5- 11 C]-glutamine [ 34 ] 
have contributed to the completion of this chapter. Human studies of [ 18 F]( 2S,4R )4-fl uoroglutamine 
are ongoing at Memorial Sloan Kettering Cancer Center and the clinical trial of L-[5- 11 C]-glutamine 
has been planned for the near future.     
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   Key Points 

•     Endotoxemia markedly modifi es glutamine metabolism in tissues with a decrease of intestinal 
glutamine uptake and metabolism.  

•   In liver, endotoxemia increases glutamine uptake and utilization but decrease glutamine endogenous 
synthesis.  

•   In skeletal muscles, endotoxemia increases synthesis and release of glutamine for other tissues, 
resulting in decrease of muscle glutamine content.  

•   In lungs, endotoxemia results in a decrease of glutamine uptake with increased glutamine endogenous 
synthesis and release.  

•   Supplementation with glutamine allows to mitigate in endotoxemic situation the increment of intes-
tinal permeability and bacterial translocation, and, in intestine and lung, to decrease infl ammation 
and injury.    
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  GS    Glutamine Synthetase   
  GSH    Glutathione   
  HSP    Heat Shock Protein   
  IL    Interleukin LPS: Lipopolysaccharide   
  MAPK    Mitogen-Activated Protein Kinase   
  MPEC    Microvascular Pulmonary Endothelial Cells   
  NO    Nitric Oxide   
  PAEC    Pulmonary Artery Endothelial Cells   
  TLR    Toll-Like Receptor   
  TNF    Tumor Necrosis Factor   

       Introduction 

 Endotoxemia is defi ned as the presence of endotoxin in blood and may result from a transfer of a 
pathological amount of endotoxin (also currently called bacterial lipopolysaccharide LPS) from the 
intestinal lumen to the bloodstream due to impaired gut selective barrier function. Major endotoxemia 
can lead to sepsis defi ned as a medical condition characterized by a whole-body infl ammatory state 
(also called systemic infl ammatory response syndrome or SIRS) [ 1 ]. Septic shock is another medical 
condition which results from severe infection and sepsis. Sepsis may begin with a localized infection 
which can reach the bloodstream. Septic shock can lead to the multiple organ dysfunction syndrome. 
Patients suffering from septic shock are taken in charge in intensive care units with a mortality rate 
being as high as 20–50 % [ 2 ,  3 ]. Although the pathogenesis of septic shock is much complicated and 
not entirely understood, it involves events including the release of cytokines, the activation of macro-
phages, neutrophils, and microvascular endothelial cells, as well as coagulation disorders and severe 
metabolic alterations [ 1 ,  4 ]. In critically ill patients, the gastrointestinal tract is believed to play a 
central role in the pathogenesis of septic shock [ 5 ,  6 ]. Indeed, increased gut permeability and bacterial 
translocation play an active role in multiple organ failure by inducing a vicious cycle of increased 
intestinal permeability, leading to increased transfer of luminal compounds to the bloodstream. In this 
way, the gut can be seen as both an instigator and a victim of post-injury multiple organ failure [ 5 ]. 
This idea was already present in the pioneering work of Deitch et al. [ 7 ] showing that intraperitoneal 
injection of endotoxin to mice was able to promote the translocation of bacteria from the gut. 

 In this general context, the aim of this chapter is to present an overview on (1) the effect of 
endotoxemia and sepsis on glutamine metabolism in tissues and (2) the effects of glutamine supple-
mentation in endotoxemia and sepsis.  

    Endotoxemia and Glutamine Metabolism in Intestine 

 It is well known that one of the major roles of the small intestine is to absorb the nutrients (including 
amino acids) from the intestinal lumen to the bloodstream. However, a signifi cant part of luminal 
amino acids are metabolized by enterocytes in the process of absorption. This is particularly true for 
several amino acids including glutamine which are very largely metabolized by the enterocytes during 
their transcellular journey [ 8 ]. Glutamine metabolism corresponds to energy supply in a context of 
rapid renewal of the epithelium (and thus intense ATP-consuming anabolic metabolism) and to 
sodium extrusion at the basolateral membrane through the action of the Na/K ATPase. As noted previ-
ously, glutamine also provides nitrogen for nucleotide synthesis, and is a precursor for several amino 
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acids produced in enterocytes. Lastly, glutamine has been shown to be able to preserve protein 
synthesis in Caco-2 cells submitted to “luminal fasting.” [ 9 ] 

 Sepsis considerably alters the intestinal barrier functions, which in turn modifi es the absorption and 
bioavailability of nutrients [ 10 ]. In septic patients, sodium-dependent glutamine transport is decreased 
in both jejunum and ileon when compared to control surgical healthy patients [ 11 ]. In addition, gut 
glutamine and oxygen consumption are markedly diminished in these patients [ 12 ]. In rats treated by 
intraperitoneal injection of LPS, transport data indicated decreases in both sodium- dependent jejunal 
glutamine uptake and glutaminase activity [ 11 – 13 ] suggesting that less glutamine is available for 
enterocyte metabolism. In the model of sepsis induced by cecal ligation and puncture, the capacity of 
enterocytes for glutamine oxidation and the intestinal mucosa glutaminase activity are decreased 
[ 14 ,  15 ] with a concomitant negative nitrogen balance. In contrast, in vivo, LPS treatment increases 
the activity of small intestine glutamine synthetase (GS) by 250 % [ 16 ]. However, experimental works 
by another group using the cecal ligation and puncture model of sepsis have shown that the effects of 
sepsis on glutamine transport may be biphasic with an initial increase followed by a decrease [ 17 ]. 
Simultaneously, intestinal extraction of glutamine from the bloodstream fell by 56 %. This latter 
reduction in the uptake of circulating glutamine cannot be accounted for by a fall in the arterial con-
centration. Thus, immediately after endotoxemia, brush border glutamine uptake is increased while 
consumption of glutamine entering across the basolateral membrane is decreased. 

 Although the mechanisms involved in the decreased glutamine metabolism in enterocytes recov-
ered from septic animals remain unclear, interleukin-1 (IL-1) has been shown to act as a mediator of 
the alterations in gut glutamine metabolism in endotoxemia and sepsis [ 18 ,  19 ]. Karinch et al. [ 20 ] 
suggested that IGF-1 has a direct effect on the stimulation of the glutamine transport. However, the 
effect of endotoxemia and sepsis on glutamine metabolism in the intestinal mucosa appears rather 
unspecifi c since absorption of several other amino acids (including leucine, proline, glutamate, argi-
nine) are also affected [ 11 ,  21 – 24 ]. Indeed, following endotoxemia, almost all circulating amino acids 
(including amino acids like citrulline and ornithine which are not incorporated in alimentary proteins 
but are derived from amino acid precursors) are markedly decreased suggesting a marked decrease of 
the intestinal functions [ 25 ]. In addition, endotoxemia affects the morphology of the intestinal mucosa 
[ 26 ,  27 ], and decreases the mucosal oxygen consumption [ 28 ,  29 ], reinforcing the view that endotox-
emia affects the intestinal functions. The main alterations of glutamine metabolism in intestine due to 
endotoxemia are presented in Fig.  10.1 .   

  Fig. 10.1    Main alterations of 
glutamine metabolism in 
intestine due to endotoxemia       
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    Glutamine Supplementation and Intestinal Functions 
in Endotoxemia and Sepsis 

 Clinical and preclinical studies have suggested that glutamine supplementation may be benefi cial to 
humans with altered intestinal functions. Using a gastrostomy-fed rat infant “pup-in-a-cup” model, 
the effects of glutamine supplementation on the proinfl ammatory response induced by LPS given 
before dietary supplementation via the gastrostomy tube were examined [ 30 ]. Using a 3.5 g/kg/day 
dose of glutamine, a decrease of the expression of the intestinal cytokine-induced neutrophil chemoat-
tractant and a decrease of the myeloperoxidase activity (used as a parameter indicating neutrophil 
accumulation in intestinal mucosa), as well as a decrease of intestinal and plasma TNF-α concentra-
tions occurred in endotoxemic animals when compared with control (untreated) animals. In a model 
of infant rats treated with intraperitoneal injection of LPS and receiving at the same time a supplemen-
tation of glutamine (2 mmol/g) by the same intraperitoneal way, glutamine supplementation was able 
to counteract the fast decrease of the circulating glutamine concentration and to partly prevent the 
increase of circulating TNF-α provoked by the LPS treatment. In rats receiving LPS by the subcutane-
ous way, supplementation with 2 % glutamine given in the drinking water before and following injec-
tion of LPS was able to prevent gut mucosal injury and to improve the mucosal recovery in terms of 
bowel weight and mucosal weight as well as villus height in the jejunum [ 31 ]. Ding and Li [ 32 ] found 
that prophylactic treatment with glutamine could minimize the increment of intestinal permeability 
and bacterial translocation caused by endotoxemia in rats treated with total parenteral nutrition. 
Uehara et al. [ 33 ] reported that glutamine pretreatment signifi cantly ameliorated intestinal tissue 
injury and the survival of rats following LPS treatment. 

 When given before LPS administration, glutamine treatment signifi cantly ameliorated LPS- 
induced mucosal injury, infl ammation, and apoptotic cell death in the ileum and the colon, as judged 
by signifi cant decreases in TNF-α gene expression and ameliorated histologic damage scores. In adult 
humans, glutamine pretreatment decreases the production of the proinfl ammatory cytokines IL-6 and 
IL-8 by the intestinal mucosa [ 34 ,  35 ]. Accordingly, glutamine deprivation enhanced IL-8 production 
by Caco-2 colonic human adenocarcinoma cells after LPS stimulation [ 36 ,  37 ]. In human fetal and 
adult intestinal epithelium, it has been shown that glutamine modulates LPS-induced IL-8 production 
through IκB/NFκB transduction pathways [ 38 ]. Zhou et al. [ 39 ] revealed that an oral preventive sup-
ply of combined glutamine and arginine before endotoxemia induction signifi cantly decreases TNF-α 
and IL-1β mRNA abundance in both the jejunum and ileum, while they also signifi cantly decrease 
anti-infl ammatory IL-10 in the ileum. In the model of rats treated intravenously with LPS, supplemen-
tation with glutamine (0.75 g/kg) and with  L -alanyl- L -glutamine dipeptide (same amount of glutamine 
than glutamine alone) before and after LPS injection prevented the LPS-induced decrease of the 
functional capillary density of the intestinal muscular and mucosal layers as well as the number of 
adherent leukocytes in the submucosal venules, indicating that glutamine supplementation is able to 
improve the intestinal microcirculation [ 40 ]. In the rat model injected with LPS via the intraperitoneal 
way and supplemented with glutamine in drinking water (2 %), it was reported that glutamine supple-
mentation was able to downregulate the Toll-like receptor TLR-4 as well as the myeloid differentia-
tion factor 88; and to ameliorate the intestinal mucosal injury caused by endotoxemia [ 41 ]. In the 
model of rats receiving LPS via intravenous administration and concomitantly glutamine at the dose 
of 0.75 g/kg by the same way, it was found that glutamine supplementation can effi ciently attenuate 
the increase in circulating proinfl ammatory cytokines and protect against organ damage as assessed 
by histological examination, and decrease mortality from endotoxemia [ 42 ]. 

 In rats receiving continuous intravenous injection of LPS, glutamine supplementation at a dose of 
2 % was able to ameliorate the nitrogen balance and to increase the intestinal mucosal glutaminase 
activity [ 43 ]. In addition, the morphological aspect of the jejunal mucosa was ameliorated in 
glutamine- supplemented animals as judged from the villus height, crypt depth and wall thickness. 
Higashiguchi et al. [ 44 ] studied the effect of sepsis and the regulation by glutamine of protein 
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synthesis in enterocytes isolated from the small intestine of rats. Sixteen hours after endotoxemia 
induction, protein synthesis was increased by 65 %, 89 %, and 137 %, respectively, in enterocytes 
from the tips and mid-portions of the villi and from the crypts. Addition of glutamine to incubated 
enterocytes stimulates protein synthesis in a dose-dependent manner. In the study by Okuma et al. 
[ 45 ], the authors induced sepsis in rats by continuous intraperitoneal administration of endotoxin, and 
supplemented the animals with 2 %  L -alanyl- L -glutamine by total parenteral nutrition. Under such 
experimental conditions, they found that the supplementation with the dipeptide did not ameliorate 
neither the nitrogen balance nor bacterial translocation from the gut to the mesenteric lymph nodes. 
However, the supplementation with the dipeptide containing glutamine was able to increase the intes-
tinal mucosal weight, and the villus height. In a study aiming at evaluating the effect of a supplemen-
tation with glutamine (0.75 g/kg, in its free form or in the form of the dipeptide  L -alanyl- L -glutamine) 
on the microcirculation in the endotoxemic rat model, Sheibe et al. [ 46 ] found that glutamine supple-
mentation before LPS challenge was able to reduce leukocyte adherence and mesenteric plasma 
extravasation, indicating that glutamine diminish the detrimental impact of endotoxemia on the mes-
enteric microcirculation. In endotoxemic rats treated with intraperitoneal injection of LPS followed 
by food deprivation for 24 h and then receiving glutamate supplementation (4 g/kg/d), glutamine 
concentration was increased in the jejunum and the intestinal villus height was higher in the jejunum 
of supplemented animals when compared to control [ 26 ]. 

 In the early weaning piglet model, supplementation with glycyl-glutamine dipeptide (0.15 %) in 
LPS-treated animals is able to partly alleviate the suppression of growth and immune functions [ 47 ]. 
In the study by Dugan and McBurney [ 48 ], a segment of distal ileum was isolated from anesthetized 
piglets and perfused without or with 2 % glutamine before treatment with endotoxin. By using such 
an experimental design, the authors found that endotoxin-induced permeability changes (as measured 
using the plasma-to-lumen clearances of Cr-EDTA) can be partly prevented by supplying luminal 
glutamine. In the study of Haynes et al. [ 49 ], enterocytes from neonatal pigs were cultured in the pres-
ence of LPS with or without millimolar concentrations of glutamine in its free form or as the dipeptide 
 L -alanyl- L -glutamine. The results obtained indicate that glutamine is able to reduce the LPS- induced 
cell death. In the same study, the authors gave an oral supplementation of glutamine or  L -alanyl-
 L -glutamine to 7-day-old piglets before intraperitoneal administration of LPS, and found that the 
dietary supplementation with glutamine is able to ameliorate the LPS-induced intestinal injury, to 
enhance growth performance, and to reduce the intestinal expression of the LPS Toll-like receptor-4, 
of the active caspase 3, and of the transcription factor NF-κB. The main effects of glutamine supple-
mentation on intestinal functions in endotoxemia are presented in Fig.  10.2 .   

  Fig. 10.2    Main effects of glutamine supplementation on intestine in endotoxemia       
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    Endotoxemia and Glutamine Metabolism in Liver 

 Endotoxin treatment in rats results in a tenfold increase of hepatic glutamine uptake owing to both an 
increase in hepatic blood fl ow and in glutamine extraction from the bloodstream [ 18 ]. This marked 
increase in metabolic activity is concomitant with signs of hepatocellular injury. Thus in this experi-
mental model, the liver becomes the major organ for glutamine consumption [ 18 ]. In the study by 
Pacitti et al. [ 50 ], hepatic glutamine consumption is accordingly increased 11-fold after LPS-induced 
endotoxemia in rats. Glutamine uptake by the liver is markedly accelerated during endotoxemia, and 
this is due to an increase in hepatocyte plasma membrane transport activity. System N transporters in 
hepatocytes play a major role in hepatic glutamine transport. Studies in endotoxemic rodents have 
shown net hepatic glutamine uptake to be markedly increased, a result which is due partially to a 
three- to fourfold increase in hepatocyte transport System N activity [ 20 ]. LPS administration resulted 
in a time- and dose-dependent two- to threefold increase in Na + -dependent glutamine transport activity 
[ 51 ,  52 ] secondary to an increase in the transport maximal velocity ( V  max ), consistent with the appear-
ance of an increased numbers of corresponding transporter proteins in the hepatocyte plasma 
membrane vesicles. Maximal increases in transport was observed 4 h after exposure to endotoxin. 
This increase in transport activity represents an important mechanism regulating the accelerated 
hepatic glutamine uptake that occurs during severe infection. Wang et al. [ 53 ] investigated the changes 
of hepatic transporters in early endotoxemic rats provoked by intraperitoneal injection of LPS. 
They showed that both the mRNA and protein expression of SNAT3 and SNAT5 are enhanced by LPS 
in a time- and dose-dependent manner. Fischer et al. [ 54 ] showed that LPS treatment administered 
intraperitoneally in fed and fasted (48 h) rats increased transport activity 2.6- and 6-fold, respectively. 
This effect in endotoxemic starved rats is mediated by both an increase in System N  V  max  and the 
induction of a high affi nity System A amino acid carrier which transports glutamine. In this latter 
study, starvation and endotoxemia appear to regulate hepatocyte glutamine transport independently 
and synergistically. The authors propose that the hepatic response allows to provide glutamine to 
support key metabolic pathways in the liver during critical illness. However, the effect of endotoxemia 
on glutamine transport is not restricted to glutamine since rats treated with a single injection of endo-
toxin are characterized by a stimulation of arginine transport [ 55 ]. Vejchapipat et al. [ 56 ] showed that 
early stages of endotoxemia induced by LPS injection signifi cantly decrease neonatal hepatic level of 
glutamine. The increase in liver glutamine utilization is associated with increases in parenchymal 
DNA and glutathione levels, as well as glutathione and urea release into the systemic circulation. 
This accelerated utilization provides carbons for energy and gluconeogenesis, and substrate for nucle-
otide and glutathione biosynthesis in order to support cell repair [ 18 ]. 

 Glutamine synthetase (GS) in the liver is restricted to a small perivenous hepatocyte population and 
plays an important role in the scavenging of ammonia that has escaped the periportal urea- synthesizing 
compartment. Görg et al. [ 57 ] showed that LPS single intraperitoneal injection impairs hepatic ammonia 
detoxifi cation by both downregulation of GS and its inactivation through tyrosine nitration. GS pro-
tein expression 24 h after LPS injection was decreased by approximately 20 %, whereas the corre-
sponding enzymatic activity was lowered by 40–50 %. In line with GS inactivation, glutamine 
synthesis from ammonia in perfused livers obtained from LPS-treated rats is decreased by approxi-
mately 50 %. The resulting defect of the perivenous scavenger cell function with regard to ammonia 
elimination may partly contribute to sepsis-induced development of hyperammonemia. In rats treated 
with LPS, glutaminase activity and fl ux through glutaminase in intact mitochondria are markedly 
increased by the endotoxin treatment. The effect is associated with an increase in the sensitivity of 
glutaminase fl ux to the enzyme activator phosphate [ 58 ]. In the liver, glutamine plays an important role 
in ammonia detoxication and the regulation of pH homeostasis (“intercellular glutamine- glutamate 
cycle”). In addition, glutamine regulates liver metabolism by mechanisms that cannot be attributed to 
its metabolism. Examples include the stimulation of protein and glycogen synthesis, bile acid 
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secretion, and inhibition of proteolysis in liver. A major trigger for such effects is an increased 
hepatocyte hydration due to the cumulative uptake of glutamine into the cells, which activates osmo-
signaling pathways involving mitogen-activated protein kinases (MAPK). Glutamine- and hypoosmo-
larity-induced cell swelling activates extracellular signal-regulated kinases (ERK) and p38 (MAPK). 
Also, the antiproteolytic effect of glutamine is largely due to glutamine-induced cell swelling, which 
activates osmosignaling pathways. The glutamine-induced p38 (MAPK) activation mediates the inhi-
bition of autophagic proteolysis at the level of autophagosome formation [ 59 ]. 

 Surgical neonates are at risk of sepsis with associated liver dysfunction. Hydrogen peroxide (H 2 O 2 ) 
and nitric oxide (NO) are important mediators of sepsis, which impair neonatal hepatic metabolism. 
Glutamine by itself or in the form of dipeptides, have been shown to have benefi cial effects on the 
altered hepatocyte metabolism and liver damage during neonatal sepsis. The study from Babu et al. 
[ 60 ] found that glutamine and its dipeptides are indeed effi cient in reversing the effects of septic 
mediators on hepatic oxidative metabolism in neonatal rats. 

 Markley et al. [ 61 ] determined the effects of glutamine on hepatocyte energy metabolism under 
conditions of neonatal endotoxemia, and concluded that glutamine reverses the inhibition of mito-
chondrial metabolism observed in endotoxemia, which is primarily at the level of ATP synthesis. The 
addition of glutamine to hepatocytes from endotoxemic rats restored intramitochondrial oxygen con-
sumption to control levels. Although glutamine did not reverse the inhibition of the thermogenic 
proton leak observed in endotoxemia, it signifi cantly increased oxygen consumption due to mitochon-
drial ATP synthesis. Glutamine signifi cantly increases the hepatocyte ATP/ADP ratio compared with 
hepatocytes from endotoxemic rats. Electron microscopy reveals morphological damage to the mito-
chondria of hepatocytes from endotoxemic rats, and evidences a return to a normal appearance with 
the addition of glutamine. Intramitochondrial O 2  consumption is inhibited in isolated hepatocytes 
from suckling septic rats and this impairment can be reversed by glutamine. Kim et al. [ 62 ] showed that 
glutamine signifi cantly increased fatty acid oxidation in hepatocytes from control and endotoxemic 
animals, suggesting that it may promote substrate oxidation during endotoxemia. In the pig model, 
after endotoxin-induced sepsis, the net protein synthesis is rapidly increased in the liver [ 63 ]. In the 
endotoxemic dog model, the net hepatic glucose output is increased approximately twofold [ 64 ], 
with an increase in the net hepatic glycogenolysis accounting for the majority of the increased 
hepatic glucose production. The main alterations of glutamine metabolism in liver due to endotoxemia 
is presented in Fig.  10.3 .   

  Fig. 10.3    Main alterations of glutamine metabolism in liver due to endotoxemia       
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    Endotoxemia and Glutamine Metabolism in Skeletal Muscle 

 Skeletal muscle, the major repository of glutamine, plays a crucial role in maintaining nitrogen homeo-
stasis during health and critical illness by synthesizing and exporting glutamine. Glutamine is both 
synthesized and degraded in skeletal muscle, and the balance of this intracellular cycle determines the 
net synthesis and release of glutamine from the tissue [ 65 ]. Skeletal muscles exhibit a twofold increase 
in glutamine release during infection, which is associated with a signifi cant increase in endogenous 
glutamine biosynthesis. Skeletal muscle glutaminase activity is unchanged by endotoxemia, but expres-
sion of glutamine synthetase (GS) mRNA and specifi c activity increase in a time- dependent fashion. 
Despite an increase in GS activity in skeletal muscle, the intracellular glutamine pool becomes depleted, 
indicating that release rates likely exceed synthesis rates [ 20 ]. As a consequence, the muscle glutamine 
concentration fell in the endotoxin-treated animals by 25–40 %, an event that is apparent as early as 2 h 
after endotoxin treatment [ 66 ] and remains still visible 2 days after LPS injection [ 25 ]. This glutamine 
depletion is caused by accelerated muscle glutamine release [ 67 ] rather than by an increase in intra-
cellular degradation or a fall in intracellular biosynthesis. The adaptive increase in GS expression 
requires de novo RNA and protein synthesis and may be designed to prevent complete depletion of the 
intracellular glutamine pool [ 66 ]. Simultaneously, the circulating pool of glutamine does not increase, 
suggesting accelerated uptake by other organs [ 20 ]. 

 Ardawi and Majzoub [ 15 ] found that there is an enhanced rate of production of glutamine from 
skeletal muscle of septic rats in the cecal ligation and puncture model, which may be due to changes in 
effl ux and/or increased intracellular formation of glutamine. Sepsis results in decreases of the concen-
trations of skeletal muscle glutamine, glutamate, 2-oxoglutarate, and adenosine monophosphate. 
Hindlimb blood fl ow showed no marked change in response to sepsis, but was accompanied by an 
enhanced net release of glutamine and alanine. The maximal activity of GS was increased only in 
quadriceps muscles of septic rats, whereas that of glutaminase was decreased in all muscles studied. 

 The expression of GS is induced in rat skeletal muscle cells ( L -6) in response to treatment with the 
infl ammatory cytokine TNF-α. Chakrabarti [ 68 ] demonstrated that the rat GS gene is transcriptionally 
regulated by TNF-α and identifi es a TNF-α-responsive region at the 5′ fl anking sequence of the GS 
gene. Lukaszewicz et al. [ 69 ] reported that induction of GS expression in skeletal muscle after endo-
toxin administration is adrenal gland dependent. Treatment of normal rats with LPS results in a 
marked increase in GS mRNA that appears dose and time dependent, and precedes the increase in GS 
protein. The increase in muscle GS mRNA observed in normal rats in response to LPS is abrogated in 
adrenalectomized rats at 3 h after treatment with a high dose of LPS. These and other studies implicate 
glucocorticoid hormones as a key, but not exclusive, regulator of GS expression in skeletal muscle 
after a catabolic insult. 

 Suojaranta-Ylinen et al. [ 70 ] reported that glutamine cannot prevent endotoxemia during or after 
cardiac surgery. However, Meador and Huey [ 71 ] suggested that glutamine supplementation provides 
an effective, novel, clinically applicable means of preserving muscle force during acute infl ammation. 
LPS treatment is associated with a 33 % reduction in maximal plantarfl exor isometric force and 
elevated serum TNF-α and IL-6. Glutamine completely prevents this LPS-induced force decrement 
and reduces muscle heat shock protein HSP-70 and IL-6. The main alterations of glutamine metabo-
lism in skeletal muscles in endotoxemia are presented in Fig.  10.4 .   

    Endotoxemia and Glutamine Metabolism in Lung 

 Severe infection alters lung glutamine metabolism. Insuffi cient glutamine for the lungs during sepsis 
may contribute to an impairment of lung function. Lung glutamine metabolism is supported by both 
blood glutamine uptake and de novo biosynthesis using circulating BCAA and glutamate as precursors. 
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Pan et al. [ 72 ] isolated lung plasma membrane vesicles from control and LPS-treated rats and assayed 
glutamine transport activity in these vesicles. They showed that 80 % of glutamine uptake in lung 
vesicles is mediated via the high affi nity Na + -dependent carrier system ASC, while 19 % occurred via 
the Na + -independent System ASC. Treatment of rats with LPS resulted in a decrease in System ASC 
and X AG-  activity in lung plasma membrane vesicles, which may contribute to reduced glutamate 
uptake, reduced lung glutamine availability, and impaired cellular metabolism and function during 
septic states. 

 During sepsis, the lung responds by exporting increased amounts of glutamine. This response is 
accompanied by increased enzymatic activity of GS. Austgen et al. [ 73 ] studied the alterations in lung 
glutamine metabolism that occurs in the endotoxin-injured lung in rats and subsequently correlated 
with fl ux changes that occur in patients with the adult respiratory distress syndrome (ARDS). In 
healthy control rats, net amounts of glutamine are released by the lungs into the systemic circulation. 
The rate of glutamine release from the lung doubled 30 min after intravenous endotoxin. This acceler-
ated fractional release of glutamine by the lungs is no longer detected 2 h after endotoxin treatment. 
By the 12-h time point, a more than twofold increase in GS activity is recorded. Simultaneously, lung 
weights are increased by 21 % and histologic examination shows an interstitial infi ltrate and pulmo-
nary edema. Similar observations were made in patients with “early” sepsis which exhibited a marked 
increase in lung glutamine release. During septic states, effl ux of glutamine from the lung increases, 
a response thus sustained by an increase in GS activity. Abcouwer et al. [ 74 ] have used rat epithelial 
cell line of pulmonary origin (L2 cells) to study the effect of several hormones and cytokines (which 
mediate the septic shock response) on GS expression. They found that GS expression, as determined 
by measurement of mRNA and protein contents, increases rapidly and severalfold in response to 
physiologically relevant levels of the synthetic glucocorticoid dexamethasone (Dex). In contrast, GS 
expression is not markedly induced by LPS, cytokines, activated complement C5a, or prostaglandins. 
The results of this study are consistent with a regulation of lung GS expression via a direct glucocor-
ticoid receptor-mediated response. In addition, GS mRNA decay in L2 cells seems to be regulated by 
two independent mechanisms, one being sensitive to the protein synthesis inhibitor cycloheximide, 
and the other being sensitive to actinomycin D. It is also known that GS expression in the rat lung can 
be induced by glucocorticoid hormones. Lukaszewicz et al. [ 75 ] characterized the induction of GS 
expression during LPS-induced endotoxemia in normal, neutropenic, and adrenalectomized rats, and 
showed that GS gene induction during sepsis is only partially mediated by adrenal-derived glucocor-
ticoid hormones. Normal rats exhibited a time- and dose-dependent induction of GS mRNA levels 

  Fig. 10.4    Main alterations of glutamine metabolism in skeletal muscles in endotoxemia       
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after a single intraperitoneal dose of LPS. In response to endotoxemia, GS mRNA levels in the lung 
of adrenalectomized rats increased twofold compared with sixfold in sham-operated control rats. 

 Herskowitz et al. [ 76 ] incubated pulmonary artery endothelial cells (PAECs) with endotoxin (1 μg/ml) 
and showed a signifi cant increase in System ASC-mediated glutamine transport which was maximal 
after 12 h of exposure. Kinetic studies indicated that the increase in carrier-mediated activity was not 
due to a change in  K  m , but rather to a 73 % increase in  V  max . The increase in glutamine uptake by 
PAECs was completely blocked by actinomycin D and cycloheximide, indicating that the accelerated 
glutamine transport was most probably due to an increase in transporter synthesis. During septic 
states, the lungs produce increased amounts of glutamine, an event that is likely mediated by both LPS 
and glucocorticoid hormones and is presumed to be due to accelerated intracellular glutamine biosyn-
thesis. Because enhanced net glutamine release in vivo could also be due to a decrease in cellular 
uptake, Pan et al. [ 77 ] determined glutamine transport in cultured rat microvascular pulmonary endo-
thelial cells (MPECs), and showed that dexamethasone (0.1 μmol/L) and LPS (1 μg/mL) inhibited 
glutamine uptake by decreasing the  V  max  of system ASC transporter (which mediates more than 90 % 
of glutamine transport) in a time- and dose-dependent manner. There was no synergistic or additive 
effect when both compounds were added together. 

 Acute lung injury (ALI) is a critical syndrome associated with respiratory dysfunction. It has been 
reported that glutamine can attenuate ALI after sepsis. Nakamura et al. [ 78 ] showed that glutamine 
added to the solution for total parenteral nutrition improved endotoxin-induced acute lung injury in 
rats. The survival rate and the nitrogen balance were signifi cantly improved at 48 h after endotoxin 
administration as a result of glutamine treatment; the arterial oxygen partial pressure being signifi -
cantly increased. 

 Neutrophils are considered to be central for the pathogenesis of ALI. It is noteworthy that Zhang 
et al. [ 79 ] indicated that glutamine could prevent neutrophil recruitment and infi ltration, protect the 
alveolar barrier, and attenuate infl ammatory injury during sepsis. These results may be related to 
enhanced glutathione (GSH) synthesis. Indeed, glutamine supplementation reduced the total protein 
concentration and total cell and neutrophil counts in bronchoalveolar lavage fl uid after LPS challenge. 
Glutamine enhanced GSH synthesis and attenuated IL-8 release and myeloperoxidase activity in lung 
tissues. Glutamine also decreased CD11b expression in blood neutrophils and prevented lung histo-
logic changes.  L -buthionine-(S,R)-sulfoximine (BSO, a blocker of GSH synthesis) abolished the 
effects of glutamine and attenuated its protection on ALI. 

 Septic shock leads to alterations of cellular metabolism. Glutamine can enhance lung HSP70 
expression which can preserve cellular metabolism after lethal endotoxemia and other forms of 
cellular stress. Singleton et al. [ 80 ] reported that a single dose of glutamine can enhance HSP70 in 
pulmonary epithelial cells and macrophages, and attenuate lung metabolic dysfunction by improving 
the ratio of adenosine triphosphate to adenosine diphosphate in the lung after sublethal endotoxemia. 
This benefi cial effect on lung tissue may be mediated in part by enhanced expression of HSP70. 
Furthermore, Zhang et al. [ 81 ] investigated the role of GSH synthesis in the regulation on nuclear factor 
NF-κ activity and TNF-α released by glutamine in LPS-stimulated alveolar type II (AT-II) epithelial 
cells of rat lungs, and showed that glutamine can prevent the NF-kappaB activation and attenuate the 
release of TNF-α in LPS-stimulated AT-II cells, an effect that may be mediated via GSH synthesis. 

 Lung epithelial cells are important barriers in the respiratory system that can prevent pathogens 
from invading the body after nuclear factor NF-κB activation. LPS is a common pathogen-associated 
stimulus that activates IκB kinase (IKK) to regulate NF-κB-mediated infl ammation through modu-
lating nuclear translocation and phosphorylation of NF-κB. Previously, it has been shown that Akt 
and mTOR are involved in the phosphorylation of IKK to activate NF-κB. Hou et al. [ 82 ] demon-
strated that glutamine modulated LPS-induced activation of NF-κB through the Akt/mTOR/IKK 
pathway in BEAS-2B cells. Glutamine deprivation induces phosphorylation of Akt/mTOR/IKK sig-
naling, increases the level of NF-κB nuclear translocation and phosphorylated NF-κB, and upregu-
lates NF-κB-dependent transcriptional activity, which is suppressed by glutamine administration. 
These fi ndings provide potential mechanisms for the modulation by glutamine of LPS-induced NF-κB 
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activation in lung epithelial cells and strongly suggest that maintaining a physiological concentration 
of glutamine is essential in preventing LPS-induced lung infl ammation. The main alterations of 
glutamine metabolism in lung due to endotoxemia is presented in Fig.  10.5 ; and the main effects of 
glutamine supplementation on lung functions in endotoxemia are summarized in Fig.  10.6 .    

    Conclusions 

 Major endotoxemia can lead to sepsis, to septic shock and to multiple organ dysfunction syndrome. 
From experiments with animal models of endotoxemia, and (much less frequently) from clinical studies, 
it has been shown that endotoxemia markedly modifi es glutamine metabolism in tissues with a 
decrease of intestinal glutamine uptake and metabolism, and decrease of oxygen consumption. 
However, this decrease is not specifi c for glutamine since numerous other amino acids are less 

  Fig. 10.5    Main alterations of glutamine metabolism in lung due to endotoxemia       

  Fig. 10.6    Main effects of glutamine supplementation on lung in endotoxemia       

 

 

10 Endotoxemia and Glutamine



136

absorbed in endotoxemia as a result of decreased intestinal functions. In liver, endotoxemia increases 
glutamine uptake and utilization while diminishing the glutamine synthetase activity, coinciding with 
decreased hepatic glutamine content and decreased mitochondrial oxygen consumption. In skeletal 
muscles, endotoxemia increases endogenous glutamine synthesis and release resulting in a decrease 
of the muscle glutamine content. In lungs, endotoxemia results in a decrease of glutamine uptake with 
increased glutamine endogenous synthesis and release. Supplementation with glutamine in its free 
form or in its dipeptide form allows to moderate in endotoxemic situation the increment of intestinal 
permeability and bacterial translocation, to decrease intestinal infl ammation (and more generally of 
gut mucosal injury), and to increase the intestinal microcirculation and intestinal protein synthesis. 
In the lung, glutamine supplementation attenuates pulmonary infl ammation and injury. 

 Mostly from experimental works with animal models, it thus appears that the rationale for glutamine 
supplementation in endotoxemia by the enteral way appears thus relatively strong, as long as a suffi -
cient intestinal capacity for the absorption of this amino acid is preserved. Future works in experimental 
and clinical studies should consider, in endotoxemic/septic situation, supplementation with glutamine 
together with other conditionally essential amino acids to help in the nutritional management of this 
pathology.     
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         Introduction 

 Plasma glutamine concentration is a refl ection of a number of processes. In metabolic stress and in 
particular in critical illness the plasma level may deviate from the normal range, which is associated 
with an unfavorable outcome. The underlying mechanisms are still obscure. This chapter merely deals 
with the empirically fi nding of plasma glutamine concentration in humans in health and disease.  

    Glutamine and the Plasma Compartment 

 Free glutamine holds the highest amino acid concentration in plasma in man and is the most abundant 
free amino acid in man (Fig.  11.1 ). Normally 0.5–0.8 mmol/L out of a total free amino acid concentra-
tion in plasma of around 2.0–2.5 mmol   /L. Glutamine is also the most abundant free amino acid over 
all in man, which to a large extent relates to the very high intracellular concentration in skeletal 
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muscle, in healthy man 12–18 mmol/L intracellular water [ 1 ]. This corresponds to a gradient between 
the intracellular and extracellular fl uid of around 30. In other tissues the gradient is less pronounced: 
for liver 4–5 [ 2 ], for intestinal mucosa around 2 [ 3 ,  4 ].  

 Besides the relative high concentration of free glutamine there is also a high turnover of glutamine. 
Measurements of glutamine rate of appearance employing isotopic labels report values of 50–80 g per 
24 h [ 5 – 8 ]. In rough fi gures this means that the total pool of free glutamine in the human body turns 
over every 24 h. The extracellular glutamine pool is in total less than 2 g, and it has a rapid turnover, 
whilst the intracellular glutamine pool of more than 50 g, turns over slower. This is illustrated by the 
fact that equilibration of an injected tracer takes several days [ 8 ]. 

  Fig. 11.1    A schematic illustration of the pool sizes of free glutamine in individual tissues. ( a ) The  upper panel  illus-
trates conditions in healthy adult subjects. The  red pool  is plasma, and the  arrows  indicate the directions of fl uxes 
between the pools. In healthy subjects nutritional intake will come through the intestine as indicated. ( b ) The  lower 
panel  illustrates typical conditions in critical illness, when muscle pool and plasma pool are diminished, and intake may 
come through intestine or intravenously       
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  Fig. 11.2    Schematic 
illustrations of the relative 
size of amino acid fl uxes 
across skeletal muscle in 
healthy subjects ( upper 
panels ) and in critical illness 
( lower panels ). The 
differences in fl uxes related 
to feeding are illustrated. 
(Gln—glutamine, Ala—ala-
nine, Glu—glutamate, 
Phe—phenylalanine, 
3MH—3-methylhistidine)       

 Many other chapters of this volume give insight into how the availability and turnover of glutamine 
relates to functions in cells. Plasma glutamine concentration discussed here is a refl ection of all those 
processes integrated and the transport in between organs (Fig.  11.2 ). The perspective of this transport 
function is necessary to discuss why measurement of plasma glutamine may be useful. In particular 
muscle tissue holds a high free glutamine concentration, and it is the major site of de novo glutamine 
synthesis in health as well as in critical illness [ 5 ,  9 ,  10 ]. It is obvious that plasma glutamine is the 
accessible sampling site, but the interpretation of a singular determination of plasma glutamine may 
not be obvious.  

 Plasma concentration of glutamine is related to the multiple functions that glutamine serve, each 
of which may infl uence the level. Taken all potential infl uences into account, the plasma level of glu-
tamine is remarkably constant in a given individual in a given health state.  
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    Glutamine and Feeding 

 In response to feeding, glutamine levels change only marginally [ 11 – 13 ]. This is particularly true for 
enteral feeding, also when the enteral food given has a high content of glutamine (Fig.  11.2 ). There 
are no reports that this is different in various stressed states. So the fi rst pass elimination through the 
splanchnic area is high [ 14 ]. Commonly a high enteral intake of glutamine results in an increase of 
plasma glutamate concentration and an elevated fl ux of glutamate from the splanchnic area to skeletal 
muscle. Furthermore any high protein intake by the enteral route is associated with an increase of 
plasma concentrations of a number of amino acids, in particular the branched-chain amino acids, 
which have a comparatively low fi rst-pass elimination following an enteral protein intake. Consequently 
the branched-chain amino acids are transported to skeletal muscle. The uptake of glutamate and the 
branched-chain amino acids in muscle result in oxidation and transamination reactions and an ele-
vated effl ux of glutamine from skeletal muscle [ 15 ,  16 ]. This is one example of the function of gluta-
mine as an inter-organ carrier of nitrogen or amino-groups.  

    Glutamine and Critical Illness 

 In stressed states, in particular in critical illness, a depletion of glutamine is reported [ 17 – 19 ]. 
Empirically the plasma glutamine concentration at ICU admission is related to mortality [ 20 ,  21 ]. 
Primarily low plasma concentrations of glutamine are predictive of an unfavorable outcome. However, 
there are reports of an U-shaped curve, where also high glutamine levels out of the normal range are 
associated with an unfavorable outcome in critical illness [ 21 ]. Overall, a plasma glutamine concen-
tration out of the normal range at ICU admission is a mortality predictor independent of the standard 
scoring systems APACHE II and SAPS 2. The plasma level of glutamine is remarkably constant over 
time in the individual ICU patient [ 22 ,  23 ]. 

 In the Amsterdam study a plasma glutamine concentration <0.42 mmol/L at ICU admission was 
associated with a higher hospital mortality [ 20 ]. The standard mortality ratio for patients with gluta-
mine level <0.42 mmol/L was around 1.00, while the standard mortality ratio for those with a level 
>0.42 mmol/L was around 0.60. Prediction for a low glutamine level was found for high age and for 
a high level of creatine phosphokinase in plasma at admission. In the Stockholm study a more or less 
identical cutoff level for low plasma glutamine concentration as a mortality predictor was found [ 21 ]. 
The elevated mortality was not ICU mortality, but rather post-ICU mortality, a fi nding probably more 
refl ecting ICU discharge criteria than a difference in epidemiology. In addition the Stockholm mate-
rial identifi ed the small group with high plasma glutamine levels being at risk. In the Amsterdam 
study a few individuals had high levels, but the authors did not fi nd reason to comment upon that. Also 
in the Stockholm study the number of patients with high glutamine admittance level were few, and the 
interpretation must therefore be done with caution. 

 Both these studies including consecutive patients identifi es approximately 1/3 of patients having 
low admittance plasma glutamine concentration without any relation to outcome predictors such as 
APACHE II or organ failure scores such as SOFA. In a recent large multicentre study of selected criti-
cally ill patients with  > 2 organ failures a fraction of approximately 1/3 was also reported to have a low 
plasma glutamine concentration, at least in a subset of the patients studied [ 24 ]. 

 Furthermore in the Stockholm study the mortality associated with a low admittance plasma gluta-
mine concentration was most pronounced as post-ICU mortality. This may to some degree be related 
to hospital organization of critical care; if intermediate care/high dependency is organized as a part of 
intensive care medicine or if it is organized separately. It may be speculated if the predictive value of 
low glutamine is a refl ection of a risk of limited metabolic or nutritional reserves. Unfortunately the 
generally applied risk scores for malnutrition and/or metabolic depletion in hospitalized patients are 
of limited relevance for the critical care population [ 25 ].  
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    Hyperglutaminemia 

 The only patient group with high plasma glutamine concentrations reported are acute hepatic insuf-
fi ciency [ 26 ]. This only applies for the group of individuals without an underlying chronic liver dis-
ease (Fig.  11.3 ). Patients with acute-on-chronic hepatic insuffi ciency as well patients with chronic 
hepatic insuffi ciency have normal or low plasma glutamine concentrations. There are only few publi-
cations in this fi eld, and therefore it is not clear if hyperglutaminemia in acute hepatic failure has a 
prognostic implication. In chronic liver failure glutamine may be involved in the pathogenesis of 
hepatic encephalopathy [ 27 ]. The rational behind it that glutamate is an excitatory transmitter sub-
stance in the central nervous system and that clearance of glutamate is by re-uptake in nerve endings 
and by uptake into astroglia cells and metabolization to glutamine to be exported out of the central 
nervous system. Also the capture of ammonia is considered to be an important role of glutamine in 
hepatic encephalopathy [ 28 ]. The oral glutamine challenge is sometimes used to diagnose the suscep-
tibility of an individual with liver cirrhosis to develop encephalopathy [ 29 ].  

 The signifi cance of hyperglutaminemia in other conditions than acute hepatic failure is obscure. 
There are no systematic reports on this issue. Inborn errors of metabolism such as urea-cycle disorders 
may present with hyperglutaminemia [ 30 ], but there are also cases with very high plasma glutamine 
concentrations during critical illness without any obvious explication and which return to normal 
levels as patients recover [ 31 ].  

    Glutamine and Surgical Trauma 

 Following surgery plasma glutamine is most often unaltered, although the glutamine concentration in 
skeletal muscle decreases in proportion to the extent of trauma [ 32 ,  33 ]. This is a decrease that evolves 
slowly over time with a nadir at approximately 72 h, the greater the trauma the later the nadir. After 
that there is a slow recovery back to normal levels in muscle over a 3–4-week period [ 34 ,  35 ]. A 

  Fig. 11.3    Data from Tjader et al. [ 22 ] illustrating that plasma glutamine concentrations may be restored to normal level 
(500–800 μmol/L) by intravenous glutamine supplementation in all critically ill patients by providing 20 g (−40 g)/24 h 
as a continuous infusion       
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similar depletion of muscle free glutamine with only a marginal infl uence on plasma concentrations 
is seen in healthy volunteers given an infusion of stress hormones [ 36 ,  37 ]. It applies to a triple com-
bination of adrenaline, cortisol and glucagon, but it is also seen after adrenalin alone. Typically the 
decrease starts after 3–6 h and continues for at least 24 h, and the decline continues also after the stress 
hormone infusion is stopped [ 36 ]. A similar delayed decrease is also reported after an endotoxin chal-
lenge to healthy volunteers following the same time pattern [ 38 ]. 

 The relation between plasma glutamine concentration and the de novo glutamine synthesis is poorly 
elucidated. In the limited existing literature no clear relation between plasma glutamine concentration 
and glutamine Ra is found [ 9 ,  10 ]. Unfortunately, the subjects investigated so far have concentrations 
mainly within the normal range, and the number of individuals investigated with levels outside the 
normal range are too few to allow for any conclusions (Fig.  11.4 ). For critically ill patients the plasma 
glutamine level is not related to the concentration in muscle and also not the level of effl ux out of skel-
etal muscle [ 22 ]. Several authors have speculated over how the de novo synthesis of glutamine and the 
inter-organ fl ux of glutamine may be regulated [ 39 ]. Secondarily to this come the possible regulators 
of plasma level and tissue level. A fair summary for today is that this is insuffi ciently known.   

    Plasma Glutamine and Exogenous Supply 

 Now, how do critically ill patients respond to exogenous glutamine supply in terms of plasma concen-
tration (Fig.  11.5 )? In cases of intravenous administration of crystalline glutamine or a glutamine- 
containing dipeptide there is a prompt increase in concentration [ 31 ]. With a high infusion rate the time 
needed to reach a steady state is variable [ 40 ]. Likewise the concentration returns back to basal fairly 

  Fig. 11.4    Data from van Acker et al. [ 10 ] demonstrating the absence of a feedback mechanism on endogenous gluta-
mine production when exogenous glutamine is provided intravenously. Metabolically healthy patients scheduled for 
elective surgery were investigated preoperatively before and during provision of TPN with or without glutamine supple-
mentation. Glutamine production was estimated by the rate of glutamine appearance calculated from a constant infusion 
of  13 C-glutamine.  Open bars  depict basal state, hatched bars fed state. The  grey  zones depict contribution from protein 
degradation and cross-hatched zone the contribution from exogenous supplementation       
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quick after stopping the administration, the decay-curve is mostly a refl ection of redistribution to tissue 
compartments. After enteral administration, the situation for critically ill patients is very similar to that 
of healthy individuals, with a high fi rst-pass elimination [ 14 ]. So the effect of enteral glutamine supple-
mentation on plasma glutamine levels is marginal in the critically ill [ 41 ]. Still the upper part of the 
gastrointestinal tract and the liver, where the extraction corresponding to the fi rst- pass elimination takes 
place, may benefi t from glutamine supplementation even if the plasma concentrations is unaltered. 
There are reports of benefi cial effect of enteral glutamine supplementation to clinically ill subjects [ 42 , 
 43 ], but in general the results of enteral administration are inconsistent as compared to the results 
reported when glutamine supplementation is given by the intravenous route [ 44 ].  

 Glutamine supplementation is reported to be benefi cial to critically ill patients only by parenteral 
route and in combination with parenteral nutrition [ 44 ,  45 ]. The benefi cial effect of parenteral admin-
istration of glutamine may be attributed to the elevation or normalization of plasma glutamine concen-
tration by that route of administration. The benefi cial effect being confi ned only to patients on 
parenteral nutrition is more diffi cult to understand mechanistically. Does it correspond to that the 
intestinal tract is depleted by the absence of enteral glutamine, or does it relate to that patients on 
parenteral nutrition are in general more sick, or at least more glutamine depleted? 

 Until now outcome studies of glutamine supplementation in critically ill patients are designed to fi t 
a pharmaco-nutritional perspective than a depletion perspective. Patients are given supplementation 
as a standard dose [ 46 ] or in relation to body size [ 24 ,  47 ,  48 ], with little concern for the actual plasma 
concentration. The relation between pretreatment level, the dose given, and the level during treatment 
have so far not been recorded in any major study. At least with intravenous administration the plasma 
glutamine concentration is related to the dose given [ 22 ,  31 ]. A dose-response relationship of clinical 
or outcome parameters related to glutamine depletion is therefore possible. Such a dose-response 
relationship should also be considered if glutamine overdosing is associated with toxic effects. The 
association between a high plasma glutamine concentration at ICU admittance and unfavorable out-
comes, may not be a direct relation, but rather a signal of an inability to clear glutamine from the 
plasma compartment is cases of metabolic susceptibility. If so, it is the inability to deal with nitrogen 

  Fig. 11.5    Data from Clemmensen et al. [ 26 ], illustrating plasma glutamine concentration in patients with different types 
of liver insuffi ciency. Chronic liver insuffi ciency, whether compensated or not, is accompanied by a normal plasma 
glutamine concentration, while acute fulminant liver insuffi ciency may be accompanied by a very high plasma gluta-
mine concentration. The normal interval of glutamine concentration (500–800 μmol/L) is indicated by the hatched lines       
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overloading in general, rather than glutamine specifi cally that is the problem. This is clearly a fi eld 
where more mechanistic research is desperately needed. This is particularly true as the larger multi-
center study over combined enteral and parenteral glutamine supplementation demonstrated a mortal-
ity disadvantage when a large dose of glutamine dipeptide was given early in critical illness separated 
from nutrition [ 24 ]. The study result may be most relevant in patients with  > 3 organ failures, as the 
treatment groups turned out not to be comparable for these high-risk patients. Therefore, if the ele-
vated mortality risk reported is relevant for patients outside this limited patient population is not clear, 
but the fi nding is alarming and it motivates mechanistic studies to settle the background to the detri-
mental effect in that particular study. 

 In general the major criticism of the available studies of glutamine supplementation in the critically 
ill, is the absence of characterization of the glutamine status of the individual patients, not even by an 
admission value of plasma glutamine concentration. Without a characterization of glutamine status, 
the supplementation with glutamine is totally blind without knowledge of if a possible depletion is at 
hand or if so, if the dosage given is adequate. The historical pilot studies are excused, but more in 
recent well-sponsored studies omitting this basic information are more diffi cult to comprehend. 
Future studies over exogenous glutamine supplementation should be seriously advised to include 
characterization of glutamine status as part the protocol.  

    Plasma Glutamine Concentration and Glutamine Defi ciency 

 Still the question remains if restoration of the glutamine plasma level to normal should be the target 
of exogenous glutamine supplementation? Or is the association between admission plasma glutamine 
level and outcomes just an epiphenomenon? To answer these questions a number of studies in criti-
cally ill patients are needed. The endogenous production of glutamine should be better characterized, 
as well as the relation between feeding, plasma glutamine concentration, and glutamine de novo syn-
thesis [ 49 ,  50 ].  

    Conclusions 

 Plasma glutamine concentration mirrors a number of metabolic events. Today the glutamine level is 
usually not available in routine hospital chemistry. With a better understanding of the underlying 
mechanisms behind the plasma glutamine concentration, this may become a valuable tool to evaluate 
nutritional status, metabolic status, and the risk for an unfavorable outcome in metabolic stress and in 
critical illness.     
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   Key Points 

•     Glutamine is an essential substrate for several key metabolic pathways.  
•   Glutamine supplementation is able to modulate the infl ammatory and immune response after injury.  
•   Glutamine effectively protects the gut function during critical illness.  
•   Glutamine plays a crucial role in attenuating the oxidative stress.  
•   The effect of glutamine on clinically relevant outcomes in both elective surgical patients and critically 

ill patients is under intensive investigation.  
•   The results of recent randomized clinical trials in intensive care patients with shock and multiple 

organ dysfunction suggest no benefi t or even harm of high dose of glutamine supplementation.  
•   Additional trials are needed to investigate dose-fi nding and the effect of glutamine in more defi ned 

patient populations.    
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  GSH    Glutathione   
  iNOS    Inducible nitric oxide synthase   
  SOFA    Sequential organ failure assessment   

       Introduction 

 There are clear and suffi cient evidences from preclinical and clinical studies showing that glutamine 
(GLN) plays a key role of in several metabolic pathways. In fact, GLN has been recognized as an 
essential substrate for the appropriate function of many organs (Table  12.1 ) and the principal meta-
bolic fuel for rapidly dividing cells, such as macrophages, fi broblasts, lymphocytes, and enterocytes. 
In general, GLN is essential for cell metabolism because it is able to modulate gluconeogenesis, lipo-
genesis, and anabolic processes; to preserve mitochondrial ATP levels; and to attenuate the activation 
of inducible nitric oxide synthase (iNOS) following ischemia, trauma, and sepsis. Although GLN is 
classifi ed as a nonessential amino acid and is synthesized de novo, for the above reasons it is com-
monly described as conditionally essential amino acid in critical and catabolic states [ 1 ].

   Major surgery can be considered as a controlled or a limited trauma and therefore it may induce 
infl ammation and catabolism with a subsequent fl ux of endogenous glutamine from muscles to other 
tissues/organs with rapid cell turnover and metabolism. In catabolic states and during hyperinfl amma-
tion, despite a signifi cant release of GLN from the muscles, its plasma levels decrease during critical 
illness and this relative defi ciency has been recently associated with increased mortality in intensive 
care units (ICU) [ 2 ] (Fig.  12.1 ). Thus, exogenous glutamine supplementation might be important in 
such stress to maintain a stable tissue and plasma pool. Theoretically, this should to be associated with 
a better immune response, an increased protein synthesis, an improved nitrogen balance, a preserved 
gut barrier structure and function, an enhanced wound healing, a reduced oxidative stress, and a better 
glucose metabolism.  

 The core mechanisms of action of GLN are summarized in Table  12.2 . For these protective effects 
on the host metabolism, immune mechanisms and tissue integrity GLN has been considered as one of 
the most important and essential pharmaconutrients with immunomodulating properties.

   Table 12.1    Protective effect of GLN in different organs   

  Lung:  
 – Major source of energy for endothelial cells 
 – May protect epithelial cells against endotoxin/oxidant-related injury 
 – Enhances heat shock protein expression post-stress 
 – Preserves cell metabolism following endotoxin injury 

  Heart:  
 – Major source of energy (via glutamate) for cardiomyocytes 
 – Protect cardiomyocyte against ischemia-related injury 
 – Enhances heat shock protein expression post-stress 

  Liver:  
 – Supports hepatocyte glutathione biosynthesis 
 – Regulator of ammonia metabolism 

  Gastrointestinal tract:  
 – Major source of energy for enterocytes 
 – Supports nucleotide biosynthesis 
 – May protect epithelial cells against endotoxin/oxidant-related injury 

  Kidney:  
 – Regulator of acid/base balance 
 – Regulator of ammonia metabolism 
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   In critically ill subjects, multiple organ dysfunction syndrome (MODS) is often the ultimate cause 
of death [ 3 ]. MODS may be the result of tissue injury, hypoperfusion and reperfusion, oxidative dam-
age, systemic uncontrolled and excessive infl ammation, and hypermetabolism, but severe sepsis is by 
far the most common trigger and in the USA sepsis-related mortality is similar to the one for acute 
myocardial infarction [ 4 ]. 

 Limited therapeutic options are available to prevent MODS and mortality after the onset of sepsis. 
Using the body innate stress substrates as a pharmaconutritional intervention to induce endogenous 
protective pathways may be a promising candidate for the treatment of such conditions. Induction or 
preservation of these vital stress response pathways via substrates, such as GLN, might be able to pre-
vent MODS and, ultimately, mortality in ICU patients. Thus, GLN has been proposed as a life- saving 
nutrient in critical conditions as part of an appropriate and optimized nutritional support [ 5 ].  

    Glutamine and Elective Surgery 

 The pathophysiology of postoperative complications is multifactorial with several well-documented 
risk factors involved. A preexisting state of malnutrition is only one of the important causes for the 
development of surgery-related morbidity. In fact, patients with a normal nutritional status may experi-
ence frequent and severe complications after major abdominal surgery. Perioperative supplementation 
of key nutritional substrates, with specifi c metabolic and immunologic effects, can improve surgical 
outcome independently from the baseline nutritional status [ 6 ,  7 ]. This suggests that the provision of 
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  Fig. 12.1    Correlation 
between GLN plasma levels 
at ICU admission and 
outcome. Modifi ed from 
Oudemans-van Straaten HM, 
et al. [ 2 ]       

   Table 12.2    The core mechanisms of action of GLN   

 – Maintenance of intestinal integrity and function with reduced bacterial translocation 
 – Preservation of the cellular redox state as a precursor of endogenous antioxidants (glutathione), protecting from 

the harmful effects of free radicals 
 – Enhancement of the expression of heat-shock proteins reducing cellular apoptosis and infl ammation 
 – Modulation of the synthesis of proinfl ammatory cytokines 
 – Enhancement of the monocyte, lymphocyte, and macrophages function 
 – Reduction of urinary nitrogen loss with improved protein synthesis 
 – Improvement of wound healing by fi broblast stimulation 
 – Decrease of hyperglycemia by enhanced tissue insulin sensitivity 
 – Attenuation of inducible nitric oxide synthase (iNOS) following sepsis and ischemia/reperfusion injury 
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such substrates may achieve protective effects that should be ascribed more to pharmacological activity 
than nutritional repletion. 

 In elective surgical patients the effects of GLN has been tested as a dipeptide (alanine-glutamine) 
infused parenterally with a dose ranging from 0.27 to 1 g/kg/day.

    1.     Safety profi le  
 None of the trials evaluating the safety profi le of GLN supplementation in elective surgery [ 8 – 14 ] 
showed major treatment-related harmful effects except for very few episodes of allergy with cuta-
neous rush during infusion and moderate alteration of renal and hepatic function with dose exceeding 
1 g/kg/day.   

   2.     Nitrogen balance and glutamine plasma levels  
 Unpublished data from our group showing a reduced but transitory postsurgical urinary nitrogen 
loss (Fig.  12.2 ) after GLN supplementation, confi rm what reported in several others clinical trials. 
This effect of protein metabolism was partially associated with an increased GLN plasma levels 
(Fig.  12.3 ). The positive nitrogen balance should not be considered exclusively as the result of a 
higher dose of amino acids because similar fi ndings were obtained when isonitrogenous solutions 
were compared. These observations confi rm GLN as an important nitrogen donor for anabolic 
processes.     

   3.     GLN supplementation and immune function/infl ammatory response  
 Several randomized controlled trials (RCTs) focused their attention on the potential role of GLN 
infusion on the alterations of the immune response related to surgery.     
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  Fig. 12.2    Urinary nitrogen 
loss in patients receiving 
parenteral GLN (0.4 g/kg/
day) and undergoing major 
elective abdominal surgery 
for cancer. Dotted line: 
control group. Continuous 
line: GLN group. POD: 
postoperative day       

  Fig. 12.3    Plasma GLN 
levels in patients undergoing 
major elective abdominal 
surgery for cancer and 
receiving perioperative GLN 
supplementation (0.4 g/kg/
day). -1 : baseline value. 0: 
day of surgery. 1–5: days 
after surgery       
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 Asprer and colleagues [ 15 ] evaluated the impact of GLN supplementation, provided exclu-
sively during the preoperative period in a group of malnourished patients undergoing major 
gastrointestinal surgery. The parenteral administration of GLN for 5 days resulted in a signifi -
cant increase of lymphocyte, granulocyte, and total white blood cell counts when compared with 
nonsupplemented patients. This effect rapidly disappeared in the postoperative period when 
GLN supplementation was stopped. 

 When given postoperatively, GLN enriched total parenteral nutrition (TPN) was associated 
with a signifi cant better recovery of total lymphocyte count than after infusion of a standard TPN 
in both gastrointestinal and vascular surgery [ 8 ,  16 ]. These results were not confi rmed measuring 
the total number of white blood cells [ 8 ,  13 ,  14 ,  17 ], suggesting that GLN supplementation pre-
dominantly infl uenced lymphocytes metabolism, through increased T- and B-cell mitogen 
responses. 

 Lymphocyte subpopulations were also investigated. The total number and proportion of circu-
lating T-lymphocytes were upregulated in the postoperative period in supplemented patients but no 
effect was reported in subject undergoing standard treatment [ 10 ,  16 ]. Moreover, O’Riordain and 
colleagues [ 18 ] evaluated T-cell activity by the ex vivo determination of T-cells DNA synthesis in 
patients candidate to colorectal resection. They observed a signifi cant increase of this parameter in 
patients who received postoperative GLN-supplemented TPN compared to standard formulas. 

 A positive impact of GLN supplementation on postoperative CD4, CD8, and NK cells plasma 
levels and proportion was observed in patients undergoing major vascular surgery [ 16 ] but there 
data were not confi rmed by other studies enrolling patients who underwent other types of abdomi-
nal operations [ 13 ,  19 ,  20 ]. 

 The potential immunomodulatory effects of GLN administration on infl ammatory cytokine 
production and release have been also investigated. Most of the trial evaluating cytokine levels did 
not found a signifi cant difference in postoperative IL-2, IL-6, IL-8, IL-10, and TNF-alpha 
(Table  12.3 ). Moreover, also the constitutive expression of the TNF-receptors I and II was not 
affected by GLN supplementation [ 19 ].

   Reduced HLA-DR expression on monocytes is considered as a surrogate of postoperative 
immunosuppression. Two different clinical trials [ 9 ,  19 ] demonstrated that GLN supplementation 
induced a better preservation of HLA-DR monocyte expression after surgery than in control 
groups. 
 The effects of GLN on host defense mechanisms are summarized in Table  12.3 .

    4.     GLN supplementation and oxidative stress  
 Fan et al. [ 20 ] evaluated, in patients undergoing elective abdominal surgery, the impact of GLN 
supplementation on oxidative stress induced by surgical trauma. They observed in supplemented 
patients a trend toward a lower reduction of postoperative glutathione levels in plasma and in red 
blood cells and a signifi cantly higher ratio of glutathione/glutathione disulfi de than in control 
patients. These data suggested that GLN infusion was associated to a better preservation of antioxidant 
capacity in the postoperative period.   

   5.     GLN supplementation and intestinal permeability  
 Gut integrity and barrier function are considered crucial in the postoperative period to minimize 
bacterial translocation and subsequent infections. Jiang and colleagues [ 17 ] evaluated GLN 
supplementation on intestinal permeability in patients candidate to elective gastrointestinal surgery. 
Permeability was estimated by the lactulose/mannitol ratio. A signifi cant improvement of gut 
barrier function was observed in patients receiving GLN supplementation than in controls.    

  Another trial [ 13 ] evaluated postoperative D-xylose extraction by the intestine, as a surrogate 
marker of gut function. This was tested in patients requiring post-surgical intensive care. The 2-h 
serum D-xylose concentration was found signifi cantly below the normal range in all patients suggesting 
a dysfunction of the intestinal mucosa. However, the 2-h serum D-xylose concentration was 
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signifi cantly higher in GLN-supplemented patients than in controls suggesting that GLN may be used 
by enterocytes during acute conditions. 

    GLN Supplementation and Clinically Relevant Outcomes 

 In major elective surgery the impact of GLN supplementation on postoperative outcome has been 
investigated in several RCTs (Table  12.4 ) and only three of them [ 9 ,  26 ,  27 ] reported a signifi cant 
reduction in infectious morbidity in patients receiving GLN supplementation. Two of these trials 
[ 9 ,  26 ] compared patients candidate to heterogeneous gastrointestinal operations and randomized to 
receive postoperative GLN-supplemented TPN (GLN-dipeptide 0.4 g/kg/day) or standard TPN. Oguz 
et al. [ 27 ] reported similar results in patients with colorectal cancer who receive an high periopera-
tively dose of GLN-dipeptide (1 g/kg/day) in combination with enteral nutrition.

   Estivariz et al., [ 13 ] evaluated the impact of postoperative GLN infusion in patients candidate to quite 
heterogeneous elective surgical procedures (cardiac, vascular, colonic, and pancreatic surgery) requir-
ing TPN and a postoperative surgical ICU stay. Although no signifi cant difference in postoperative 
infection rates was observed comparing GLN to control treatment, a reduction in infectious morbidity 
was detected in the subgroup of patients who underwent non-pancreatic surgical procedures. The other 
trials evaluating infectious morbidity as an end-point did not showed any signifi cant difference between 
GLN-supplemented and controls groups, although a trend toward a reduction in infectious rate has 
been observed in many cases. 

 A multicenter trial [ 28 ] designed to test the effect of parenteral GLN supplementation enrolled 
subjects with preoperative weight loss less that 10 %. All patients had gastrointestinal cancer and 

    Table 12.3    Effects of GLN on immune parameters in elective surgical patients   

 Author  Parameters 

 O’Riordain [ 6 ]  ↑ T cells function; = IL-2, IL-6, TNF 
 Morlion [ 7 ]  ↑Lymphocyte recovery, ↑generation of cysteinil-leukotrienes from PMNs 
 Jacobi [ 8 ]  ↑ HLA-DR-monocytes, = CD3, CD4, CD8, IL-6 reduction, IL-10 
 Jiang [ 9 ]  = WBCs 
 Mertes [ 10 ]  = TNF-alfa, IL-6 
 Karwowska [ 11 ]  ↑ WBCs, lymphocytes, CD3, CD4, CD19, CD8, NK, IgA, Ig G 
 Neri [ 12 ]  = lymphocytes 
 Spittler [ 13 ]  ↑ HLA-DR-monocytes; =lymhpocytes, CD3, CD4, CD8, CD4/CD8 ratio, activated T- and 

T-helper cells, CD19, cytotoxic T-cells and NK-cells, TNF-alfa, IL-6, TNF-receptors I and II 
 Lin [ 14 ]  ↑ CD3, CD4; = lymphocytes, CD8 
 Exner [ 15 ]  ↑ TNF-alfa; =HLA-DR-monocytes 
 Klek [ 16 ]  = lymphocytes 
 Yao [ 17 ]  ↑ soluble CD14; = WBCs 
 Jo [ 18 ]  =lymhpocytes 
 Estevariz [ 20 ]  =CD3,CD4,CD8 
 Asprer [ 21 ]  ↑WBCs, granulocytes, lymphocytes 
 Engel [ 22 ]  =IL-1, IL-6, IL-8,TNF-alfa 
 Fan [ 23 ]  =lymphocytes, IgA, IgG, IgM, CD4, CD8, CD4/CD8 ratio 
 Marton [ 25 ]  =TNF-alfa, IL-6, IL-8, procalcitonin 
 Lu [ 26 ]  ↑ IL-6; = WBCs, lymphocytes, TNF-alfa, IL-10 

  ↑ Increased in GLN-supplemented patients compared to controls 
 = No differences between groups 
 WBCs: white blood cells; IL: interleukin; TNF: tumor necrosis factor, Ig: immunoglobulin; PMNs: polymorphonuclear cells  
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were candidate to major surgical procedure. Glutamine infusion begun the day before operation and 
continued postoperatively for at least 5 days with a dose of 0.4 g/kg/day. No postoperative artifi cial 
nutrition (AN) was allowed unless patients could not adequately eat by day 7. The results showed that 
the mean percent of weight loss was 1.4 in controls and GLN group. Overall postoperative complica-
tion rate was 34.9 % (74/212) in GLN and 32.9 % (71/216) in control group ( p  = 0.65). Infectious 
morbidity was 19.3 % (41/212) in GLN group and 17.1 % (37/216) in controls ( p  = 0.55). The rate of 
major complications was 7.5 % (16/212) in GLN group and 7.9 % (17/216) in controls ( p  = 0.90). The 
rate of patients requiring postoperative AN was 13.2 % (28/212) in GLN group and 12.0 % (26/216) 
in controls ( p  = 0.71). 

 In this study it was not used an isonitrogenous regimen in the control group because it was previously 
shown that intravenous infusion of amino acid solutions (protein sparing therapy) was not superior to 
conventional fl uid therapy in well-nourished patients undergoing major abdominal surgery. 

 This was the only trial with a statistical adequate power to detect outcome differences between treated 
and control group and did no show any advantage of GLN supplementation in this type of surgical 
patients, but it leaves an open issue about glutamine supplementation in patients with severe weight loss 
and high risk of surgical morbidity. They should represent cohorts with more elevated glutamine demand, 
increased glutamine metabolism, and/or baseline defi cits. Moreover, a possible treatment underdosing 

    Table 12.4    Randomized controlled trials in elective surgery   

 Study  Year 
 Number 
of patients  Nutritional status 

 Type of 
surgery 

 GLN 
dipeptide 
dose 
(g/kg/day) 

 Morbidity 
(GLN vs. 
control) 

 LOS 
(GLN vs. 
control) 

 O’Riordain [ 18 ]  1994  22  Undefi ned  Colorectal  0.27  No difference  NR 
 Morlion [ 8 ]  1998  28  Undefi ned  Colorectal  0.3  NR  Reduced 
 Jacobi [ 9 ]  1999  34  Undefi ned  Upper GI  0.4  Reduced 
 Jiang [ 17 ]  1999  60  Undefi ned  Mixed GI  0.5  No difference  Reduced 
 Mertes [ 21 ]  2000  50  Undefi ned  Mixed GI and 

vascular 
 0.5  NR  Reduced 

 Karwowska 
[ 16 ] 

 2001  30  Well-nourished  Vascular  0.3  NR  Reduced 

 Neri [ 22 ]  2001  33  Undefi ned  Mixed GI  0.3  NR  Reduced 
 Spittler [ 19 ]  2001  30  Undefi ned  Mixed GI  0.74  NR  No difference 
 Lin [ 10 ]  2002  48  Undefi ned  Mixed GI  0.42  No difference  NR 
 Exner [ 23 ]  2003  45  Undefi ned  Mixed GI  0.5  No difference  No difference 
 Klek [ 11 ]  2005  105  Well-nourished  Gastric  0.4  No difference  Reduced 
 Yao [ 12 ]  2005  40  Well-nourished  Mixed GI  0.5  No difference  Reduced 
 Jo [ 24 ]  2006  60  Well-nourished and 

malnourished 
 Pancreatic  0.3  No difference  No difference 

 Oguz [ 27 ]  2007  109  Undefi ned  Colorectal  1  Reduced  Reduced 
 Estevariz [ 13 ]  2008  63  Undefi ned  Cardiac, 

vascular, 
pancreatic, 
colonic 
surgery 

 0.5  No difference  No difference 

 Asprer [ 15 ]  2009  34  Malnourished  Mixed GI  0.3  No difference  NR 
 Engel [ 14 ]  2009  78  Undefi ned  Cardiac  0.74  No difference  No difference 
 Fan [ 20 ]  2009  40  Undefi ned  Mixed GI  0.2  No difference  No difference 
 Gianotti [ 28 ]  2009  428  Well-nourished  Mixed GI  0.4  No difference  No difference 
 Marton [ 25 ]  2010  55  Well-nourished and 

malnourished 
 Esophageal  0.5  No difference  No difference 

 Lu [ 26 ]  2011  50  Undefi ned  Mixed GI  0.45  Reduced  NR 

  GLN: glutamine; LOS: length of hospital stay; NR: not reported; GI: Gastrointestinal  
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could be hypothesized, although the selected dose (0.4 g/kg/day) was chosen on previous publications 
showing an optimal clinical effect when GLN was given at a dose higher than 0.3 g/kg/day. Another 
possible explanation for the results is the insuffi cient preoperative GLN loading to obtain adequate tissue 
and plasma levels at time of surgical trauma and in the postoperative course. 

 The impact of GLN supplementation on length of stay (LOS) was evaluated in several trials with 
contrasting results (Table  12.4 ). LOS in surgical patient is usually directly correlated with outcome 
since duration of hospitalization is strongly dependent from morbidity rate. Therefore, LOS should be 
considered as a secondary or surrogate end-point of clinical studies unless the discharge criteria are 
well defi ned and a priori stated. The variability reported across trials on the effect of GLN supplemen-
tation on LOS should be attributed to the lack of defi nition of discharge criteria. 

 No difference in death rates has been also observed in evaluated trials, but in general mortality 
should not be an end-point of elective surgery for the very low incidence. 

 The RCTs published so far evaluating GLN supplementation, with few exceptions, suffer several 
important methodological limitations such as lack of sample size calculation, blindness, a priori defi -
nition of complications, intention-to-treat analysis, subgroup and post hoc analysis, statistical under-
power, nonhomogeneous patient cohorts, and use of TPN without recognized indications. The latter, 
in particular, may have altered the results because it is well documented that the inappropriate use of 
TPN particularly in well-nourished or mild-undernourished patients is associated with increased 
postoperative morbidity.   

    Glutamine and Critical Illness 

    The Potential Benefi cial Effects of GLN 

 When given enterally GLN should be active mainly on the gut mucosal layer and subsequently on the 
barrier function which plays a critical role in the host protection since an increase in intestinal perme-
ability may contribute to the occurrence of systemic infections through the process of bacterial trans-
location [ 29 ]. Translocation is a rather complex event and it is regulated by several mechanisms 
including the balance between cell proliferation and apoptosis, luminal bacterial and toxin load, and 
ability of the host to clear translocating microorganisms. GLN is the preferential substrate for the 
enterocytes and intestinal immune cells and is able to decrease cell apoptosis and activate local host 
defence mechanisms. 

 When given systemically, GLN is able to enhance immune response, protect tissues against 
oxidative stress and toxic agents or pathologic insults by increasing glutathione (GSH) production and 

  Fig. 12.4    Overlapping protective mechanisms of GLN when given enterally or parenterally       
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enhancing heat shock protein (HSP) expression. These proteins function as intracellular chaperones for 
other proteins, mediating functions such as folding and conformation. 

 Some of the protective mechanisms of GLN given enterally or parenterally have common charac-
teristics (Fig.  12.4 ).   

    Mechanisms by Which Glutamine Should Improve Outcome 

     1.     Tissue protection  
 Wischmeyer et al. [ 30 ] tested intravenous GLN (0.75 g/kg/day) in an experimental model of sepsis. 
They found enhanced lung tissue heat-shock protein HSP-70, HSP 25, and serum HSP-70 expres-
sion leading to prevention of ARDS and consequently mortality. 

 A double blind RCT conducted by Ziegler and colleagues [ 31 ] conducted in ICU patients and 
requiring TPN for more than 5 days, showed that in the group receiving GLN-dipeptide (0.5 g/kg/day) 
the serum HSP-70 expression was signifi cantly increased compared to an isonitrogenous control 
group and ICU stay was decreased. This study demonstrated GLN as the fi rst nontoxic, clinically 
relevant enhancer of HSP-70 expression in critically ill patients.   

   2.     Anti-infl ammatory effect  
 Despite a large body of evidences from experimental studies, there are quite few data from human 
trials regarding an active role of GLN in modulation the infl ammatory response. 

 Andreasen et al. [ 32 ] conducted an elegant study in healthy volunteers, injected with  E. coli  
endotoxin to test the role of GLN supplementation on immune and infl ammatory markers. 

 Their fi ndings showed that plasma GLN increased during GLN infusion. Endotoxin reduced 
plasma GLN, but plasma GLN levels remained above baseline with GLN supplementation. 
Endotoxin injection was associated with alterations in white blood cell and differential counts, 
tumour necrosis factor-α, IL-6, cortisol, temperature, and heart rate, but GLN affected neither the 
endotoxin-induced change in these variables nor the expression of HSP-70 in peripheral circulat-
ing monocytes. They concluded that endotoxin reduced plasma GLN independently of GLN infu-
sion, but supplementation allowed plasma levels to be maintained above baseline. GLN altered 
neither endotoxin-induced systemic infl ammation nor early expression of HSP.   

   3.     Prevention of gut failure  
 De Souza’s [ 33 ] recent meta-analysis showed an improved gut function in acute patients receiving 
GLN supplementation. Other investigators [ 34 ,  35 ] demonstrated that GLN prevented the injury-
related increase of intestinal permeability. Before starting and after 2 weeks of GLN- enriched TPN 
vs. standard TPN mucosal biopsy specimens were taken from the second part of the duodenum. 
The urine concentrations of lactulose/mannitol ratio were used to measure intestinal permeability. 
After 2 weeks of GLN enriched TPN, intestinal permeability was unchanged, whereas permeability 
in the standard TPN group increased. This well correlated with a decrease of the intestinal villus 
height observed in controls.   

   4.     Preservation of glucose metabolism and insulin sensitivity  
 In vitro and in vivo studies showed that GLN is one of the most effective substrates for gluconeo-
genesis particularly in the kidney and liver. Infusion of large amounts of GLN (28 g over 4 h) 
resulted in threefold increased plasma GLN concentrations and a sevenfold increase in glucose 
formation without changes in plasma insulin and glucagon levels [ 36 ]. These results provided 
evidence in humans that glutamine may act both as a substrate as well as a modulator of glucose 
metabolism. The glucose-lowering effect of GLN may be in relation to its known effect on fat 
metabolism such as inhibition of fatty acid oxidation, lipolysis and attenuation of insulin resistance 
induced by fat. 

 Moreover, GLN is known to enhance the release of insulin by the pancreatic beta cells. 
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 Clinical trials in critically ill patients, but also in elective surgery (Fig.  12.5 ; personal unpub-
lished data) reported a signifi cant better control of hyperglycemia due to an improved insulin 
sensitivity and signalling in liver and muscle and a reduced insulin resistance in patients receiving 
GLN supplementation [ 37 ,  38 ].  

 The key role of prevention of excessive blood glucose levels on survival in ICU patients has 
been demonstrated in many high quality trials [ 39 ] and optimal glucose control by mean of insulin 
treatment has become a routine practice worldwide.   

   5.     Antioxidant activity  
 GLN is an important precursor of glutathione, a vital intracellular antioxidant molecule that 
 protects tissues from free radical injury via detoxifi cation of active species and/or repair of injury, and 
plays an important role in the metabolism of drugs and endogenous substances. GLN appears to be 
important also for the regeneration of glutathione stores because glutamate is poorly transported into 
cells and GLN is effi ciently transported across the cell membrane and in the mitochondria to produce 
glutamate and ammonia and to attenuate iNOS expression. Induction of high-output of iNOS usually 
occurs in an oxidative environment, and thus high levels of nitric oxide have the opportunity to react 
with superoxide leading to peroxynitrite formation and cell toxicity. These properties may defi ne the 
role of iNOS in host immunity, enabling its participation in anti- microbial and anti-tumor activities 
as part of the oxidative burst of macrophages, but on the other hand it may cause self-tissue damage, 
increased oxygen radical production, and eventually organ dysfunction.      

    Effect of GLN on Clinically Relevant Outcomes 

 Novak and colleagues [ 40 ] in 2002 performed a comprehensive review of all published trials of GLN 
therapy. They reported no statistical signifi cant differences between treated and control groups but 
there were some important trends in subgroup analyses. With respect to mortality, the treatment 
benefi t was observed in studies of parenteral glutamine (RR, 0.71; 95 % CI, 0.51–0.99) compared 
with trials using enteral glutamine (RR, 1.08; 95 % CI, 0.57–2.01) and with an high-dose of glutamine 
(RR, 0.73; 95 % CI, 0.53–1.00) versus a low-dose glutamine (RR, 1.02; 95 % CI, 0.52–2.00). A more 
recent meta-analysis [ 41 ] including 40 trials did not confi rmed the protective effect of GLN on mor-
tality while a benefi t of GLN supplementation was reported for LOS and infection rates. 

 From these meta-analyses it is diffi cult to appreciate the relative weight and the value of single stud-
ies design and methodology. Therefore, it is essential to highlight the characteristics of the most 

  Fig. 12.5    Improved blood 
glucose control in patients 
receiving parenteral GLN 
(0.4 g/kg/day) and undergo-
ing major elective abdominal 
surgery for cancer. Dotted 
line: control group. 
Continuous line: GLN group. 
POD: postoperative day       
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relevant trials to better understand the potential effect of GLN supplementation in critically ill subjects. 
The consequence of GLN infusion in trauma patients is described in details in another chapter. 

 Goeters and al [ 42 ]. in 2002 randomized 144 critically ill patients and looked at the effect of paren-
teral GLN on 6-month outcome in critically ill patients. Ninety-fi ve patients were treated for 5 or more 
days and 68 patients for 9 or more days under standardized conditions. In the treatment group, plasma 
glutamine concentrations signifi cantly increased within 6–9 days, resulting in a signifi cant improvement 
of 6-month survival for patients treated the longer period (66.7 % vs. 40 %, control group). 

 An effect of GLN in reducing infections was also reported by Griffi ths et al. [ 43 ]. They randomized 
84 ICU patients to receive glutamine-supplemented TPN or standard TPN. Their conclusions were 
that parenteral nutrition containing glutamine could not reduce the overall incidence of intensive care 
acquired infections, but it could reduce the risk of dying from acquired infections. Moreover patients 
receiving GLN showed signifi cantly fewer catheter related infections and developed fewer Candida 
infections. The improved survival seen at 6 months in the GLN supplemented group appeared mostly 
related to the reduced mortality in the intensive care unit from multiple organ failure. 

 More recently, Déchelotte et al. [ 37 ] randomized 114 ICU patients admitted for multiple trauma, 
complicated surgery, or pancreatitis to receive isocaloric isonitrogenous TPN providing 37.5 kcal/kg/
day and 1.5 g amino acids/kg/day supplemented with either GLN dipeptide (0.5 g/kg/day,  n  = 58) or an 
isonitrogenous GLN-free dipeptide (control group,  n  = 56) over at least 5 days. Their major fi nding was 
that TPN supplemented with GLN dipeptide in ICU patients was associated with a signifi cant reduction 
of the rate of infections and a better glucose tolerance. This study raises again the issue of the potential 
detrimental effect of overfeeding. The patients were fed parenterally with a very high caloric load. 
Therefore it is unclear if the benefi cial effect on outcome is the results of the true mechanisms of action 
GLN or in contrast GLN just mitigated the detrimental effect of parenteral overfeeding. 

 Conejero et al. [ 44 ] studied the effect of a GLN enriched enteral diet in a randomized, single 
blind, multicenter trial including 84 patients with systemic infl ammatory response syndrome of any 
etiology. The number of infected patients was signifi cantly lower in the glutamine group than in the 
control group, with a relative risk of 0.5 (95 % confi dence interval: 0.3–0.9). The most frequent 
infection was nosocomial pneumonia, with 33 % of patients in the control group and 14 % in the 
glutamine group. There were no differences with respect to other infections, mortality, or length of 
stay. The study was interrupted earlier than planned because the infection rate in the control group 
was signifi cantly higher than in the GLN supplemented group. 

 Hall et al. [ 45 ] in a single-blind, monocenter trial, investigated 363 ICU patients requiring mechan-
ical ventilation and with a median APACHE II score of 14 at admission. One group of patients received 
19 g of enteral GLN per day in addition to standard enteral feeding and the controls received no GLN 
supplementation. The outcomes were similar in the two groups: death within 6 months was 15 % in 
the glutamine group vs. 16 % in controls; ( p  = 0.75; relative risk: 0.95 (95 % confi dence interval: 
0.71–1.28): Severe sepsis rate was 21 % in the glutamine group vs. 23 % in the control group ( p  = 0.62; 
relative risk: 0.94 (95 % confi dence interval: 0.72–1.22). There was also no discernable difference in 
the secondary outcomes relating to infections, febrile period, antimicrobial therapy, and consumption 
of inotropes. 

 Andrews and colleagues [ 46 ] investigated in a large multicenter Scottish trial, adult patients admit-
ted in high dependency units for more than 48 h, with gastrointestinal failure and requiring parenteral 
nutrition. Treatment was parenteral glutamine (20.2 g/day) for up to 7 days. There was no overall effect 
of glutamine on new infections (134/250 vs. 131/252, odds ratio: 1.07; 95 % confi dential interval: 
0.75–1.53), even if patients received more than 5 days of supplementation (odds ratio: 0.99; 95 % con-
fi dential interval 0.56–1.75). Six-month mortality was not signifi cantly different (115/250 in GLN vs. 
106/252 in controls; odds ratio: 1.18; 95 % confi dential interval: 0.82–1.70), but there was a nonsignifi -
cant trend toward an increased 3-month mortality in the supplemented group (44 %) vs. controls 
(36 %). Also, length of stay, days of antibiotic use, and modifi ed sequential organ failure assessment 
(SOFA) score were not signifi cantly affected by glutamine supplementation. 
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 In 413 ICU patients, Wernerman et al. [ 47 ] investigated by a multicenter, double-blinded ran-
domized, pragmatic clinical trial the effects of parenteral GLN supplementation on sequential organ 
failure scores and mortality. Inclusion criteria were the following: ICU patients nourished enterally 
or parenterally, APACHE score greater than 10. Subjects were included within 72 h after ICU 
admission. Acute mortality (during ICU stay) was signifi cantly lower in the treatment arm but 
6-month mortality was unchanged. The SOFA scores during ICU stay revealed no difference 
between the two groups. 

 The results of the most recent multicenter study by Heyland et al. [ 48 ] published in April 2013 with 
the largest randomized series of critically ill patients are somehow surprising given the data from 
previous large RCTs. Critically ill adults collected in 40 ICUs in Canada, the USA, and Europe who 
had multiorgan failure and were receiving mechanical ventilation underwent a GLN supplementation 
( n  = 303) or placebo ( n  = 302). GLN dipeptide was given both parenterally (0.5 g/kg/day) and enterally 
(42.5 g/day) within 24 h after ICU admission. The groups were comparable for demographic data, 
medical diagnoses, timing and dosage of artifi cial nutrition, and ICU treatment. 

 The majority of the patients had septic shock, a very high APACHE score and about on third of 
them had renal dysfunction at enrolment in the study. A trend toward increased mortality was found 
at 28 days among patients who received GLN as compared with those who did not receive it (32.4 % 
vs. 27.2 %;  p  = 0.05). In-hospital mortality and mortality at 6 months were signifi cantly higher among 
those who received glutamine than among those who did not. Glutamine had also no effect on rates of 
organ failure or infectious complications. The authors concluded that an early provision of glutamine 
did not improve clinical outcomes, but rather glutamine was associated with an increase in mortality 
among critically ill patients with multiorgan failure. 

 Heyland et al. results are persuasive because the trial design overcame many limitations of previ-
ous studies such as inappropriate sample size, lack of blindness, intention-to-treat analysis, rigorous 
defi nition of morbidity, GLN dosing or delayed start, and the double administration via the enteral 
and parenteral route which should cover both mechanisms of action and provide maximal protection 
(Fig.  12.4 ). Moreover, this study targeted the very severe critically ill patients with MODS, the 
majority of whom were in shock, whereas previous study typically excluded such patients. This 
study documented also that the majority of these patients did not have GLN defi ciency early in the 
course of their critical illness in contrast with earlier experiences. This result challenged the prevail-
ing previous concept that GLN is an essential nutrient in critically ill patients and requires immediate 
supplementation. 

 The results of this trial place doubts on the potential toxicity of GLN at such high dose and on its 
metabolic fate in very severe patients. In particular, it was shown in a subgroup analysis that the trend 
to higher mortality rates in the GLN group was caused by the patients who had renal dysfunction at 
enrolment in the study. In this subgroup of patients, mortality was signifi cantly increased in the sup-
plemented group, compared with controls. By excluding this subgroup of patients with renal dysfunc-
tion the supplemented group and the placebo group had similar 28-day mortality. 

 Another relevant issue is that glutamine supplementation started earlier than artifi cial nutrition and 
therefore in an early phase the nitrogen supply was totally represented by GLN. Also with the later 
nutrition support, protein requirement was given in a proportion higher than 50 % by GLN alone. This 
observation cannot exclude that the higher mortality in the GLN supplemented groups may be more 
related to the defi ciency of other important amino acids than to the toxicity of GLN. 

 It may be suggested that future trials should address more appropriately the dose-fi nding issue, 
dose–response kinetics and the fate of both enteral and parenteral GLN given in different subgroups 
of ICU cohorts. 

 Table  12.5  summarizes the characteristics of all studies addressing the effects of GLN supplemen-
tation in ICU patients.
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        Conclusions 

 Despite the strong rational and the robust evidences of an active role of GLN in protecting cell, tissue, and 
organ functions, the effect of GLN supplementation on primary outcome measures, such as morbidity and 
mortality in surgical and ICU patients is not persuasive. The most methodologically robust trials evaluat-
ing GLN supplementation showed no protective effects or even a trend to harm in specifi c subgroups. 
Up to now the available data do not support the routine use of GLN in elective surgical patients and in 
critically ill patients. Others large ongoing RCTs are enrolling different population subsets. The results 
will clarify if there is any role for GLN supplementation in specifi c patient cohorts.     
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   Key Points 

•     Glutamine is a conditionally essential nutrient during catabolic stress conditions.  
•   The effect of parenteral, enteral or oral nutrition supplemented with  L -glutamine and dipeptide 

 L -alanyl- L -glutamine on glycolytic parameters, infl ammation, immune function, oxidative stress, 
intestinal permeability, mortality and morbidity in critically and moderately ill intensive care 
patients with trauma, SIRS, cancer, sepsis, and infection.  

•   Glutamine metabolism and mechanisms of action.  
•   Enteral nutrition supplemented with glutamine increases the percentage and count of lymphocytes, 

enhancing immune function.  
•   Glutamine is profoundly depleted in plasma and tissues during catabolic stress conditions, such as 

trauma, surgery, extensive burns, sepsis, and infl ammatory processes.  
•   No adverse effects have been observed which may be attributed to glutamine in diets enriched with 

 L -glutamine or  L -alanyl-glutamine.  
•   Glutamine-enriched enteral diets are well tolerated.    
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  TBARS    Thiobarbituric Acid-Reactive Substances   
  SIRS    Systemic infl ammatory response syndrome   
  GSH    Glutathione   
  APACHE    Acute Physiology and Chronic Health Evaluation   
  DMBA    7,12-Dimethylbenz[ a ]anthracene   

       Introduction 

    Glutamine in Sepsis 

 Glutamine, a conditionally essential amino acid in stress conditions, has been receiving increasing 
attention from researchers over the past two decades, and several studies [ 1 – 7 ] have demonstrated its 
benefi ts. 

 Critical clinical illness leads to glutamine defi ciency, but intravenous glutamine supplementation 
has been shown to reduce complications and infection associated with mortality in the intensive care 
unit (ICU) setting [ 8 ,  9 ]. 

 Clinical trials show that glutamine-enriched parenteral nutrition in critically ill patients increases 
serum heat-shock protein levels [ 10 ] and improves antioxidant defense [ 11 ]. Likewise,  L -alanyl- glutamine - 
enriched parenteral nutrition is known to augment glucose utilization in critically ill patients [ 12 ] and 
to decrease insulin resistance in severe trauma patients [ 13 ]. Thus, by stimulating glycolysis, gluta-
mine supplementation potentially helps control glucose levels [ 12 ,  13 ] (Table  13.1 ). However, in a 
recent study, intravenous nutrition supplemented with  L -alanyl-glutamine (0.4 g/kg/day) in severe 
critical patients with Apache II scores from 22 to 26 produced no signifi cant effect on the total number 
of lymphocytes, B-lymphocytes, T-lymphocytes, and their subgroups (helper T-lymphocytes, cyto-
toxic T-lymphocytes); thus, no immunomodulatory benefi t could be demonstrated [ 14 ].

   Glutamine supplementation has been extensively studied in both animals and humans, but the most 
signifi cant results have been observed with total parenteral nutrition [ 15 ,  16 ]. In enteral diets, gluta-
mine supplementation is safe and well tolerated and can help reduce infectious complications, oxida-
tive stress, intestinal permeability, infections, mortality and morbidity rates, and hospitalization cost 

     Table 13.1    Effects of glutamine-supplemented parenteral nutrition   

 Author  Design  Population  Glutamine intervention  Time  Results 

 Dechelotte et al. 
2006 [ 12 ] 

 Randomized, 
double-blind, 
multicenter 
study 

 114 critical patients  0.5 g/kg body weight/
day 

 5 days  Increased glucose 
utilization and 
reduced rates 
of infections 
complications 

 Bakalar et al. 
2006 [ 13 ] 

 Randomized, 
prospective, 
controlled trial 

 40 multiple- trauma 
patients 

 0.4 g/kg body weight/
day 

 7 days  Better insulin 
sensitivity 

 Alves et al. 
2010 [ 44 ] 

 Case–control study  32 critical limb 
ischemia patients 
recruited for 
surgery 

 Exogenous 
preoperative 
infusion 
(50 g  L -Ala-Gln) 3 
h after surgery 

 1 time  Reduced muscle 
cell damage 
and decreased 
glycemia 

  The Table  13.1  summarizes studies examining the effects of glutamine-supplemented parenteral nutrition  

A.A.M. Cavalcante and P.R.L. de Vasconcelos



171

and time, potentially benefi ting patients with severe SIRS [ 17 ], polytrauma [ 18 ], cancer [ 19 ], sepsis, 
and infection [ 20 ] (Table  13.2 ).

   In a experimental study, Lim et al. [ 21 ] showed the benefi cial effects of glutamine application (both 
topical and oral) in carcinogenesis. The results showed that glutamine completely inhibited the devel-
opment of DMBA-induced leukoplakia and epidermoid carcinoma. 

 In sepsis, glutamine depletion is a prognostic factor of clinical response. The combination of 
reduced food intake and upregulated metabolism leads to glutamine depletion despite increased 
endogenous production in skeletal muscle [ 22 ]. Glutamine production may also be increased during 
sepsis, with stores consumed mainly by the liver and immune cells and, to a lesser extent, by the 
intestine. In this condition, the liver becomes the main consumer of glutamine from skeletal muscle, 
which is the main source of glutamine endogenous production. In other words, glutamine supplemen-
tation allows to restore glutaminemia and reduce infectious complications [ 22 ]. 

 In humans, the plasma carries approximately 25 % of the glutamine produced by the organism 
[ 23 ]. Due to its ability to synthesize and release glutamine, especially during moments of increased 
demand from other organs and tissues, skeletal muscle plays a key metabolic role in the regulation of 
glutaminemia [ 24 ]. 

 Glutamine is primarily synthesized in skeletal muscle. It allows nitrogen to be transferred to the 
spleen, kidneys and immune system [ 25 ]. The discrepancy between the increase in glutamine utiliza-
tion by the organism and the relative decrease in de novo glutamine synthesis in skeletal muscle lead 
to systemic glutamine defi ciency and therefore to severe disease [ 25 ]. 

 In many body tissues, such as the kidneys, liver, bowels, and immune system, glutamine is found 
in high concentrations. However, under certain clinical conditions, such as trauma, bone marrow 
transplantation, burns, sepsis and cancer cachexia, and intramuscular and plasma glutamine concen-
trations are reduced to such an extent that supplementation becomes necessary [ 26 ,  27 ]. 

 Glutamine can be synthesized by the body in large enough amounts to satisfy nutritional needs 
under normal physiological conditions, in which case it is considered a non-essential amino acid. It is 
synthesized from glutamate and ammonium, catalyzed by glutamine synthetase in an ATP-dependent 
reaction [ 28 ]. However, despite being the most abundant amino acid in the human body, in stress 
states, while glutamine synthesis increases in the muscle in response to aggression, the metabolic 
demand exceeds the body’s capacity to synthesize it. 

    Table 13.2    Effects of glutamine-supplemented enteral nutrition   

 Author  Design  Population  Intervention  Time  Results 

 Houdijk et al. 
1998 [ 18 ] 

 Randomized, 
double blind 

 72 critical 
multiple- 
trauma 
patients 

 30.5 g/day  5 days  Decreased frequency 
of pneumonia 

 Senkal et al. 
2004 [ 19 ] 

 Prospective 
open 
clinical trial 

 20 cancer 
patients 

 30 g/day + 
supplement with 
antioxidants 

 1 time—2–3 h 
after surgery 
+ 3 days 
continuous 
infusion pos 
operative 

 No adverse effects; 
well tolerated; 
conditionally 
pharmaconutrients 
delivery 

 Cavalcante 
et al. 
2012 [ 20 ] 

 Randomized, 
crossover, 
double blind 

 30 moderately 
ill intensive 
care patients 
with sepsis 

 30 g/day  5 days  Increased 
lymphocytesand 
decreased lipid 
peroxidation 

  The Table  13.2  summarizes studies examining the effects of glutamine-supplemented enteral nutrition  
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 Thus, despite large muscle stores, glutamine is profoundly depleted in plasma and tissues during 
catabolic stress conditions, such as trauma, surgery, extensive burns, sepsis, and infl ammatory pro-
cesses [ 29 ]. Once glutamine stores are depleted and endogenous production falls short of the demand, 
dietary glutamine supplementation becomes necessary. In this scenario, due to the combination of 
reduced food intake and upregulated metabolism, leading to depletion despite increased skeletal mus-
cle synthesis, glutamine may be considered a conditionally essential amino acid [ 23 ,  29 – 32 ]. 

 Severe infection causes considerable disturbances in the fl ow of glutamine from organ to organ, 
accompanied by signifi cant changes in regional cell membrane transport and intracellular glutamine 
metabolism. During infection, skeletal muscle, the most important repository of glutamine, releases 
twice the usual amount of glutamine, and endogenous glutamine biosynthesis increases signifi cantly. 
Despite the increased activity of skeletal muscle glutamine synthetase, the intracellular glutamine 
pool becomes depleted, indicating that release rates exceed rates of synthesis. The fact that no increase 
is observed in the levels of circulating glutamine suggests that uptake by other organs has increased 
concurrently [ 33 ]. 

 Under conditions of stress, changes occur in the fl ow of glutamine among organs. In healthy indi-
viduals, glutamine is produced mainly by skeletal muscle and the lungs and is consumed by the intes-
tine, immune cells and the liver. During sepsis, glutamine production increases, while most of the 
uptake occurs in immune cells and liver tissues, rather than in the intestine. In this scenario, the liver 
becomes the main organ of uptake of glutamine released by skeletal muscle, the principal glutamine 
supplier [ 27 ,  33 ]. 

 Novak et al. [ 8 ] observed that high-dose glutamine supplementation is associated with improved 
post-surgical outcomes, including fewer infectious complications and shorter hospital permanence, 
with no adverse effect on mortality. In severe patients, glutamine supplementation has been associated 
with reductions in complications and mortality rates. However, supplementation yields the best results 
when administered parenterally. Mondello et al. [ 16 ] investigated the effect of total parenteral nutri-
tion supplemented with glutamine on immune system in anorectic patients and observed the benefi t 
of glutamine supplementation on immune response in anorectic patients. 

 In a prospective, randomized, controlled, double-blind and crossover clinical study evaluating the 
effect of enteral nutrition supplemented with nutraceutical doses of  L -glutamine (30 g/day) on infl amma-
tory markers, glycolytic metabolism, immune function, and oxidative stress in 30 moderately severe 
adult and elderly ICU patients, Cavalcante et al. [ 20 ] observed an increase in the total number and per-
centage of lymphocytes (Tables  13.3  and  13.4 ) induced by  L -glutamine supplementation and a decrease 
in lipid peroxidation, with supplementation of either  L -glutamine or calcium caseinate (Table  13.5 ).

    Table 13.3    Lymphocyte counts of 30 patients with sepsis before and after enteral diet supplementation with calcium 
caseinate (CAS) and glutamine (GLN)   

 Time 

 CAS  GLN 

 Signifi cance (intergroup)  Median  Interval range  Median  Interval range 

 T0  1.288  834–2.209  954  785–1.442  0.1042 
 T1  1.085  805–1.363  1.916  1.301–2.517  <0.0001 +++  
 Signifi cance 

(intragroup) 
 0.0324*  <0.0001*** 

   Source : original material of A.A. Monteiro Cavalcante 
 Statistical Analysis: Wilcoxon test for intergroup and intragroup, variables and expressed as median, maximum and 
minimum values. * p  = 0.020 (GLN T1 < GLN T0),  +++  p  < 0.0001 (GLN T1 > T0),  +++  p  < 0.0001 (GLN versus CAS, T1 
GLN > T1 CAS) 
 T0 (before enteral diet supplementation); T1 (after enteral diet supplementation)  
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         Immune System 

 Glutamine acts in tissue protection, has antioxidant and anti-infl ammatory effects, regulates the 
immune system, and helps preserve the metabolic functions of tissues under stress. 

 It is important in cell growth and differentiation, inter-organ carbon transfer and as a preferential 
substrate for cells with rapid turnover, such as erythrocytes, and immune cells, such as macrophages 
and lymphocytes [ 34 ]. In addition, glutamine is a precursor to mediators like GABA (γ-aminobutyric 
acid) and glutamate, acting in the synthesis of amino acids, nucleotides, nucleic acids, amino sugars, 
proteins, and many other biologically important molecules [ 27 ,  28 ]. 

 Glutamine is a key substrate for activated immune cells, increases lymphocytic response to mito-
gen stimulation, and alleviates bacteremia and endotoxemia, thereby helping prevent sepsis [ 35 ]. The 
high rate of glutamine utilization by lymphocytes and macrophages suggests that glutamine supply 
plays an important role in the maintenance of immune function [ 26 ,  27 ]. The activation of cells such 
as T lymphocytes is essential for the maintenance of adequate immune response and contributes to 
preventing bacterial translocation [ 36 ]. Glutamine is also important in gluconeogenesis, urea synthe-
sis, pH homeostasis, neurotransmission, and cell growth and differentiation [ 27 ]. 

 Immune cells utilize large amounts of glutamine to sustain lymphocyte proliferation and cytokine 
production by lymphocytes and macrophages; in other words, the basic functions of these cells, as 
demonstrated in vitro, are dependent on glutamine supply [ 26 ]. Normally and especially during 
stress, the digestive tract is the main organ of glutamine uptake and utilization since the intestinal 
mucosa contains immune and neuroendocrine cells in addition to numerous absorptive enterocytes. 

    Table 13.4    Lymphocyte percentage of 30 patients with sepsis before and after enteral diet supplementation 
with calcium caseinate (CAS) and glutamine (GLN)   

 Time 

 CAS  GLN 

 Signifi cance (intergroup)  Median  Interval range  Median  Interval range 

 T0  9.50  6.00–19.25  7.50  4.75–15.00  0.104 
 T1  9.00  6.00–12.00  15.00  9.75–23.25  <0.0001 +++  
 Signifi cance 

(intragroup) 
 0.0271*  <0.0001*** 

   Source : Original material of A.A. Monteiro Cavalcante 
 Statistical Analysis: Wilcoxon test for intergroup and intragroup, variables and expressed as median, maximum and 
minimum values. * p  = 0.0271 (CAS T1 < CAS T0), *** p  < 0.0001 (GLN T1 > T0),  +++  p  < 0.0001 (GLN versus CAS, T1 
GLN > T1 CAS) 
 T0 (before enteral diet supplementation); T1 (after enteral diet supplementation)  

   Table 13.5    TBARS concentrations of 30 patients with sepsis before and after enteral diet supplementation with 
calcium caseinate (CAS) and glutamine (GLN)   

 Time 

 CAS  GLN 

 Signifi cance (intergroup)  Median  Interval range  Median  Interval range 

 T0  20.560  14.210–38.590  17.670  8.155–34.980  0.484 
 T1  15.080  13.640–20.560  16.520  5.415–21.860  0.781 
 Signifi cance 

(intragroup) 
 0.001**  0.020* 

   Source : original material of A.A. Monteiro Cavalcante 
 Statistical Analysis: Wilcoxon test for intergroup and intragroup, variables and expressed as median, maximum and 
minimum values. * p  = 0.020 (GLN T1 < GLN T0), ** p  = 0.001 (CAS T1 < CAS T0) 
 T0 (before enteral diet supplementation); T1 (after enteral diet supplementation); TBARS (thiobarbituric acid-reactive 
substances)  
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In response, the bowel perceives the nutritional and antigenic environment, acts in immunological 
screening and defense, and produces endocrine responses to the lumen environment [ 37 ]. 

 In short, the administration of glutamine or one of its precursors is benefi cial to severely ill patients 
with infl ammatory and immune response due to stress, trauma, sepsis, or any condition which 
increases susceptibility to infection.  

    Oxidative Stress 

 Oxidative stress refl ects an imbalance between the production of oxygen-reactive species (ROS) and 
the ability of the body’s antioxidant defense mechanisms to detoxify reactive intermediates. ROS play 
an important role in the regulation of normal cell functions but, when produced in excess, can be 
harmful and lead to oxidative stress [ 38 ]. 

 Excessive ROS production can damage all cell components, including proteins, lipids and nucleic 
acids. The greater the oxidative stress, the more extensive the cell damage. Eventually, apoptosis (or 
even cell necrosis) may occur [ 38 ]. 

 Among the consequences of oxidative stress, lipid peroxidation is the most extensively investi-
gated. It is measured by detection in plasma or urine of thiobarbituric acid reactive substances 
(TBARS), a marker of lipid peroxidation. SIRS, a host response to infection and other forms of tissue 
injury, is often accompanied by oxidative stress in one or more organic systems. In fact, Takeshi et al. 
[ 39 ] observed that TBARS and lipid peroxidation increase in patients with SIRS. 

 Glutamine is a precursor of glutathione (GSH) which is found in high concentrations in mamma-
lian cells. GSH is considered the most potent antioxidant substance in the human body and is capable 
of neutralizing the action of ROS [ 40 ]. It is the main component of the antioxidant defense system in 
cells and has a range of effects on the immune system, stimulating or inhibiting immune response in 
order to control infl ammation [ 41 ]. 

 Changes in GSH concentrations play an important role in several clinical conditions, especially in 
those involving infl ammatory and immune responses mediated by oxidative stress reactions. In such 
situations, failure of the antioxidant defense system to maintain the rate of oxidative balance is usually 
due to the combination of weakened antioxidant defense and increased production of pro-oxidants 
[ 41 ]. Thus, glutamine depletion can lead to decreased GSH levels and may require replacement by 
exogenous glutamine supply [ 42 ]. 

 The Canadian Critical Care Trials Group [ 43 ] has shown that glutamine supplementation is likely 
to have a positive impact upon oxidative stress in critical patients. Likewise, the observation by 
Cavalcante et al. [ 20 ] that patients receiving glutamine supplementation are likely to sustain antioxi-
dant capacity refl ects the role of glutamine as a precursor of GSH. 

 Alves et al. [ 44 ] administered  L -alanyl-glutamine (50 g) intravenously 3 h prior to surgery in 
patients subjected to critical limb ischemia and found decreased TBARS levels and increased GSH 
concentrations in the muscle half an hour after reperfusion following venous grafting. They also 
reported reduced levels of lactate dehydrogenase (LDH) and lactate indicating increased glucose 
oxidation in the limb submitted to ischemia/reperfusion, suggesting that glutamine reduced glyce-
mia in the patients. It may therefore be concluded that pretreatment with  L -alanyl-glutamine 
reduces muscle cell damage, promotes a decrease in glycemia and enhances antioxidant capacity 
in patients with critical limb ischemia [ 44 ] (Table  13.1 ). GSH replacement may be achieved by 
means of exogenous glutamine supply, thereby maintaining the intracellular glutamate pool and 
avoiding GSH depletion.  
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    Intestinal Barrier 

 Intestinal barrier function depends on a balance between epithelial cell (enterocyte) proliferation and 
apoptosis and between protein synthesis and proteolysis, but also on the maintenance of the junctions 
between enterocytes, the so-called tight junctions [ 22 ]. 

 The intestinal mucosa plays a key role in intestinal barrier function, preventing systematic dissemi-
nation of bacteria and intraluminal endotoxins. However, under conditions of severe damage, ana-
tomical and functional integrity may be lost, allowing bacterial translocation and, consequently, sepsis 
and multiple organ failure [ 45 ]. 

 Bacterial translocation implies the transfer of viable endogenous bacteria from the gastrointestinal 
tract to extra-intestinal sites, such as the mesenteric lymph node complex, the liver, the spleen or the 
blood. Among the factors implicated in this condition are long-term nutritional defi cits during severe 
disease, changes in gastrointestinal microfl ora leading to bacterial overgrowth, physical disruption of 
the intestinal mucosal barrier through direct damage to enterocytes, thereby favoring penetration, 
reduced intestinal blood fl ow, and local or systemic response causing defi ciencies in the immune 
defense and increased permeability or damage to the intestinal mucosal barrier [ 46 ,  47 ]. Thus, the 
infl ammatory response to injury and infection, although an essential part of immune function, carries 
the risk of severe tissue depletion and immunosuppression [ 47 ]. 

 Bacterial translocation can occur in both healthy and diseased individuals regardless of disease 
severity [ 47 ], but tends to increase in severe clinical conditions, such as burns, trauma, surgery and 
heart failure. Intestinal barrier permeability can be reduced to prevent bacterial translocation by dif-
ferent treatment approaches, including enteral nutrition and immunonutrition [ 22 ,  46 ,  47 ]. 

 Immunonutrition can modulate the immune system, or the consequences of immune system activa-
tion, by supplying specifi c foods and nutrients in amounts exceeding those found in conventional diets 
[ 47 ,  48 ]. Glutamine is an immunomodulating amino acid capable of maintaining intestinal integrity 
and stimulating protein synthesis in human intestinal mucosa [ 22 ,  45 ]. 

 Nutritional glutamine depletion has been associated with reduced glutamine levels in plasma and 
mucosa and with increased intestinal permeability. In a study on glutamine plasma concentrations and 
nutritional parameters in 26 patients receiving parenteral nutrition, Hulsewé et al. [ 49 ] observed that 
infl ammatory activity occurs regardless of the presence or absence of nutritional depletion. 

 Several studies on enteral, parenteral or oral administration of recommended doses of glutamine 
before or just after surgery and burns have shown glutamine to have a protective effect preventing or 
reducing loss of intestinal permeability, maintaining the physiological intestinal barrier and reducing 
the frequency of infection.  

    Glycolytic Metabolism 

 Hyperglycemia is associated with a poor prognosis in clinical or surgical ICU patients. In this setting, 
hyperglycemia develops mainly due to gluconeogenesis, insulin resistance, upregulation of insulin 
counterregulatory hormones, cytokine activity, clinical interventions, and glucose intolerance [ 50 ]. 

 Hyperglycemia is multifactorial. Common in sepsis (even in nondiabetic patients), it causes or 
exacerbates oxidative stress, endothelial injury, neutrophil rolling and infl ammation and has pro- 
infl ammatory and immunosuppressive action [ 51 ]. 

 As an alternative to therapy with exogenous insulin supply, studies have shown that nutritional 
glutamine supplementation can attenuate insulin resistance and subsequent hyperglycemia following 
severe disease. Clinical studies on glutamine supplementation to severe [ 12 ] and polytraumatized 
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patients [ 13 ] revealed a reduction in infectious complications and improved metabolic tolerance in a 
group of patients requiring insulin therapy. Based on these studies, it seems reasonable to affi rm that 
glutamine in dipeptide form has benefi cial effects on insulin-dependent glucose metabolism.  

    Enteral Nutrition and Immunonutrients in Intensive Care 

 Diet can be used as a tool to modulate health outcomes, improving the clinical and biochemical indi-
cators affected by the disease. One such tool, enteral nutrition, is indicated for patients with conditions 
which preclude normal oral feeding and, consequently, nutrient absorption. It provides necessary 
calories and substrates and restores metabolic and immune response, improving host defense and 
accelerating recovery. 

 Over the past decades, enteral nutrition has become a vital component in intensive care. It is in 
most cases the recommended strategy for feeding severely ill patients presenting increased nutritional 
requirements and, not uncommonly, catabolism with risk of organ failure. In addition, ICU patients 
often experience depletion of specifi c nutrients, such as arginine, minerals, and glutamine. 

 Research has shown the benefi ts of glutamine supplementation in severe conditions [ 1 – 7 ], in both 
animals and humans, but results have been most signifi cant for total parenteral nutrition [ 8 – 13 ,  15 ,  16 ] 
and, especially, dipeptides such as  L -alanyl-glutamine. 

 Glutamine may act as a pharmaconutrient at nutraceutical doses (10–50 g/day). Under such condi-
tions, it has specifi c and important metabolic functions, especially in injury related to infection or 
wounds or in catabolism and sepsis. The rapid depletion of glutamine in the plasma which is com-
monly observed in severely ill patients appears to justify the need of replacement by way of supple-
mentation [ 8 ,  9 ,  11 ,  19 ]. 

 Enteral glutamine supply benefi ts primarily splanchnic tissues, whereas parenteral supplementa-
tion provides glutamine for the entire organism [ 25 ]. 

 Conejero et al. [ 17 ] investigated the effect of glutamine-enriched enteral nutrition on intestinal 
permeability, infectious morbidity and mortality in severe patients developing SIRS following an 
acute event and concluded that glutamine-enriched enteral nutrition reduced nosocomial infections in 
this population. 

 García-de-Lorenzo et al. [ 52 ] reviewed several studies and found that enteral glutamine supple-
mentation at nutraceutical doses was safe and well tolerated clinically, with no adverse effects regard-
less of the disease. Thus, no restrictions or contraindications exist for glutamine supplementation at 
nutraceutical doses [ 17 ,  20 ,  52 ,  53 ]. 

 Glutamine-enriched enteral diets are well tolerated and have been shown to improve immune 
defense in polytraumatized patients and reduce the cost of intensive care [ 9 ]. No evidence or reports 
of adverse or negative effects attributed to glutamine supplementation have been published to date. 
Likewise, Garcia et al. [ 52 ] and Galera et al. [ 53 ] found glutamine supplementation at nutraceutical 
doses to be safe. 

 Galera et al. [ 53 ] evaluated the safety profi le of oral administration of  L -glutamine at 30 g/day for 
14 days in a sample of healthy middle-aged and elderly subjects, but observed no clinically important 
effects, apart from the need for permanent control of renal function in this population. 

 Glutamine-enriched diets at recommended nutraceutical doses (20–30 g/day) should be started as 
early as possible and maintained for at least 5 days [ 52 ]. Since the turnover of glutamine is very high, 
a daily dose of 30 g may be administered with no risk of signifi cant side effects [ 20 ,  53 ]. 

 Macrophages and lymphocytes are the largest cell components of the immune system. The latter 
are a group of heterogeneous cells involved in immune cell mediation and immunoregulation. In one 
study, enteral nutrition supplemented with  L -glutamine [ 20 ] enhanced immune function by increasing 
the total number and percentage of lymphocytes. In addition, lipid peroxidation decreased with enteral 
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nutrition supplemented with protein (calcium caseinate) and glutamine in both study groups, but had 
no effect on glycolytic parameters or infl ammatory response. 

 On the other hand, in a study by Cetinbas et al. [ 14 ] administering parenteral nutrition supple-
mented with  L -alanyl-glutamine at 0.4 g/kg/day to severe patients with APACHE II scores from 22 to 
26, no signifi cant difference was observed with regard to the total number of lymphocytes, B- lym-
phocytes, and T-lymphocytes or their subgroups (helper T-lymphocytes and cytotoxic T-lymphocytes). 

 The fi ndings of these last two studies suggest that severe patients do not benefi t as much from 
glutamine supplementation as moderately ill patients. In a study by Cavalcante et al. [ 20 ], glutamine, 
despite being supplied enterally, increased the percentage of lymphocytes, indicating that the amino 
acid was not retained by the enterocytes. The fi nding of an increased percentage and total number of 
lymphocytes [ 20 ] (Tables  13.3  and  13.4 ) indicates signifi cant improvement of the immune system, 
especially when considered in combination with a signifi cant decrease in the percentage of leuko-
cytes, as observed in both study groups.   

    Conclusions 

 The utilization of glutamine by lymphocytes, particularly when these are challenged by adverse condi-
tions such as sepsis, suggests that exogenous glutamine supplementation favors cell function and, con-
sequently, enhances the effi ciency of the immune system. Considering the observed benefi ts and the 
absence of adverse effects, enteral and parenteral diets enriched with  L -glutamine or  L -alanyl- glutamine  
are currently recommended for severe ICU patients in order to modulate the immune system.     
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   Key Points 

•     Multiple trauma is characterised by alteration and depression of the immune response, which is 
associated with an elevated rate of infectious complications, sepsis, multiple organ failure, and death.  

•   Glutamine supplementation has demonstrated improved clinical outcomes in patients receiving 
parenteral nutrition. However, its effects and the best route of administration in patients receiving 
enteral nutrition are still debated.  

•   Despite the numerous clinical trials that have investigated the benefi cial effects of glutamine sup-
plementation in patients receiving enteral nutrition, the results are confl icting and inconclusive.  

•   Previous trials of glutamine supplementation in multiple trauma patients had several limitations.  
•   A future well-designed multi-centre trial is required to investigate the effect of glutamine supple-

mentation in multiple trauma patients on mortality and infectious complication.    
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  DB    Double-blind   
  EAA    Essential Amino Acid   
  EN    Enteral Nutrition   
  FcγRI/CD64    Fc Receptor   
  GCS    Glasgow Coma Scale   
  Gln    Glutamine   
  HSP    Heat-shock protein   
  HLA-DR    Human Leukocyte Antigen-DR   
  ICU    Intensive Care Unit   
  ICU LOS    ICU length of stay   
  ISS    Injury Severity Score   
  IV    Intravenous   
  MODS    Multiple Organ Dysfunction Syndrome   
  MOF    Multiple Organ Failure   
  NB    Nitrogen Balance   
  NS    Not Signifi cant   
  RCT    Randomised Clinical Trial   
  SB    Single-blind   
  SIRS    Systemic Infl ammatory Response Syndrome   
  SOFA    Sequential Organ Failure Assessment   
  TLR    Toll-like Receptor   
  TPN    Total Parenteral Nutrition   
  UUN    Urinary Urea Nitrogen   

       Introduction 

 Multiple trauma is defi ned as “a syndrome of combined injuries with an injury severity score (ISS) > 17 
and consequent systemic infl ammatory response syndrome (SIRS) for at least 1 day, leading to dys-
function, or failure of remote organs and vital systems, which themselves had not been injured” [ 1 ]. 
In spite of improved road safety, multiple trauma is undoubtedly still considered the most important 
cause of death among people under 40 years [ 2 ,  3 ]. Although immediate deaths from multiple trauma 
result from severe brain injury and haemorrhagic shock [ 2 ,  4 ], many later deaths are related to infec-
tions, sepsis and multiple organ failure (MOF) [ 2 ,  5 ,  6 ]. 

 Multiple trauma is life threatening not only from the trauma insult itself, but also from the subse-
quent massive immunological dysfunctions and metabolic pathway alterations during the following 
clinical course [ 7 ], which occur as defensive and survival mechanisms to confront a life-threatening 
injury. This altered immune system [ 8 ] is associated with an increased rate of infectious complica-
tions and mortality [ 9 ,  10 ]. During critical illness, despite vigorous nutrition support and higher pro-
tein intake [ 11 ], net protein catabolism is elevated [ 11 ,  12 ]. Muscle catabolism that results in massive 
loss of lean body mass is considered a major clinical feature that prolongs dependency on mechanical 
ventilation, delays wound healing and recovery from critical illness, and prolongs hospital length of 
stay [ 13 ]. This muscle catabolism is accompanied by a marked depletion of glutamine levels in plasma 
and muscle, which is considered a major hallmark of critically ill patients [ 14 – 16 ]. Indeed, a low 
admission plasma glutamine level in critically ill patients is considered a signifi cant independent risk 
factor of mortality [ 17 ]. Despite the fact that muscle tissue increases glutamine production during 
stress and critical illness, it cannot maintain the intracellular levels of glutamine [ 18 ].  
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    Immune and Metabolic Changes of Multiple Trauma and Critical Illness 

 Multiple trauma and critical illness trigger an orchestrated cascade of immune and metabolic changes 
that aim to restore homeostasis and are correlated with the severity and duration of the injury. The 
traumatic insult stimulates the production of pro-infl ammatory cytokines. There is also a subsequent 
release of anti-infl ammatory cytokines [ 19 ,  20 ]. In uncomplicated trauma, there is a balance between 
the production of pro-infl ammatory and anti-infl ammatory cytokines, and the body restores homeosta-
sis with no major clinical complications [ 19 ,  21 ]. However, if the trauma is exaggerated and prolonged, 
cytokine production can become unbalanced and have deleterious consequences. On one hand, if the 
production of pro-infl ammatory cytokines dominates, the patient may develop systemic infl ammatory 
response syndrome (SIRS). On the other hand, if the release of anti-infl ammatory cytokines dominates, 
compensatory anti-infl ammatory response syndrome (CARS) occurs [ 22 ]. The perturbation between 
SIRS and CARS may lead to multiple organ dysfunction syndrome (MODS) and MOF, which are 
associated with high mortality [ 10 ,  22 – 25 ]. Figure  14.1  demonstrates the immune response to multiple 
trauma.  

 The metabolic changes resulting from multiple trauma and injury are triggered by escalated secre-
tion of catabolic and counter-regulatory hormones [ 19 ,  26 ]. These metabolic changes are important 
for diverting essential substrates from non-essential tasks to more important functions such as activity 
of the immune system, wound healing and other functions necessary for survival from the trauma. 
These metabolic changes result in sustained hypermetabolism [ 27 ,  28 ], lipolysis [ 29 ,  30 ] and protein 
hypercatabolism [ 27 ]. This protein hypercatabolism results in a negative nitrogen balance [ 31 ] and 
leads to muscle proteolysis that may reach up to 2 % per day [ 32 ]. Muscle proteolysis results in 

  Fig. 14.1    A schematic demonstration of immune response of multiple trauma. SIRS, systemic infl ammatory response 
syndrome; CARS, compensatory anti-infl ammatory response syndrome; MODS, multiple organ dysfunction syndrome; 
MOF, multiple organ failure; modifi ed from Bone [ 22 ]       
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marked and prolonged intracellular and plasma glutamine depletion [ 12 ,  32 ,  33 ]. Although protein 
synthesis during trauma and critical illness is increased to some extent, the rate of protein catabolism 
is much more elevated [ 34 ] and this results in muscle degradation and wasting. The metabolic changes 
of multiple trauma are demonstrated in Fig.  14.2 .   

    Physiological Importance of Glutamine During Multiple Trauma 
and Critical Illness 

 Under catabolic conditions such as multiple trauma, burns and sepsis, muscle concentration and 
plasma levels of glutamine fall dramatically [ 35 – 37 ]. Although glutamine synthesis is not impaired 
during critical illness, plasma and intramuscular glutamine levels are severely depleted [ 12 ,  18 ] in 
conditions such as major surgery [ 38 ], burn injury [ 35 ,  39 ] and multiple trauma [ 37 ,  40 ,  41 ] because 
of increased demand. Therefore, glutamine has been proposed as an essential amino acid during these 
conditions [ 42 ]. Indeed, multiple trauma patients are good candidates for glutamine supplementation. 
The potential functions and mechanisms of glutamine during multiple trauma and critical illness are 
summarised in Fig.  14.3 .   

    Safety of Glutamine Supplementation in Trauma and Critical Illness 

 Glutamine supplementation, either enteral or parenteral, in critically ill patients is considered safe 
[ 43 ]. However, it has been suggested that patients with renal and hepatic impairment should be 
excluded from such treatment [ 44 ]. Specifi c safety issues have been addressed in a number of studies 
of intravenous supplementation. In a study of multiple trauma patients received total parenteral nutri-
tion supplemented with high dose of glutamine dipeptide was confi rmed to be safe and effective 
in inducing rise in plasma glutamine levels [ 45 ]. Another study reported that the administration of 

  Fig. 14.2    Metabolic changes 
after multiple trauma       
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undiluted alanyl-glutamine (0.5 g/kg/day) was safe in terms of local vascular tolerance through 
peripheral vein in critically ill patients [ 46 ]. Furthermore, alanyl-glutamine given at a dose of 0.5 g/
kg/day was well tolerated in terms of plasma kinetics in critically ill patients and the dipeptide was 
immediately hydrolysed and cleared in the circulation and there was no detectable glutamine dipep-
tide in the urine [ 47 ]. 

 The safety of parenteral glutamine supplementation in patients with head injury has been addressed 
in the literature. A pilot study demonstrated that IV Ala-Gln supplementation that increased plasma 
glutamine levels by 30 % had no effect on plasma glutamate levels or interstitial cerebral glutamate 
concentrations in patients with head injury, suggesting that parenteral Ala-Gln supplementation is 
safe in this patient population [ 48 ,  49 ]. Furthermore, a previous trial demonstrated that IV glutamine 
supplementation that resulted in an increase in plasma glutamine levels in a dose dependent manner 
had no effect on plasma glutamate levels [ 50 ], which indicates that the interstitial cerebral fl uid will 
not be affected. However, both were pilot trials and larger trials are required to confi rm the safety of 
IV Ala-Gln supplementation in patients with head injury. Furthermore, the trials did not investigate 
the safety of long-term supplementation on levels of glutamate in the interstitial cerebral fl uid.  

    Glutamine Supplementation in Multiple Trauma Patients 

 Numerous clinical trials have demonstrated the benefi cial effects of parenteral glutamine supplemen-
tation in critically ill and trauma patients [ 51 – 55 ]. Although many clinical trials have been conducted 
to investigate the benefi ts of enteral glutamine supplementation in patients receiving enteral nutrition, 
the results are confl icting [ 36 ,  56 – 64 ]. The enteral route of glutamine supplementation is not always 
practical in critically ill patients as there is a clear difference between the prescribed dose and what 
can be delivered [ 60 ,  65 ]. In addition, the systemic bioavailability of glutamine through the enteral 
route is less than the parenteral route [ 66 ]. This could be because enteral glutamine is extracted and 
used mainly by the splanchnic area [ 67 ,  68 ]. Therefore, parenteral glutamine supplementation in 
patients receiving enteral nutrition is attractive. However, limited trials have investigated the effect 

  Fig. 14.3    Glutamine functions and mechanisms during stress and critical illness. HSP, heat-shock protien; DNA, 
deoxyribonucleic acid; RNA, ribonucleic acid, modifi ed from Wischmeyer [ 84 ]       
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this has on multiple trauma and critically ill patients receiving enteral nutrition [ 65 ,  69 – 71 ]. Tables  14.1  
and  14.2  summarise the trials of enteral and parenteral glutamine supplementation in multiple trauma 
patients.

        Glutamine Supplementation and Mortality, SOFA and Infectious 
Complications 

 The effect of glutamine supplementation on mortality and infectious complications was reported in a 
number of trials [ 36 ,  71 – 73 ]. In one of the largest trials of enteral glutamine supplementation in 
trauma patients, the in-hospital mortality was higher in the glutamine supplemented patients com-
pared with the control patients [ 63 ], but the results were not signifi cant especially after controlling for 
age and severity of illness. This result suggested that enteral glutamine supplementation might have 
negative effect [ 63 ]. In contrast, Yang et al. [ 73 ] demonstrated that alanyl-glutamine supplemented 
TPN in 46 traumatic brain injury patients was associated with a signifi cant decrease in 2-week mortal-
ity rate and alimentary tract haemorrhage. They also reported that this supplementation resulted in a 
signifi cant decrease in infectious complications. There was a signifi cant decrease in ICU length of 
stay in the glutamine supplemented patients. However, there are a number of concerns with this trial. 
Firstly, no stress ulcer prevention was given, which is not an accepted standard management [ 74 ]. The 
main cause of death in the second week (1 patient in the glutamine group versus 6 patients in the 
control group) was uncontrolled alimentary haemorrhage, which is uncommon in patients with head 
injury and is potentially related to lack of stress ulcer prevention. This result suggests that glutamine 
might have a role in prevention of alimentary tract haemorrhage but only if patients are not receiving 
stress ulcer prevention. Secondly, this was a single centre trial with relatively small number of patients. 
Therefore, fi nal clear conclusion and recommendations are problematic. Furthermore, the dose used 
was relatively small (2 mg/kg) compared with other trials that found benefi cial effects (0.5 g/kg). 

 Houdijk et al. [ 36 ] demonstrated that glutamine-supplemented enteral feed resulted in a signifi cant 
decrease in pneumonia, bacteraemia and sepsis. There were no gram-negative bacteraemia cases in 
the glutamine-supplemented group versus 54 % of the cases in the control group, suggesting that 
enteral glutamine supplementation might play a role in preventing bacterial translocation form the 
gut. On the other hand, Schulman and colleagues [ 72 ] reported that enteral glutamine supplementa-
tion had no signifi cant effect on infectious complications and the use of antibiotics. Eroglu [ 71 ] 
reported that IV glutamine supplementation for 7 days in 40 trauma patients receiving enteral nutri-
tion had no signifi cant effect on infections. However, this was a pilot study with small number of 
patients and short follow-up duration [ 71 ]. 

 As primary outcomes in nutritional intervention trials, infectious complications and mortality 
require a large number of participants [ 75 – 77 ]. Therefore, critical illness scores that relate to mortality 
and infectious morbidity endpoints have been considered as an alternative outcome measure [ 75 ,  76 ]. 
Multiple organ failure is considered as a reliable predictor of mortality in critically ill patients [ 78 ]. 
Sequential organ failure assessment (SOFA) score as a surrogate outcome was reported in two trials 
[ 70 ,  71 ]. Overall, there was no signifi cant improvement in SOFA score with intravenous glutamine 
supplementation in both trials.  

    Nitrogen Balance, Protein Synthesis and Other Biochemical Outcomes 

 The effect of glutamine supplementation on nitrogen balance, protein synthesis and glutamine plasma 
and other surrogate biochemical outcomes has been reported in several trials. Long and colleagues 
[ 79 ] reported that enteral glutamine administration for 3 days did not result in signifi cant difference 
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in nitrogen balance, protein synthesis and breakdown. There was also no signifi cant difference in 
plasma glutamine levels. Yang et al. reported that IV glutamine supplementation resulted in signifi -
cant increase in total serum protein. Houdijk et al. [ 36 ] demonstrated that glutamine-supplemented 
enteral nutrition resulted in a signifi cant increase in glutamine, citrulline and arginine plasma levels. 
McQuiggan et al. [ 64 ] investigated the effect of enteral glutamine supplementation during the fi rst 
24 h of resuscitation, before starting the enteral feed for 10 days. This was a pilot unblinded trial in 
20 patients with severe trauma. The supplementation was given as a bolus two to three times per day. 
The glutamine supplementation was well tolerated during resuscitation with no adverse events. The 
glutamine supplemented patients had signifi cantly less instances of high gastric output and abdominal 
distension, suggesting the safety of enteral glutamine supplementation during active shock resuscita-
tion. Total urinary urea nitrogen was signifi cantly higher in the glutamine group compared with the 
control group. A larger trial is required to investigate the effect of enteral glutamine supplementation 
during active shock resuscitation on other clinical outcomes. 

 The effect of parenteral alanyl-glutamine on insulin resistance was investigated by Bakalar et al. 
[ 70 ], who showed signifi cantly improved insulin sensitivity and insulin-mediated glucose disposal in 
the glutamine-supplemented patients. The rate of protein breakdown was not different between groups 
during the study, but hypermetabolism was attenuated in the glutamine group by reducing energy 
expenditure. It was concluded that glutamine supplementation was associated with signifi cantly better 
insulin sensitivity in trauma patients, offering a new approach to glycaemic control in this group.  

    Glutamine Supplementation and Immune Function 

 The potential role of glutamine supplementation on the immune system and infl ammation has been 
investigated in a number of trials. Boelens et al. [ 41 ] reported, as part of Houdijk et al. [ 36 ] trial, that 
glutamine-supplemented enteral nutrition could play a role modulating immune functions. The study 
investigated the effect of glutamine-supplemented enteral nutrition versus isocaloric, isonitrogenous 
enteral nutrition, and both groups were compared with healthy volunteers on human leukocyte anti-
gen- DR (HLA-DR) and Fc receptor (FcγRI/CD64) expression in monocytes, which are severely 
depleted in trauma patients [ 9 ,  80 ]. As expected, HLA-DR expression was much lower in both groups 
compared to healthy volunteers. However, glutamine supplementation resulted in signifi cantly 
increased expression of HLA-DR but did not restore normal values. There was no difference in the 
FcγRI/CD64 expression between both groups and healthy volunteers. It was concluded that glutamine 
increased HLA-DR expression and thus improved cellular immune function, and this may play a 
role in reducing infectious complications in trauma patients. 

 Pérez-Bárcena et al. [ 81 ] investigated in a single-blind, randomised trial the effect of glutamine 
supplemented total parenteral nutrition on toll-like receptors (TLR2 and TLR4), which are key recep-
tors for sensing infections. The expression levels of TLR2 in monocytes were found to be similar 
between the groups before and after supplementation. There was also no signifi cant difference in 
TLR4 levels between groups before and after treatment. Although the trial was not powered to inves-
tigate the clinical effect of glutamine on reducing infectious complications, there were fewer inci-
dences of infections and shorter hospital length of stay in the glutamine group that did not reach 
signifi cance. It was concluded that glutamine-supplemented parenteral nutrition in trauma patients 
had no infl uence on the expression or functionality of TLRs in monocytes. 

 In a well-designed large multi-centre trial Heyland et al. [ 82 ] investigated the effect of early (within 
24 h of ICU admission) enteral and parenteral supplementation in very critically ill patients with oxi-
dative stress and included multiple trauma patients The trial reported a trend towards increased 28-day 
mortality and a signifi cant increase in 6-month mortality. Furthermore, glutamine supplementation 
had no signifi cant effect on organ failure and infectious complications. However, these trauma patients 
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had MOF and the dose received was twice the dose of other trials. Contrary to previous reports, in a 
sub-study of 66 patients around 30 % of patients did not have low admission plasma glutamine level. 
Although the safety of this high dose of parenteral and enteral glutamine was investigated in a previ-
ous dose-fi nding trial [ 43 ], the harmful effect was reported in this multi-centre trial.  

    Limitations of Glutamine Supplementation Trials 

 Although many trials have been conducted to investigate the effect of enteral and parenteral glutamine 
in multiple trauma patients, the results are still controversial and inconclusive. There are a number of 
limitations in the trials of glutamine supplementation in trauma including random allocation conceal-
ment, blinding and no the intention-to-treat analysis of data. Another limitation is the small sample 
size of many trials and not being suffi ciently powered to investigate major clinical outcomes such as 
infectious complications and mortality. In enteral glutamine supplementation trials receiving the pre-
scribed dose is diffi cult due to high gastric output and feed intolerance. In addition, the trials were 
single-centre trials. Therefore, many of these trials should be considered as pilot trials. The intention 
to include only multiple trauma patients in these trials to obtain a homogenous population might have 
resulted in reducing the applicability and the generalisability of the results. Investigating surrogate 
outcomes is another limitation in many trials. Furthermore, the doses used in different trials are not 
consistent, making clear comparison between the trials problematic. Also, the period of supplementa-
tion was short in many trials.  

    Conclusion 

 Although there is strong evidence that glutamine supplementation has benefi cial effect in improving 
clinical outcomes in critically ill patients and should be part of nutritional therapeutic approach in 
multiple trauma and critically ill patients, limitations of these trials make fi nal conclusion problem-
atic. To overcome the challenges and limitations of previous trials, well-designed, adequately  powered, 
multi-centre trials are required to ensure strong clinical evidence. Due to the uncertainty of absorption 
of enteral glutamine supplementation in patients receiving enteral nutrition and the splanchnic use of 
enteral glutamine, investigating the effect of intravenous glutamine supplementation in multiple 
trauma patients receiving enteral nutrition is advocated for future trials. Investigating clinically rele-
vant outcome measures such as mortality and infectious complications rather than short- term surro-
gate measures is also strongly encouraged. Future trials should also focus on both the clinical outcomes 
and the underlying mechanisms of glutamine supplementation.     

   References 

    1.    Keel M, Trentz O. Pathophysiology of polytrauma. Injury. 2005;36(6):691–709.  
      2.    Acosta JA, Yang JC, Winchell RJ, Simons RK, Fortlage DA, Hollingsworth-Fridlund P, et al. Lethal injuries and 

time to death in a level I trauma center. J Am Coll Surg. 1998;186(5):528–33.  
    3.    Matthes G, Seifert J, Ostermann PA, Wurfel S, Ekkernkamp A, Wich M. Early death of the severly injured patient–

A retrospective analysis. Zentralbl Chir. 2001;126(12):995–9.  
    4.    Demetriades D, Murray J, Charalambides K, Alo K, Velmahos G, Rhee P, et al. Trauma fatalities: time and location 

of hospital deaths. J Am Coll Surg. 2004;198(1):20–6.  
    5.    Osborn TM, Tracy JK, Dunne JR, Pasquale M, Napolitano LM. Epidemiology of sepsis in patients with traumatic 

injury. Crit Care Med. 2004;32(11):2234–40.  

14 Glutamine Supplementation in Multiple Trauma Patients



192

    6.    Sauaia A, Moore FA, Moore EE, Moser KS, Brennan R, Read RA, et al. Epidemiology of trauma deaths: a reassessment. 
J Trauma. 1995;38(2):185–93.  

    7.    Napolitano LM, Faist E, Wichmann MW, Coimbra R. Immune dysfunction in trauma. Surg Clin North Am. 1999; 
79(6):1385–416.  

    8.    Faist E, Schinkel C, Zimmer S. Update on the mechanisms of immune suppression of injury and immune modula-
tion. World J Surg. 1996;20(4):454–9.  

     9.    Ditschkowski M, Kreuzfelder E, Rebmann V, Ferencik S, Majetschak M, Schmid EN, et al. HLA-DR expression 
and soluble HLA-DR levels in septic patients after trauma. Ann Surg. 1999;229(2):246–54.  

     10.    Baker CC, Oppenheimer L, Stephens B, Lewis FR, Trunkey DD. Epidemiology of trauma deaths. Am J Surg. 
1980;140(1):144–50.  

     11.    Streat SJ, Beddoe AH, Hill GL. Aggressive nutritional support does not prevent protein loss despite fat gain in septic 
intensive care patients. J Trauma. 1987;27(3):262–6.  

      12.    Jackson NC, Carroll PV, Russell-Jones DL, Sonksen PH, Treacher DF, Umpleby AM. The metabolic consequences 
of critical illness: acute effects on glutamine and protein metabolism. Am J Physiol. 1999;276(1 Pt 1):E163–70.  

    13.    De Jonghe B, Bastuji-Garin S, Durand MC, Malissin I, Rodrigues P, Cerf C, et al. Respiratory weakness is associ-
ated with limb weakness and delayed weaning in critical illness. Crit Care Med. 2007;35(9):2007–15.  

    14.    Liu W, Lopez JM, VanderJagt DJ, Glew RH, Fry DE, Schermer C, et al. Evaluation of aminoaciduria in severely 
traumatized patients. Clin Chim Acta. 2002;316(1–2):123–8.  

   15.    Gore DC, Wolfe RR. Glutamine supplementation fails to affect muscle protein kinetics in critically ill patients. 
JPEN J Parenter Enteral Nutr. 2002;26(6):342–9. discussion 49-50.  

     16.    Long CL, Borghesi L, Stahl R, Clark JA, Geiger JW, DiRienzo DB, et al. Impact of enteral feeding of a glutamine- 
supplemented formula on the hypoaminoacidemic response in trauma patients. J Trauma. 1996;40(1):97–102.  

    17.    Oudemans-van Straaten HM, Bosman RJ, Treskes M, van der Spoel HJ, Zandstra DF. Plasma glutamine depletion 
and patient outcome in acute ICU admissions. Intensive Care Med. 2001;27(1):84–90.  

     18.    Mittendorfer B, Gore DC, Herndon DN, Wolfe RR. Accelerated glutamine synthesis in critically ill patients cannot 
maintain normal intramuscular free glutamine concentration. JPEN J Parenter Enteral Nutr. 1999;23(5):243–52.  

      19.    Brochner AC, Toft P. Pathophysiology of the systemic infl ammatory response after major accidental trauma. Scand 
J Trauma Resusc Emerg Med. 2009;17(1):43.  

    20.    Keel M, Ecknauer E, Stocker R, Ungethum U, Steckholzer U, Kenney J, et al. Different pattern of local and  systemic 
release of proinfl ammatory and anti-infl ammatory mediators in severely injured patients with chest trauma. 
J Trauma. 1996;40(6):907–12. discussion 12-4.  

    21.    Lenz A, Franklin GA, Cheadle WG. Systemic infl ammation after trauma. Injury. 2007;38(12):1336–45.  
      22.    Bone RC. Sir Isaac Newton, sepsis, SIRS, and CARS. Crit Care Med. 1996;24(7):1125–8.  
   23.    Napolitano LM, Ferrer T, McCarter Jr RJ, Scalea TM. Systemic infl ammatory response syndrome score at  admission 

independently predicts mortality and length of stay in trauma patients. J Trauma. 2000;49(4):647–52. discussion 
52-3.  

   24.    Schroder O, Laun RA, Held B, Ekkernkamp A, Schulte KM. Association of interleukin-10 promoter polymorphism 
with the incidence of multiple organ dysfunction following major trauma: results of a prospective pilot study. 
Shock. 2004;21(4):306–10.  

    25.    Moore FA, Sauaia A, Moore EE, Haenel JB, Burch JM, Lezotte DC. Postinjury multiple organ failure: a bimodal 
phenomenon. J Trauma. 1996;40(4):501–10. discussion 10-2.  

    26.    Vermes I, Beishuizen A. The hypothalamic-pituitary-adrenal response to critical illness. Best Pract Res Clin 
Endocrinol Metab. 2001;15(4):495–511.  

     27.    Monk DN, Plank LD, Franch-Arcas G, Finn PJ, Streat SJ, Hill GL. Sequential changes in the metabolic response in 
critically injured patients during the fi rst 25 days after blunt trauma. Ann Surg. 1996;223(4):395–405.  

    28.    Uehara M, Plank LD, Hill GL. Components of energy expenditure in patients with severe sepsis and major trauma: 
a basis for clinical care. Crit Care Med. 1999;27(7):1295–302.  

    29.    Klein S, Peters EJ, Shangraw RE, Wolfe RR. Lipolytic response to metabolic stress in critically ill patients. Crit 
Care Med. 1991;19(6):776–9.  

    30.    Wolfe RR, Martini WZ. Changes in intermediary metabolism in severe surgical illness. World J Surg. 2000; 
24(6):639–47.  

    31.    Frankenfi eld DC, Smith JS, Cooney RN. Accelerated nitrogen loss after traumatic injury is not attenuated by 
achievement of energy balance. JPEN J Parenter Enteral Nutr. 1997;21(6):324–9.  

     32.    Gamrin L, Andersson K, Hultman E, Nilsson E, Essen P, Wernerman J. Longitudinal changes of biochemical 
parameters in muscle during critical illness. Metabolism. 1997;46(7):756–62.  

    33.    Biolo G, Zorat F, Antonione R, Ciocchi B. Muscle glutamine depletion in the intensive care unit. Int J Biochem Cell 
Biol. 2005;37(10):2169–79.  

    34.    Arnold J, Campbell IT, Samuels TA, Devlin JC, Green CJ, Hipkin LJ, et al. Increased whole body protein break-
down predominates over increased whole body protein synthesis in multiple organ failure. Clin Sci. 1993;84(6): 
655–61.  

R.M. Al Balushi et al.



193

     35.    Gore DC, Jahoor F. Glutamine kinetics in burn patients. Comparison with hormonally induced stress in volunteers. 
Arch Surg. 1994;129(12):1318–23.  

         36.    Houdijk AP, Rijnsburger ER, Jansen J, Wesdorp RI, Weiss JK, McCamish MA, et al. Randomised trial of glutamine- 
enriched enteral nutrition on infectious morbidity in patients with multiple trauma. Lancet. 1998;352(9130): 
772–6.  

     37.    Weingartmann G, Oehler R, Derkits S, Oismuller C, Fugger R, Roth E. HSP70 expression in granulocytes and 
lymphocytes of patients with polytrauma: comparison with plasma glutamine. Clin Nutr. 1999;18(2):121–4.  

    38.    Parry-Billings M, Baigrie RJ, Lamont PM, Morris PJ, Newsholme EA. Effects of major and minor surgery on 
plasma glutamine and cytokine levels. Arch Surg. 1992;127(10):1237–40.  

    39.    Parry-Billings M, Evans J, Calder PC, Newsholme EA. Does glutamine contribute to immunosuppression after 
major burns? Lancet. 1990;336(8714):523–5.  

    40.    Askanazi J, Carpentier YA, Michelsen CB, Elwyn DH, Furst P, Kantrowitz LR, et al. Muscle and plasma amino 
acids following injury. Infl uence of intercurrent infection. Ann Surg. 1980;192(1):78–85.  

      41.    Boelens PG, Houdijk AP, Fonk JC, Nijveldt RJ, Ferwerda CC, Von Blomberg-Van Der Flier BM, et al. Glutamine- 
enriched enteral nutrition increases HLA-DR expression on monocytes of trauma patients. J Nutr. 2002;132(9): 
2580–6.  

    42.    Lacey JM, Wilmore DW. Is glutamine a conditionally essential amino acid? Nutr Rev. 1990;48(8):297–309.  
     43.    Heyland DK, Dhaliwalm R, Day A, Drover J, Cote H, Wischmeyer P. Optimizing the dose of glutamine dipeptides 

and antioxidants in critically ill patients: a phase I dose-fi nding study. JPEN J Parenter Enteral Nutr. 2007; 
31(2):109–18.  

    44.    Sacks GS. The data in support of glutamine supplementation. Nutr Clin Pract. 2003;18(5):386–90.  
    45.    Weingartmann G, Fridrich P, Mauritz W, Gotzinger P, Mittlbock M, Germann P, et al. Safety and effi cacy of increasing 

dosages of glycyl-glutamine for total parenteral nutrition in polytrauma patients. Wien Klin Wochenschr. 1996; 
108(21):683–8.  

    46.    Berg A, Forsberg E, Wernerman J. The local vascular tolerance to an intravenous infusion of a concentrated gluta-
mine solution in ICU patients. Clin Nutr. 2002;21(2):135–9.  

    47.    Berg A, Rooyackers O, Norberg A, Wernerman J. Elimination kinetics of L-alanyl-L-glutamine in ICU patients. 
Amino Acids. 2005;29(3):221–8.  

    48.    Berg A, Bellander BM, Wanecek M, Gamrin L, Elving A, Rooyackers O, et al. Intravenous glutamine supplementa-
tion to head trauma patients leaves cerebral glutamate concentration unaffected. Intensive Care Med. 
2006;32(11):1741–6.  

    49.    Berg A, Bellander BM, Wanecek M, Norberg A, Ungerstedt U, Rooyackers O, et al. The pattern of amino acid 
exchange across the brain is unaffected by intravenous glutamine supplementation in head trauma patients. Clin 
Nutr. 2008;27(6):816–21.  

    50.    Tjäder I, Rooyackers O, Forsberg AM, Vesali RF, Garlick PJ, Wernerman J. Effects on skeletal muscle of intrave-
nous glutamine supplementation to ICU patients. Intensive Care Med. 2004;30(2):266–75.  

    51.    Goeters C, Wenn A, Mertes N, Wempe C, Van Aken H, Stehle P, et al. Parenteral L-alanyl-L-glutamine improves 
6-month outcome in critically ill patients. Crit Care Med. 2002;30(9):2032–7.  

   52.    Fuentes-Orozco C, Anaya-Prado R, Gonzalez-Ojeda A, Arenas-Marquez H, Cabrera-Pivaral C, Cervantes-Guevara 
G, et al. L-alanyl-L-glutamine-supplemented parenteral nutrition improves infectious morbidity in secondary peri-
tonitis. Clin Nutr. 2004;23(1):13–21.  

   53.    Zhou Y-P, Jiang Z-M, Sun Y-H, He G-Z, Shu H. The effects of supplemental glutamine dipeptide on gut integrity 
and clinical outcome after major escharectomy in severe burns: a randomized, double-blind, controlled clinical trial. 
Clin Nutr Suppl. 2004;1(1):55–60.  

   54.    Dechelotte P, Hasselmann M, Cynober L, Allaouchiche B, Coeffi er M, Hecketsweiler B, et al. L-alanyl-L-glutamine 
dipeptide-supplemented total parenteral nutrition reduces infectious complications and glucose intolerance in criti-
cally ill patients: the French controlled, randomized, double-blind, multicenter study. Crit Care Med. 2006; 
34(3):598–604.  

    55.    Grau T, Bonet A, Minambres E, Pineiro L, Irles JA, Robles A, et al. The effect of l-alanyl-l-glutamine dipeptide 
supplemented total parenteral nutrition on infectious morbidity and insulin sensitivity in critically ill patients. Crit 
Care Med. 2011;39(6):1263–8.  

    56.    Conejero R, Bonet A, Grau T, Esteban A, Mesejo A, Montejo JC, et al. Effect of a glutamine-enriched enteral diet 
on intestinal permeability and infectious morbidity at 28 days in critically ill patients with systemic infl ammatory 
response syndrome: a randomized, single-blind, prospective, multicenter study. Nutrition. 2002;18(9):716–21.  

   57.    Garrel D, Patenaude J, Nedelec B, Samson L, Dorais J, Champoux J, et al. Decreased mortality and infectious 
morbidity in adult burn patients given enteral glutamine supplements: a prospective, controlled, randomized clinical 
trial. Crit Care Med. 2003;31(10):2444–9.  

   58.    Zhou YP, Jiang ZM, Sun YH, Wang XR, Ma EL, Wilmore D. The effect of supplemental enteral glutamine on 
plasma levels, gut function, and outcome in severe burns: a randomized, double-blind, controlled clinical trial. 
JPEN J Parenter Enteral Nutr. 2003;27(4):241–5.  

14 Glutamine Supplementation in Multiple Trauma Patients



194

   59.    Peng X, Chen RC, Wang P, You ZY, Wang SL. Effects of enteral supplementation with glutamine on mitochondria 
respiratory function of intestinal epithelium in burned rats. Zhongguo Wei Zhong Bing Ji Jiu Yi Xue. 2004; 
16(2):93–6.  

    60.    Jones C, Palmer TE, Griffi ths RD. Randomized clinical outcome study of critically ill patients given glutamine- 
supplemented enteral nutrition. Nutrition. 1999;15(2):108–15.  

    61.    Brantley S, Pierce J. Effects of enteral glutamine on trauma patients. Nutr Clin Pract. 2000;15:S13.  
   62.    Hall JC, Dobb G, Hall J, de Sousa R, Brennan L, McCauley R. A prospective randomized trial of enteral glutamine 

in critical illness. Intensive Care Med. 2003;29(10):1710–6.  
      63.    Schulman AS, Willcutts KF, Claridge JA, Evans HL, Radigan AE, O'Donnell KB, et al. Does the addition of gluta-

mine to enteral feeds affect patient mortality? Crit Care Med. 2005;33(11):2501–6.  
      64.    McQuiggan M, Kozar R, Sailors RM, Ahn C, McKinley B, Moore F. Enteral glutamine during active shock resus-

citation is safe and enhances tolerance of enteral feeding. JPEN J Parenter Enteral Nutr. 2008;32(1):28–35.  
     65.    Luo M, Bazargan N, Griffi th DP, Estivariz CF, Leader LM, Easley KA, et al. Metabolic effects of enteral versus 

parenteral alanyl-glutamine dipeptide administration in critically ill patients receiving enteral feeding: a pilot study. 
Clin Nutr. 2008;27(2):297–306.  

    66.    Melis GC, Boelens PG, van der Sijp JR, Popovici T, De Bandt JP, Cynober L, et al. The feeding route (enteral or 
parenteral) affects the plasma response of the dipetide Ala-Gln and the amino acids glutamine, citrulline and argi-
nine, with the administration of Ala-Gln in preoperative patients. Br J Nutr. 2005;94(1):19–26.  

    67.    Haisch M, Fukagawa NK, Matthews DE. Oxidation of glutamine by the splanchnic bed in humans. Am J Physiol 
Endocrinol Metab. 2000;278(4):E593–602.  

    68.    Ligthart-Melis GC, van de Poll MC, Dejong CH, Boelens PG, Deutz NE, van Leeuwen PA. The route of administra-
tion (enteral or parenteral) affects the conversion of isotopically labeled L-[2-15 N]glutamine into citrulline and 
arginine in humans. JPEN J Parenter Enteral Nutr. 2007;31(5):343–8. discussion 49-50.  

    69.    Wischmeyer PE, Lynch J, Liedel J, Wolfson R, Riehm J, Gottlieb L, et al. Glutamine administration reduces Gram- 
negative bacteremia in severely burned patients: a prospective, randomized, double-blind trial versus isonitrogenous 
control. Crit Care Med. 2001;29(11):2075–80.  

      70.    Bakalar B, Duska F, Pachl J, Fric M, Otahal M, Pazout J, et al. Parenterally administered dipeptide alanyl-glutamine 
prevents worsening of insulin sensitivity in multiple-trauma patients. Crit Care Med. 2006;34(2):381–6.  

         71.    Eroglu A. The effect of intravenous alanyl-glutamine supplementation on plasma glutathione levels in intensive care 
unit trauma patients receiving enteral nutrition: the results of a randomized controlled trial. Anesth Analg. 
2009;109(2):502–5.  

     72.    Schulman AS, Willcutts KF, Claridge JA, O'Donnell KB, Radigan AE, Evans HL, et al. Does enteral glutamine 
supplementation decrease infectious morbidity? Surg Infect (Larchmt). 2006;7(1):29–35.  

      73.    Yang DL, Xu JF. Effect of dipeptide of glutamine and alanine on severe traumatic brain injury. Chin J Traumatol. 
2007;10(3):145–9.  

    74.    Schirmer CM, Kornbluth J, Heilman CB, Bhardwaj A. Gastrointestinal prophylaxis in neurocritical care. Neurocrit 
Care. 2012;16(1):184–93.  

     75.    Beale RJ, Sherry T, Lei K, Campbell-Stephen L, McCook J, Smith J, et al. Early enteral supplementation with 
key pharmaconutrients improves Sequential Organ Failure Assessment score in critically ill patients with sepsis: 
outcome of a randomized, controlled, double-blind trial. Crit Care Med. 2008;36(1):131–44.  

    76.    Macfi e J. European round table: the use of immunonutrients in the critically ill. Clin Nutr. 2004;23(6):1426–9.  
    77.    Wernerman J. Glutamine and acute illness. Curr Opin Crit Care. 2003;9(4):279–85.  
    78.    Marshall JC, Cook DJ, Christou NV, Bernard GR, Sprung CL, Sibbald WJ. Multiple organ dysfunction score: a 

reliable descriptor of a complex clinical outcome. Crit Care Med. 1995;23(10):1638–52.  
     79.    Long CL, Nelson KM, DiRienzo DB, Weis JK, Stahl RD, Broussard TD, et al. Glutamine supplementation of 

enteral nutrition: impact on whole body protein kinetics and glucose metabolism in critically ill patients. JPEN J 
Parenter Enteral Nutr. 1995;19(6):470–6.  

    80.    Hershman MJ, Cheadle WG, Wellhausen SR, Davidson PF, Polk Jr HC. Monocyte HLA-DR antigen expression 
characterizes clinical outcome in the trauma patient. Br J Surg. 1990;77(2):204–7.  

     81.    Pérez-Bárcena J, Crespí C, Regueiro V, Marsé P, Raurich JM, Ibáñez J, et al. Lack of effect of glutamine administra-
tion to boost the innate immune system response in trauma patients in the intensive care unit. Crit Care. 2010; 
14(6):R233.  

    82.    Heyland D, Muscedere J, Wischmeyer PE, Cook D, Jones G, Albert M, et al. A randomized trial of glutamine and 
antioxidants in critically ill patients. N Engl J Med. 2013;368(16):1489–97.  

    83.    Houdijk AP, Nijveldt RJ, van Leeuwen PA. Glutamine-enriched enteral feeding in trauma patients: reduced infec-
tious morbidity is not related to changes in endocrine and metabolic responses. JPEN J Parenter Enteral Nutr. 
1999;23(5 Suppl):S52–8.  

    84.    Wischmeyer PE. Clinical applications of L-glutamine: past, present, and future. Nutr Clin Pract. 2003;18(5): 
377–85.    

R.M. Al Balushi et al.



195R. Rajendram et al. (eds.), Glutamine in Clinical Nutrition, Nutrition and Health,
DOI 10.1007/978-1-4939-1932-1_15, © Springer Science+Business Media New York 2015

     Keywords     Alanyl-glutamine dipeptide   •   Glycaemia variability   •   Insulin sensitivity   •   Total parenteral 
nutrition   •   Critically ill patients  

         Abbreviations 

    ARMA    Autoregressive Moving Average Model   
  DTA    Detrended Fluctuation Analysis   
  FFA    Free Fatty Acids   
  GLI    Glycaemic Liability Index   
  GLUT-4    Glucose Transporter 4   
  GPI    Glycaemic penalty Index   
  HGI    Hyperglycaemic Index   

    Chapter 15   
 Glutamine Dipeptide and Insulin Sensitivity 
in Critically Ill Patients 

              Teodoro     Grau-Carmona       and     Carol     Lorencio     Cárdenas    

        T.   Grau-Carmona ,  M.D., Ph.D.      (*) 
  Intensive Care Department ,  Hospital Universitario Doce de Octubre ,   Madrid ,  Spain   
 e-mail: teodoro.grau@salud.maadrid.org; teograu@terra.com   

    C.  L.   Cárdenas ,  M.D.    
  Intensive Care Department ,  Hospital Josep Trueta ,   Girona ,  Spain    

   Key Points 

•     Glutamine is a conditional amino acid in critically ill patients that infl uences glucose metabolism, 
and particularly it can improve insulin sensitivity in critically ill patients.  

•   There are several mechanisms that can explain these phenomena: through the glucose-glutamine 
cycle, increasing insulin secretion, improving insulin sensitivity in muscle, increasing fatty acids 
oxidation and decreasing the infl ammatory response.  

•   Assess glycaemia variability in critically ill patients is a diffi cult task. Specialized techniques to 
assess variability must take in account the changes across time.  

•   There is enough evidence that support the use of time series analysis as the best statistical method 
to explain glucose variability.  

•   Glutamine exerts a benefi cial effect controlling hyperglycaemia and decreasing insulin needs in 
critically ill patients.    
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  NF-κβ    Nuclear Factor κβ   
  RMSE    Root Mean-Square Error   
  TNF-α    Tumour Necrosis Factor α   
  TPN    Total Parenteral Nutrition   

       Introduction 

 Hyperglycaemia is a landmark metabolic feature associated with the stress response in critically ill 
patients. The stress response gives an exaggerated production of catecholamines and cortisol that com-
bined with the presence of infl ammatory cytokines, results in insulin resistance. Moreover, the use of 
exogenous catecholamines and nutritional support results in an exaggerated hyperglycaemia. Stress 
hyperglycaemia has been linked to poor outcomes and until recently, many efforts have been done to 
control high glucose levels using intensive insulin administration [ 1 ]. In the last two decades, intensive 
insulin administration has been the cornerstone therapy to maintain glycaemia in an acceptable range 
in order to avoid hyperglycaemia related complications in these patients [ 2 ,  3 ]. Nevertheless, there is 
also a risk associated to hypoglycaemia and, in fact, the most recent study has not shown benefi cial 
effects of thigh glucose control with insulin therapy [ 4 ]. Two subsequent meta-analyses have shown 
that thigh glycaemic control does not decrease mortality in critically ill patients [ 5 ,  6 ], and some 
authors suggest that acquired insulin resistance in these patients could be of benefi t [ 7 ]. 

 When looking at glycaemia control in critical care patients we should consider not only the pres-
ence or not of insulin resistance, but the effect of different substrates and the level of infl ammation. 
Dietary restriction improves insulin resistance sensitivity quickly and before substantial weight loss 
is achieved. During the stress response, different infl ammatory mediators play a key roll in intermedi-
ate metabolism, increasing the endogenous production of glucose [ 8 ]. Amino acids are the main 
source for gluconeogenesis and oxidation, and glutamine is the main donor of carbon chains for this 
process. Indeed, glutamine is involved in immune processes that can modulate the infl ammatory 
response during the critical illness. In this chapter we review the potential roll of glutamine to pre-
serve insulin sensitivity in critically ill patients.  

    Altered Glucose Metabolism After Injury 

 Hyperglycaemia in critically ill patients is directly related to the level of injury and is due to insulin 
resistance. Studies using euglycaemic hyperinsulinaemic clamps have demonstrated that the level of 
insulin resistance in these patients correlates with the severity of the injury [ 9 ]. The two classical pat-
terns of the stress response are called the “ebb phase” and the “fl ow phase”. The ebb phase occurs 
immediately after the injury and correlates with the severity of the disease. The hyperglycaemia seen 
at this moment is not associated with high levels of plasmatic insulin but it appears during the fl ow 
period [ 10 ]. At this time there are three landmarks changes of fuel substrate metabolism: increased 
levels of glycaemia with impaired oxidation, increased levels of plasma-free fatty acids (FFA) with 
increased oxidation and an increased liberation of amino acids from the skeletal muscle, mainly 
 glutamine, for hepatic gluconeogenesis. 
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 During the fl ow phase, hepatic gluconeogenesis is elevated and not suppressed by the exogenous 
administration of glucose. At the same time, glycogen formation is inhibited in the muscle and the 
liver, and glucose is metabolized to pyruvate and lactate (non-oxidative utilisation of glucose). This 
phenomenon is named central insulin resistance and represents the failure of insulin to inhibit gluco-
neogenesis and glycogenolysis in the liver, and it is responsible for the development of hyperglycae-
mia and persistent stimulation of insulin production. Peripheral insulin resistance results in a diminished 
insulin-mediated uptake of glucose by skeletal muscle, adipose tissue and other insulin- mediated glu-
cose uptake tissues [ 11 ]. The fi nal result of these metabolic processes is the presence of large amounts 
of glucose that are stored in the form of lipids via the novo lipogenesis. Cortisol and epinephrine are 
responsible of the impaired insulin mediated glucose uptake. Moreover, cytokines such as TNFα and 
interleukin inhibit post-receptor insulin signalling and down-regulate glucose transporter 4 (GLUT-4). 
Hyperglycaemia by itself exacerbates the cytokine production, and the infl ammatory response setting 
up a vicious cycle whereby hyperglycaemia leads to further hyperglycaemia [ 12 ]. 

 During the fl ow phase, there is an enhanced release of Fatty Acids (FFA) from peripheral tissues 
and enhanced whole-body fat oxidation. This increased fl ux of Fatty 

 Acids are not clearly associated to high levels of plasma FFA but glycerol concentrations are 
increased, refl ecting an exaggerated lipolysis. Under conditions of hyperglycaemia and hyperinsu-
linaemia, hepatic oxidation of FFA and secretion seems to be inhibited, particularly when the amount 
of released FFA exceeds the energy needs, and triglycerides accumulate in hepatocytes and muscle. 
FFA overload at mitochondrial level, and high amounts of triglycerides stored in muscle and liver 
result in more impaired insulin sensitivity in these tissues [ 13 ,  14 ]. 

 Figure  15.1  shows an integrated approach to the development of hyperglycaemia and insulin resis-
tance in critically ill patients. In the fi rst phase (ebb), stress hormones promote glucogenolysis, gluco-
neogenesis and lipolysis. The infl ammatory response mediated by TNF-α results in mitochondrial 
damage and muscle and liver with the result of insulin resistance. Circulating FFA and hyperglycae-
mia perpetuates the response during the fl ow phase [ 14 ].   

    Glutamine Actions on Insulin Sensitivity 

 Glutamine is the most abundant non-essential amino acid in humans and it is involved in numerous 
metabolic processes. During critical illness, plasmatic levels of glutamine are usually low and have 
been correlated with an increased mortality [ 15 ]. It seems that glutamine is the main donor of carbon 
chains for gluconeogenesis in the liver and the kidney. It acts as a substrate but also as a modulator of 
glucose metabolism, reducing hyperglycaemia and plasmatic levels of insulin. There are several pro-
posed mechanisms that could explain why glutamine improves hyperglycaemia and insulin sensitivity 
(Table  15.1 ).

      The Glucose Glutamine Cycle 

 In the post-absorptive state, oral or parenteral glutamine is converted in glucose in the muscle, liver, 
kidneys and small intestine. The skeletal muscle account for more than 50 % of glutamine uptake 
from the plasma and, at the same time, is responsible of the 65–75 % of plasmatic glutamine release. 
Studies in humans during euglycaemic hyperinsulinaemic clamps have shown that skeletal muscle is 
largely responsible for the increased release of glutamine into plasma, and this may be due to an 
increased conversion of glucose to glutamine as a part of the glucose-glutamine cycle. But during 
hypoglycemic hyperinsulinaemic clamps there is a decreased glutamine uptake by skeletal muscle 
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because it is diverted to the liver for gluconeogenesis [ 16 ]. These results suggest that carbon transfer 
from glucose to glutamine may depend on adequate insulin availability and action. In critically ill 
patients, administering insulin to maintain tight glycaemic control promotes an increased release of 
glutamine from skeletal muscle probably due to increased de novo net synthesis of glutamine suggest-
ing a cause–effect relationship [ 17 ].  

    Increasing Insulin Secretion 

 In vivo, pancreatic β-cells constantly monitor nutrient availability and can generate appropriate 
 secondary stimulus-coupling signals in response to minor changes in the concentration of specifi c 
substrates. Exocytose of insulin granules in β-cells is directly related to ATP metabolism in 

  Fig. 15.1    Proposed pathways of insulin resistance in the ebb and fl ow stages of burn.  Abbreviations :  DAG  diacylglyc-
erol,  EPI  epinephrine,  FFA  free fatty acids,  GLUT-4  glucose transporter-4,  TG  triglyceride,  HTG  hepatic TG,  IL-6  
interleukin-6,  IMTG  intramyocellular TG,  IR  insulin receptor,  IRS-1  insulin receptor substrate-1,  NE  norepinephrine, 
 TNF-α  tumor necrosis factor- α,  NF-κB  nuclear factor-κB,  PKC  protein kinase C reference [ 14 ]       

   Table 15.1    Proposed mechanisms of how 
glutamine can improve hyperglycaemia        

 • The glucose-glutamine cycle 
 • Increasing insulin secretion 
 • Improving insulin sensitivity in muscle 
 • Increasing fatty acid oxidation 
 • Decreasing the infl ammatory response 

 

T. Grau-Carmona and C.L. Cárdenas



199

mitochondria in presence of high levels of glucose. Nevertheless, it seems that some amino acids, and 
particularly glutamine, play also a signifi cant roll to maintain insulin secretion. In vitro and human 
studies have demonstrated that glutamine is metabolized to glutamate in β-cells through glutamate 
DH, and it stimulates directly insulin exocytose [ 18 ]. It is a well-known phenomenon in children’s 
glutamate DH mutation that present the Hyperinsulinism Hyperammonaemia Syndrome [ 19 ]. This 
effect has not been proven in critically ill patients.  

    Improving Insulin Sensitivity in Muscle 

 Experimental studies have shown that glutamine can improve insulin mediated glucose uptake. During 
euglycaemic hyperinsulinaemic clamps, intravenous glutamine improved whole body glucose utiliza-
tion without changes in glucagon levels. The higher uptake was observed in the liver and in the mus-
cle, indicating that there is an improved sensitivity to insulin in these tissues [ 20 ]. It is unknown if 
glutamine modifi es the insulin sensitivity of the receptor or if it is a post-receptor effect. Human stud-
ies have shown that glutamine improves insulin sensitivity in muscle. Using euglycaemic hyperinsu-
linaemic clamps, there are two studies that have demonstrated that glutamine diminishes insulin 
resistance. The fi rst one was performed in multiple trauma patients in the fi rst week after the injury, 
and show that glucose disposal is higher and fasting insulin resistance is lower in patients receiving 
alanyl-glutamine dipeptide in the fi rst week after the injury. This effect is not due to a reduction in the 
lean body mass and an increased proteolysis or a change in the infl ammatory response, measured with 
C-reactive protein [ 21 ]. The second one explored the combined effect of low dose of alanyl-glutamine 
and growth hormone on insulin resistance and substrate oxidation. Glucose disposal was higher in the 
group of patients with glutamine alone when compared with the control group, or the other one that 
receives simultaneously alanyl-glutamine and growth hormone [ 22 ].  

    Increasing Fatty Acid Oxidation 

 Related with the changes in insulin sensitivity, one can expect that glutamine can modify fatty acid 
oxidation. In the study performed in multiple trauma patients mentioned above, glutamine treated 
group showed higher carbohydrate oxidation rates than lipid oxidation [ 21 ]. It could be explained by 
the named Randle’s cycle or glucose-fatty acid cycle. It describes that the release and oxidation of 
lipids inhibits glucose oxidation in muscles, and conversely glucose inhibit release of lipids fuels and 
thereby facilitate uptake and oxidation of carbohydrates. Probably, glutamine improves insulin sensi-
tivity of adipose tissue, can blunt lipolysis and lipid oxidation in the liver and can reverse hypergly-
caemia related to a lipid infusion [ 23 ]. Human studies have shown that glutamine, administered with 
a mixed meal [ 24 ], can regulate glucose and lipid oxidation but this effect has not been deeply studied 
in critically ill patients.  

    Decreasing the Infl ammatory Response 

 Decreasing the infl ammatory response has a direct effect on glucose and fat metabolism (Fig.  15.1 ). 
It has been shown that glutamine attenuate the expression of pro-infl ammatory cytokines and decreases 
systemic infl ammation. The mechanism is interfering with the signal transduction of the nuclear fac-
tor NF-kB, and protein-kinase pathways [ 25 ]. The same group has demonstrated that glutamine exerts 
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a benefi cial after a heat-stress injury, because it is able to modify the Heat-Shock Factor 1 (HSF-1) 
expression and enhances the Heat-Shock Protein response after injury, increasing the resistance to 
cellular apoptosis can also decrease the infl ammatory response [ 26 ].   

    Glycaemic Control and Glutamine 

 When looking at glycaemic control, it has been demonstrated that the level of glycaemia and insulin 
needs are dependent of the status of the patient. In the outpatient setting, insulin requirements in 
physiologic terms are classifi ed as of basal and prandial needs. In the hospital, nutritional intake is not 
necessarily provided as discrete meals. The insulin dose requirement can be classifi ed as basal and for 
nutritional needs. Nutritional insulin requirements refer to the amount of insulin necessary to cover 
intravenous dextrose, TPN, enteral feedings, nutritional supplements administered or discrete meals. 
When patients eat discrete meals without receiving other nutritional supplementation, the nutritional 
insulin requirement is the same as the prandial requirement, and it is the amount of exogenous insulin 
necessary to prevent gluconeogenesis and ketogenesis. An additional variable that determines total 
insulin needs in the hospital is an increase in insulin requirement related to the acute illness. The net 
effect of these factors is an increase in insulin requirements, compared with a non-sick population. 
This proportion of insulin requirement specifi c to illness is referred to as illness or stress-related insu-
lin and varies across the in one individual and between individuals. In fact, in critically ill patients, the 
amount of basal insulin needed to obtain glycaemic control is around 50 % of the total amount, artifi -
cial nutrition (enteral or parenteral) represent as much as the 40 % of the insulin needs and the disease 
by itself increase the insulin needs between 20 and 30 %, giving a total amount more than 120 % of 
the basal needs under a healthy status [ 27 ]. 

 There are several studies that support the hypothesis that glutamine can improve glycaemic control 
and decrease insulin needs in healthy humans [ 28 ]. Moreover, glutamine seems to exert better glycae-
mic control [ 29 ]. In this paper, hyperglycaemia was less frequent in glutamine-treated patients, and 
the need for insulin therapy was also signifi cantly reduced. 

    Glycaemia Variability and Glycaemia Dynamics 

 One major concern in glycaemic control is the variability across the time. Classical studies have 
shown that elevated levels of glycaemia, the episodes f hypoglycaemia and an increased variability 
correlate with mortality [ 30 ]. Glycaemia variability seems to be more toxic that hyperglycaemia by 
itself. Experimental and clinical studies have shown that variability or oscillating hyperglycaemia 
increases oxidative stress more than sustained chronic hyperglycaemia in diabetes type 2 patients [ 31 ]. 
In critically ill patients, it has been clearly demonstrated that hyperglycaemia and hypoglycaemia are 
toxic and increase mortality by itself [ 4 ]. Nevertheless, it is not clear if the variability has the same 
relevance in critically ill patients. A meta-analysis designed to evaluate the results of assessing gly-
caemia variability found a signifi cant heterogeneity of the 12 studies selected. Thirteen different 
methods to assess variability were found, and the studies reported a signifi cant association between 
mortality, but there were a lot of methodological problems. The meta-analysis does not support a clear 
evidence of the association between glycaemia variability and bad clinical outcomes [ 32 ]. 

 The evaluation of the different methods to assess glycaemia variability in critically ill patients is 
out of the scope of this chapter, but several considerations should be done. 

 Glucose values are not necessarily normally distributed or even symmetric about the mean, because 
there are not negative values below a number of standard deviations from the mean. Hyperglycaemia 
and hypoglycaemia should have a common threshold. Indexes like mean absolute glucose (MAG), 
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mean amplitude of glycaemic excursions (MAGE) and glycaemic labiality index (GLI) do not assess 
the direction of changes. Mean and standard deviations values, hypoglycaemia, hyperglycaemia, 
mean daily blood glycaemia or changes across the time do not take into account the time elapsed 
between determinations. Caregivers will respond differently to different levels of glycaemia changing 
the threshold levels or modifying insulin doses. Moreover, race, sex, previous disease, the clinical 
status of the patient, the severity of the disease and the typical interventions in critically ill patients, 
like the use of catecholamines or steroids, can blunt the clear effect of glycaemia variability on  clinical 
outcomes.  

    Analysis of the Oscillatory Patterns of Glycaemia 

 It is clearly established that glucose stimulates insulin secretion from pancreatic cells. Oscillations in 
insulin secretion have been measured in vivo and in isolated pancreatic islets. The oscillations have 
two components: the faster one has a period of tens of seconds, and the slower one period of 4–6 min. 
This latter component appears to play an important physiological role in insulin action. It seems that 
the fast oscillations result from electrical mechanisms generated endogenously within the β-cells 
themselves and, slow oscillations are due to the effects of glycolysis in Ca ++  channels of the β-cells. 
This model take in account the variability or time course of the Ca ++  intracellular levels and other 
metabolic variables observed in glucose-stimulated pancreatic islets. The oscillatory pattern of intra-
cellular levels of Ca ++  results in a pulsatile pattern of insulin secretion [ 33 ]. 

 There are several clinical studies that have tried to identify this oscillatory pattern. A study in 
trauma and burn patients assessed the variability of glycaemia and exogenous insulin requirements 
trying to fi nd a pattern comparing the changes in both data. Hourly blood glucose and insulin dose 
requirements were matched between subjects for a time of day given. Average blood glucose and 
insulin requirement for the study population were analyzed with a linear and cosine regression to 
determine daily and overall trends. Cosine regression confi rmed the diurnal glucose and insulin pat-
terns and simple regression of the data identifi es the overall trend in mean levels. The average insulin 
dose to correct hyperglycaemia in the study population was lowest at admission and increased at a 
constant rate, showing the evidence that insulin activity decreases over time and that there is an 
increasing insulin resistance [ 34 ] (Fig.  15.2 ).  

180

170

160

150

140

130

120

G
ly

ce
m

ia
 (

m
g/

dL
)

110

100
6 0 6 12 18 24 30 36 42 48 54 60

Time (hours)

DIET

Control TPN
Ala-Glu TPN

66 72 78 84 90 96 102108114120126

  Fig. 15.2    Glycaemia time series in patients treated with alanine dipeptide and control patients       
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 The second study was done in a mixed population of critically ill patients. The authors analyzed 
glucose variability assuming that it has a nonlinear dynamics. Glycaemia levels seem to be unpredict-
able and be random (pseudorandom) as other physiologic processes like cardiac rhythm, or tempera-
ture. They use a complexity analysis based on time series calculations. Complexity was assessed with 
a technique named detrended fl uctuation analysis (DFA). DFA estimates the degree of long-range 
correlations within a signal, analyzing how the time series diverge as the time considered increases. 
High-complexity series, or series with high variability, show that two consecutive values diverge 
whereas, in low complexity series, two consecutive values are closer. Low values of DFA represent 
high complexities and high values indicate low complexity. This analysis correlates one value with the 
closest values and is linked with them. This kind of analysis can detect small differences between 
values that traditional statistical methods (median, range, standard deviation) are unable to fi nd. 
Usually physiological conditions show high levels of complexity and low variability whereas patho-
logical conditions have low complexity and high variability. A nice example is the complexity of the 
sinus rhythm and the variability of cardiac dysrhythmias. In this study, DFA was signifi cantly lower 
(higher complexity) in surviving patients than in patients who died and the difference remained when 
confounding factors as the age and severity score were included in the model [ 35 ]. 

 The last study is derived from the Leuven study [ 2 ]. They used the large amount of patient included 
in the study that time series of all blood glucose measurements were available. Several indexes of 
glucose variability, as markers of variability, were calculated: the hyperglycaemic index (HGI), the 
hypoglycaemic index (HoGI), and the glycaemic penalty index (GPI). In addition, they calculated 
jack-knifed approximate entropy (JkApEn) of the blood glucose signal, as a marker of patterns of 
variation over time. With this statistical technique, large values of entropy correlates high variability 
and small values correlate with low variability of the value. A physiological system has low levels of 
entropy and a pathological one has high levels. This study assessed the effect of an intensive insulin 
treatment on amplitude variation and entropy of glycaemia in a multivariable logistic regression 
model. It demonstrated that a lower blood glucose amplitude variation and a more regular blood 
 glucose signal with recognizable patterns were independently associated with a lower mortality [ 36 ].  

    Glycaemic Control with Glutamine: Time-Series Analysis 

 In 2008, our group published the results of a prospective, double-blind, randomized trial was to assess 
the clinical effi cacy of glutamine dipeptide-supplemented TPN, defi ned by the occurrence of nosoco-
mial infections, or new organ failure as clinical endpoints. A secondary objective was to analyze the 
effect of glutamine. The aim of this study was to assess the effect of glutamine dipeptide supple-
mented TPN on tight glycaemic control in critically ill patients compared with a standard TPN using 
a time series analysis. Entry criteria were the following: adult patients in ICU requiring TPN for 3 or 
more days and APACHE II score higher than 12. Both groups received isonitrogenous and isocaloric 
TPN. Nutritional needs were calculated: 0.25 g N kg −1  day −1  and 25 kcal kg −1  day −1 . Glutamine-TPN 
group received 0.5 g kg −1  day −1  of glutamine dipeptide and the standard TPN group a similar amount 
of amino acids. A tight glycemic control protocol was placed using a target plasmatic glycaemia of 
120 mg/dL. Hourly glycaemia and the hourly dose of insulin were recorded at least 15 times a day. 
After an exploratory analysis, glycaemia and insulin values were depurated. We apply six different 
time series models to fi nd the model that better fi ts using the root mean-square error (RMSE) between 
patients and individual determinations (Table  15.2 ). The model that better fi ts was an autoregressive 
moving average model ARMA that included the values of insulin 1 and 2 h before the next determina-
tion (Table  15.3 ). Because glycaemia and insulin data were unbalanced, we applied a hierarchical 
mixed linear model that overcomes the limitations of multivariate analysis of variance. We used two 
levels of hierarchy, patient and measurement, to identify the effect of insulin dose and the type of diet. 
A lineal and sinusoidal model was used to assess the circadian rhythm.
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    The effect of insulin dose on plasmatic glycaemia was best measured using a regression model 
with autocorrelation (ARMA) with one previous measurement. It has a physiological explanation 
because insulin action starts 6 min after the administration. When looking to the effect of the different 
diets, the glutamine treated group TPN group had lower levels of glycaemia and needed lesser insulin 
than the control TPN group with a 54 % reduction of the amount of insulin for the same levels 
of plasmatic glycaemia (Fig.  15.3 ). We were unable to fi nd circadian differences between the doses of 
insulin in both groups [ 37 ].    

    Conclusions 

 Hyperglycaemia is a landmark metabolic feature associated with the stress response in critically ill 
patients mediated by catecholamines and infl ammatory metabolites, particularly cytokines and the 
nuclear factor κβ. The de novo acquired hyperglycaemia in these patients is mainly due to a decreased 
insulin sensitivity in liver and muscle. The efforts to control these phenomena must be addressed not 
only to use insulin but to explore the effect of different nutritional substrates on glucose metabolism. 
It has been suggested that glutamine, a conditionally essential amino acid in critically ill patients, 
can infl uence glucose metabolism, and particularly it can improve insulin sensitivity in critically ill 
patients. There are several mechanisms that can explain these phenomena: through the glucose- 
glutamine cycle, increasing insulin secretion, improving insulin sensitivity in muscle, increasing fatty 
acid oxidation and decreasing the infl ammatory response. 

   Table 15.2    The best model of different time series analysis was the auto- 
regressive moving average model, ARMA (2,1). Measured and predicted 
values were the closest obtained from different models          

 Model  RMSE 

 AR (1)  27,406 
 AR (2)  25,496 
 ARMA (1,1)  26,329 
 ARMA (2, 1)  24,546 
 ARMA (1,2)  25,138 
 ARIMA (1,1,0)  32,561 

  RMSE: Root mean-square error 
 Measured Values 
 N. measurements: 19,782 
 Glycaemia: 133 mg/dL (CI 95 % 105–171) 
 Insulin: 5 UI/h (CI 95 %: 3–12) 
 Predicted Values 
 N. measurements: 20,017 
 Glycaemia: 130 mg/dL (CI 95 %: 103–163) 
 Insulin: 4 UI/h (CI 95 %: 2–6)  

   Table 15.3    The time series analysis with ARMA (2,1) show that glycaemia is dependent of 
the insulin dose one before the determination, and the effect of glutamine diet (β) is higher that 
the control diet with a signifi cant difference   

 β  SE(β)   p -value 

  ARIMA (1,2)  
 Insulin dose  7.14  0.24  <0.001 
 Insulin 1 h before  −0.94  0.13  <0.0001 
  Diet and insulin 1 h  
 Control  −0.8  0.1  <0.0001 
 Glutamine  −1.1  0.2  <0.0001 
 Difference  −0.5  0.1  <0.0001 
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 Assess glycaemia variability in critically ill patients is a diffi cult task. It is important to consider 
the variations across the time using specialized statistical methods due to the characteristic oscillatory 
pattern of glycaemia levels and insulin secretion. The use of different methods of time series analysis 
can explain this variability and demonstrate the effectiveness of some interventions like tight glycae-
mic control with intensive insulin administration. Also, we have demonstrated that assessing glucose 
variability with different hierarchical models why can explain how a glutamine dipeptide exerts a 
benefi cial effect controlling hyperglycaemia and decreasing insulin needs in critically ill patients.     
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   Key Points 

•     Glutamine serves as a primary fuel for rapidly dividing cells and is used as a source of nitrogen to 
refi ll the citric acid cycle.  

•   During critical illness, the demand for glutamine may exceed that which can be mobilised from 
muscle stores.  

•   No glutamine supplementation recommendations exist for critically ill children.  
•   The benefi cial effect of glutamine, in experimental or animal models of sepsis, appears to be 

dependent on the heat-shock protein-70 response.  
•   In order to understand the role of glutamine supplementation in critically ill children and premature 

infants, future studies should address previous methodological problems within clinical studies, 
with the aim of investigating interrelationships between glutamine supplementation, stress-induced 
heat-shock protein and the infl ammatory response.   

  Abbreviations 

  ARDS    Acute respiratory distress syndrome   
  ATP    Adenosine triphosphate   
  ASPEN    American Society of Parenteral and Enteral Nutrition   
  CRP    C-reactive protein   
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         Introduction 

 Amino acids trigger signalling cascades, which regulate various aspects of protein synthesis and 
energy metabolism serving as precursors for important substrates. Glutamine is the most abundant 
extracellular amino acid, with a concentration of between 0.6 and 0.7 mmol/L, which becomes con-
ditionally essential during stress, injury or illness [ 1 ]. Conversely, glutamate is usually the most abun-
dant intracellular amino acid with a concentration of 2–20 mmol/L depending on the cell type. 
Glutamate facilitates de novo amino acid transamination, donating an amino group or ammonia. 
In some organs, e.g. liver, and cells, e.g. astrocytes, glutamate and ammonia are combined by glutamine 
synthetase to form glutamine, which is then exported from the cell. 

 Organs and skeletal muscle are the main source of endogenous glutamine with high intracellular 
concentrations of 20–25 mmol/L glutamine. Blood glutamine levels refl ect the balance between syn-
thesis, release and consumption by all types of cells. Glutamine serves as a metabolic intermediate 
and precursor, providing carbon and nitrogen for the de novo synthesis of other amino acids, nucleic 
acids, fatty acids, nucleotides and proteins. During times of stress, skeletal muscle is an active net 
exporter of free glutamine. Glutamine provides fuel source for rapidly dividing cells such as those of 
the immune system and gastrointestinal tract, reticulocytes and fi broblasts; it is a precursor for nucleic 

  DAMPS    Damage-associated molecular patterns   
  DC    Dendritic cells   
  ESPEN    European Society of Parenteral and Enteral Nutrition   
  ELBW    Extremely low birth weight   
  HSF-1    Heat-shock factor 1   
  HSP    Heat-shock protein   
  HSP25    Heat-shock protein 25   
  HSP70    Heat-shock protein 70   
  HBP    Hexosamine biosynthetic pathway   
  IL    Interleukin   
  IEC    Intestinal epithelial cells   
  IV    Intravenously   
  IKK    IκB kinase   
  LOS    Length of stay   
  LPS    Lipopolysaccharide   
  mRNA    Messenger ribonucleic acid   
  MAPK    Mitogen-activated protein kinase pathway   
  MYD88    Myeloid differentiation primary response 88   
  NF-κB    Nuclear factor kappa B   
  PICU    Paediatric intensive care unit   
  PRISM    Paediatric risk of mortality   
  PAMPS    Pathogen-associated molecular patterns   
  PRR    Pattern recognition receptors   
  RCT    Randomised controlled trial   
  SIRS    Systemic infl ammatory response syndrome   
  TLR    Toll-like receptors   
  TNF-α    Tumour necrosis factor alpha   
  UK    United Kingdom   
  US    United States of America   
  VLBW    Very low birth weight     
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acid synthesis, hexosamines, nucleotides and precursors for arginine; glutathione and helping to 
maintain acid–base homeostasis in the kidney and renal regulation of inter-organ glutamine fl ow in 
metabolic acidosis [ 2 ]. In the acute phase of critical illness, glutamine is released in large amounts 
from muscle tissue. Glutamine’s functions within the cell may be broadly categorised into four main 
categories: (1) nitrogen transport; (2) maintenance of the cellular redox state through glutathione; 
(3) a metabolic intermediate and (4) a source of energy. 

 Nutrition support, especially in children who have limited metabolic reserves, has traditionally 
been seen as a means to prevent malnutrition by providing substrate e.g. protein, fat and carbohydrate 
[ 3 ]. Recent advances in the fi eld of nutrition research have resulted in the realisation that specifi c 
nutrients such as glutamine may be of benefi t to critically ill patients with immune modulating effects 
altering the host response to stress. In critically ill adults, plasma glutamine levels decrease signifi -
cantly, remaining low for up to 21 days, and are associated with increased morbidity and mortality [ 4 ]. 
Accordingly, the American Society of Parenteral and Enteral Nutrition (ASPEN)/European Society of 
Enteral and Parenteral Nutrition (ESPEN) recommend that 0.3–0.5 g/kg of glutamine is added to 
parenteral nutrition in critically ill adults [ 5 ]. However, no such recommendations exist for critically 
ill children. This is because much of the work considering the use of glutamine in critical illness has 
been completed in adults, with little data available from paediatric critical illness.  

    Paediatric Sepsis 

 There is a growing interest into how individual nutrients particularly glutamine could infl uence 
morbidity and mortality in critical illness. Globally, sepsis and septic shock remain a leading cause of 
mortality in adults and children. Mortality from severe sepsis in children is reported to be between 
10.3 and 14 %, which is lower than the mortality rates reported in adults of between 27 and 54 %. 
Recently published data shows that amongst children admitted to a paediatric intensive care unit 
(PICU) 82 % had evidence of systemic infl ammatory response syndrome (SIRS), with 23 % of these 
meeting the criteria for sepsis, of which 4 % had severe sepsis and 2 % had septic shock [ 6 ]. 

 In the USA, paediatric sepsis costs nearly $2 billion per annum and in the UK the estimated total 
cost of adult care was between £7,000 and £28,000 per patient per admission. The cost of healthcare 
during acute disease does not account for hidden costs relating to post-discharge rehabilitation following 
severe sepsis, especially in children and the long-term impact on cognitive abilities, executive func-
tioning and psycho/social diffi culties experienced into adulthood [ 7 ].  

    The Infl ammatory Response 

 Young infants and those with underlying medical conditions (e.g. neurodevelopmental delay, chronic 
lung disease and primary immunodefi ciency) are at particular risk of bacterial blood stream infections 
due to immature mucosal barriers and immune system (including macrophages, neutrophils, immuno-
globulin and complement). 

 Many bloodstream infections in children are caused by colonising pathogenic bacteria, which 
are present on the skin or mucosal surfaces such as the nasopharynx. Bloodstream infections can 
arise when there is disruption to the mucosal-epithelia barrier allowing bacterial adherence to occur. 
The endothelial mucosal layer acts as an early detection system for pathogen invasion, stimulating host 
defence mechanisms by recruiting leukocytes to the bloodstream entry site. From bloodstream infection 
to the development of sepsis there is an interplay between the invading organism and the host response; 
the systemic infl ammatory response is the body’s organised response to infection promoting the 

16 Potential for Glutamine Supplementation in Critically Ill Children



210

activation of the complement system and innate immune response. These mechanisms are initiated 
through the recognition of pathogen-associated molecular patterns (PAMPs) by receptors sites on the 
cell surface such as toll-like receptors (TLR) known as pattern recognition receptors (PRRs). PRRs 
(such as TLRs) form the fi rst line of cellular defence, recognising and transducing signals via ligand 
receptors, on the host cell surface, when they come into contact with PAMPs [ 8 ]. 

 Pathogens and the subsequent host response results in tissue and cell damage, stimulating the release 
of intracellular proteins, such as heat-shock protein 70 (HSP70), known as alarmins, which aim to 
protect tissue or cells from further damage. As alarmins and PAMPs elicit similar innate and adaptive 
immune responses they are broadly known as damage-associated molecular patterns (DAMPs) acting to 
promote an infl ammatory response to infection. Infl ammation, as co-ordinated by the innate immune 
system, is a necessary response to infection promoting increased blood fl ow to the injured site. In the 
absence of an infl ammatory response the host would succumb to overwhelming infection, however, an 
exaggerated host response results in septic shock and increased risk of mortality [ 8 ]. 

 During the early phase of sepsis, DAMPs are released in large amounts, both from the invading 
organism and the host’s damaged tissue promoting the release of infl ammatory cytokines (TNF-α, 
IL-1, IL-6, IL-12, IL-8) in addition to free radicals and enzymes in large amounts. HSP70 acts as a 
DAMP and signal through CD14-TLR4 complex, eliciting rapid signal transduction via MYD88–
IKK/NF-κB pathway, activating NF-κB and MAPK pathways and promoting the release pro- 
infl ammatory mediators (TNF-a, IL-1β and IL-6). In addition, the NF-κB family is capable of 
regulating genes associated with the infl ammatory response, immunity and apoptosis, further promot-
ing the release of infl ammatory mediators such as TNF-α [ 9 ].  

    Heat-Shock Protein 70 and Glutamine 

 The benefi cial effects of glutamine in critical illness are postulated to be due to increased production 
of HSP70. The initial response to infection results in a rapid and ubiquitous use of glutamine by 
immune cells, for a myriad of cell functions including the release of extracellular HSP70 (both via 
necrotic cell death and passive cell release), promoting high plasma levels of HSP70 [ 10 ]. In vitro 
glutamine supplementation upregulates HSP70 release in lung macrophages and epithelial cells pro-
tecting against sepsis related injury. The benefi cial effect of glutamine appears to be HSP70 depen-
dent, since when a knockout septic mouse model was used HSP70 (-/-) no benefi t was derived from 
glutamine supplementation. In experimentally induced ARDS, glutamine supplementation improved 
ATP levels reversing lactate accumulation, by restoring HSP70 levels. HSP70 defi ciency led to a 
decline in lung tissue metabolism, lung injury and organ failure in a rat model of sepsis. In an experi-
mental septic mouse model glutamine administration in combination with antimicrobial signifi cantly 
decreased morbidity and mortality via HSP70-mediated effects on the infl ammatory response [ 11 ]. It 
is thought that glutamine depletion may affect the effi cacy and biological activity of heat-shock factor 
1 (HSF-1), HSP70, and the half-life of HSP70 mRNA levels limiting functional effi cacy and activity 
of HSP70 during times of stress.  

    Glutamine Is a Pro-chaperone 

 A large body of literature has hypothesised a relationship between HSP70 expression and glutamine’s 
protection in both in vitro and in vivo settings [ 12 ]. Glutamine has been shown to induce heat shock 
protein expression and to attenuate lipopolysaccharide (LPS)-mediated cardiovascular dysfunction. 
Glutamine has also been shown to exert an effect on HSP70 production relative to the upstream 
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infl uence of glutamine on HSF-1 and HSE [ 13 ]. Glutamine is metabolised via the hexosamine biosyn-
thetic pathway (HBP), which appears to be part of an early cellular protective response to stress and 
is a key substrate required for optimal activity of the HBP. It has been shown that a single dose of 
intravenous glutamine enhances phosphorylation of nuclear HSF-1, a vital step in its transcriptional 
activation, causing a rapid and signifi cant increase in HSP25 and HSP70 expression in unstressed 
Sprague–Dawley rat [ 14 ]. In vitro models showed that glutamine supplementation attenuated lethal 
heat and oxidant injury and delayed spontaneous apoptosis in neutrophils, protecting activated T cells 
via glutathione upregulation [ 15 ]. Recently, by inducing HSP70 in an experimental model, glutamine 
was also shown to attenuate LPS-induced cardiomyocyte damage [ 16 ]. 

 Marked attenuation of tissue metabolic dysfunction was observed after glutamine administration 
as measured by lung tissue adenosine 5′-triphosphate/adenosine 5′-diphosphate ratio and the oxidised 
form of nicotinamide adenine dinucleotide. Glutamine supplementation has been shown to enhance 
HSP70 release, protecting intestinal epithelial cells in a dose-dependent fashion against heat stress 
and oxidant injury, decreasing lung injury, and improving survival [ 14 ]. Recent results demonstrated 
for the fi rst time that orally administered glutamine can enhance tissue HSP70 expression [ 4 ] and 
improve survival following lethal hyperthermia injury [ 17 ]. In cardiac disease, oral glutamine taken 
for 3 days prior to coronary artery bypass graft (with a fi nal dose given 2 h prior to surgery), promoted 
HSP70 release decreasing myocardial ischaemic reperfusion injury and post-operative complications 
[ 18 ]. It was hypothesised that glutamine may act as an HSF-1 activator and increase the entire family 
of HSPs after stress or injury since in HSF-1 knockout cells, glutamine’s ability to generate an HSP 
response is lost and the protection conferred by glutamine is also completely abrogated.  

    Glutamine Depletion During Critical Illness 

 During critical illness, glutamine is released into the system to provide fuel for the accelerated meta-
bolic functions such as RNA synthesis and perhaps as a cell primer against further injury, making it a 
conditionally essential amino acid during periods of severe stress [ 4 ]. The benefi t of intravenous 
compared to enteral administration is that glutamine is available for systemic circulation benefi tting 
immune cells in addition to those within the gut. Glutamine given intravenously (IV) mimics endog-
enously produced glutamine as shown by its even uptake across the splanchnic area [ 19 ]. On the other 
hand, enteral glutamine is rapidly metabolised within the upper part of the small bowel (jejunum) 
leaving little available for the remainder of the bowel. Portal circulation studies also show that little 
glutamine makes it across the “fi rst-pass elimination” to the liver and for subsequent systemic circula-
tion. Enteral administration of glutamine is not as effective at restoring plasma glutamine levels to 
within normal range when compared to parenteral glutamine [ 20 ]. 

 During times of stress there is a net export of glutamine from muscle stores, which become rapidly 
depleted. Protein fl ux and turnover in rapidly growing children is considerably higher than in adults and 
as such the need for amino acids such as glutamine is considerably more, suggesting a preferential 
use by rapidly dividing cells such as enterocytes and immune cells. Protein kinetic studies using leucine 
isotopes have shown glutamine supplementation attenuates protein breakdown. However, glutamine 
supplementation is not able to increase the rate of protein synthesis, but does exert a protein-sparing 
effect, in very-low-birth weight infants and in surgical neonates. Increased amino acid delivery in 
stressed, very-low-birth-weight infants, resulted in an increase in de novo glutamine synthesis [ 21 ]. 

 Muscle glutamine depletion occurs within hours of severe illness by up to 72 %. Griffi ths et al. 
have shown that in adults there is a precipitous drop in plasma glutamine levels by up to 58 % with 
the onset of catabolism, which can last for up to 21 days, increasing mortality [ 22 ]. Up to 14 g of free 
glutamine is reported as being depleted from skeletal muscle, in uncomplicated critically ill adults. 
Furthermore, during the fi rst few days of acute illness, nutrition support is often suboptimal which is 
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of concern as up to 40 % of children are malnourished on admission to PICU [ 23 ]. Plasma glutamine 
levels of ≤0.43 mmol are associated with increased mortality and non-surviving adult septic patients 
lost up to 90 % of their skeletal muscle glutamine mass [ 24 ]. 

 Although plasma concentrations do not accurately refl ect the intracellular glutamine concentration, 
which varies dependent on the type of cell, is currently the best proxy for glutamine depletion [ 25 ]. 
Low plasma glutamine levels are not necessarily due to glutamine shortage, but can be refl ective 
of intra- and extravascular fl uid redistribution in parallel with disease severity, thereby explaining 
controversial results in adult studies [ 26 ,  27 ]. 

 One study considering glutamine levels in critically ill children, found they have early signifi cantly 
glutamine depletion (glutamine 0.31 mmol/L; ±SD 0.13; range 0.05–0.64) ( p  < 0.001) compared to 
convalescent levels (0.40 mmol/L; ±SD 0.14; range 0.07–0.64) [ 28 ]. Glutamine levels were 52 % 
below the lower limit of the normal reference range (i.e. 0.6 mmol/L) during the acute phase of ill-
ness, whilst in the convalescent samples levels were 26 % below, suggesting depletion rather than on 
going consequence of fl uid shifts [ 22 ]. Importantly, HSP70 levels in critically ill children [ 29 ] were 
higher (26.7 ng/mL; ±SD 79.95; range 0.09–600.5)  [ 28 ] than those described in adult critical illness 
(median 1.75 ng/mL), assuming a more rapid protective response to stress among young people.  

    Glutamine Supplementation in Children 

 In children, the use of glutamine remains largely undefi ned with paucity of data regarding the benefi ts 
of glutamine as a pharmacological agent in paediatric critical illness. Confl icting results with respect 
to the benefi ts of glutamine supplementation was found in preterm infants [ 30 ] infants with gastroin-
testinal disease and surgery, burns and malnutrition [ 31 ]. Reasons for the lack of consistent results, 
following glutamine supplementation in children may be as a result of the different individual study 
designs, heterogeneity of the populations studied [ 32 ,  33 ], route of enteral administration chosen, 
e.g. enteral or IV, dosage g/kg given (Fig.  16.1 ) and duration of glutamine supplementation [ 34 ].  
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  Fig. 16.1    Glutamine-dosing regimens in randomised control clinical studies in infants and children       
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 However, benefi cial effects of glutamine have been reported in children, which include decreased 
duration of acute diarrhoea, reduced severity of mucositis post-bone marrow transplant, decreased 
muscle catabolism in Duchene muscular dystrophy and improved growth in sickle cell anaemia [ 35 ].  

    Parenteral Supplementation of Glutamine in Preterm and Extremely  Low- 
Birth Weight (ELBW) Infants 

 Glutamine is conditionally essential and safe for use in extremely low birth weight infants (ELBW) 
with supplementation increasing levels of plasma glutamine. In ELBW parental glutamine, given for 
a 2 weeks, was associated with fewer days on parenteral nutrition and length of stay in hospital, in 
addition to decreased hospital acquired infection episodes in premature infants [ 36 ]. Glutamine had 
an acute protein-sparing effect, as it suppressed leucine oxidation and protein breakdown, in parenter-
ally fed very low birth weight infants [ 37 ], and was associated with lower whole-body protein break-
down and protein accretion in low birth weight (LBW) infants. Glutamine supplementation also 
improved hepatic tolerance in very low birth weight infants (VLBW) infants, suggesting a hepato- 
protective effect. Although parenteral glutamine was well tolerated in ill preterm neonates, reducing 
the time to achieving enteral nutrition, nosocomial culture-positive sepsis or age at discharge was not 
reduced. 

 In a large multicentre, randomised clinical trial, the safety and effi cacy of early parenteral nutrition 
(PN) supplemented with glutamine in decreasing the risk of death or late-onset sepsis were assessed 
in extremely low-birth weight infants. Although there were signifi cant benefi cial effects with gluta-
mine supplementation, similar studies considering surgical neonates did not show any benefi t [ 38 ]. 
Importantly, glutamine-enriched enteral nutrition in VLBW infants had neither benefi cial nor detri-
mental effects on long-term cognitive, motor and behavioural outcomes of very preterm and/or 
VLBW children at school age, although visuomotor abilities were poorer in children that received 
glutamine [ 39 ].  

    Enteral Supplementation of Glutamine in Preterm and Extremely  Low- 
Birth Weight (ELBW) Infants 

 In blinded randomised trials in VLBW infants, enteral glutamine supplementation did not decrease 
morbidity or mortality [ 40 ]. Preliminary results in VLBW suggest glutamine supplementation results 
in lower sepsis rates and a blunting of the infl ammatory process [ 41 ]. Importantly, examining the 
effect of enteral glutamine on whole-body kinetics of glutamine in growing preterm infants, enterally 
administered glutamine was shown to be entirely metabolised in the gut and to have not a discernible 
effect on whole-body protein and nitrogen kinetics [ 42 ]. Similarly no differences between groups for 
plasma concentrations of glutamine, glucose or ammonia were shown during the glutamine enteral 
supplementation period [ 43 ]. 

 Furthermore, the benefi cial effects of glutamine supplementation especially in pre-term population 
may only be seen beyond the neonatal period. Follow-up studies of VLBW infants having received 
enteral preterm formula or breast milk supplemented with glutamine showed a lower risk of atopic der-
matitis. However, there were no differences in incidence of bronchial hyperactivity, infections of upper 
respiratory, lower respiratory, urinary or gastrointestinal tracts [ 44 ], of intestinal microbiota, neurodevel-
opmental impairment or cerebral palsy. At 1 year of age intestinal (faecal) microbiota did not differ 
between the two groups. There was also no difference in Th1 and Th2 cytokine profi les either during the 
days of supplementation or at 1 year of age following in vitro whole-blood stimulation [ 45 ]. 
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 A Cochrane review concluded that glutamine supplementation confers no benefi ts to preterm 
infants and as such glutamine should not be an active research stream [ 30 ]. However, other groups 
argue the mode, timing, duration and type of analogue used in the randomised controlled trials 
included in the Cochrane review infl uenced the outcome measures. The use of glutamine in preterm 
infants has received considerable attention, with some results showing benefi t with respect to infec-
tious complications and time to full enteral feeds, and others showing no difference [ 46 ]. There are, 
however, inherent diffi culties with trying to interpret the data from these studies as outlined below.

•    Heterogeneous groups, e.g. sick versus relatively well versus surgical neonates.  
•   Isonitrogenous—many of the preterm studies compared the use of total parental nutrition enriched 

with glutamine to isonitrogenous control, the issue with this is that it potentially leads to suboptimal 
delivery of other essential amino acids, especially tyrosine and phenyl alanine.  

•   Time taken to get to goal rate—due to the delivery method some of the studies took up to 10 days 
to reach the goal rate of delivery, e.g. 0.3 g/kg.     

    Supplementation of Glutamine (Immunonutrition) in Critically Ill Children 

 Glutamine supplementation of 0.3–0.5 g/kg is recommended in critically ill adults [ 5 ], although no such 
recommendations exist for critically ill children. In critically ill children the amount of glutamine 
delivered enterally is often suboptimal providing only 28 % of the recommended adult intake [ 28 ], in 
addition to a low total protein intake of 0.88 g/kg (range 0.62–3.76 g/kg) [ 47 ]. Protein-rich feeds in 
critically ill children are reported to be of benefi t as such protein intake should aim for the ASPEN 
recommendations [ 48 ]. 

 In a multicentre randomised, double-blinded, comparative effectiveness trial, enteral zinc, sele-
nium, glutamine and intravenous metoclopramide conferred no advantage in the immune-competent 
population of children requiring long-term intensive care compared with whey protein supplementa-
tion [ 49 ]. Further evaluation of these constituents’ supplementation was thought to be warranted only 
in the immunocompromised long-term paediatric intensive care unit patient. 

 In another blinded, prospective, randomised, controlled clinical trial in critically ill children given an 
immune-enhancing formula supplemented with glutamine, nutritional indices and antioxidant catalysts 
showed a higher increasing trend but also higher osmolality, sodium and urea [ 50 ]. Similarly to the control 
group, gastrointestinal complications (diarrhoea and gastric distention) were the most frequently recorded 
in the immunonutrition group. Length of stay or mortality did not differ between groups, however there 
was a trend for fewer nosocomial infections in those receiving immunonutrition compared to conven-
tional group. In another single-centre, randomised, blinded controlled trial in children with septic shock who 
received 5 days of early enteral feeding of immunonutrition, there was a decrease in pro-infl ammatory 
cytokine IL-6 [ 32 ]. The differences in cytokines were independently correlated with PRISM, however, 
mortality and other paediatric intensive care unit outcome endpoints did not differ between the two 
groups. In two randomised studies in trauma patients (adults and children) there were no signifi cant dif-
ferences in mortality, LOS, lung infection or immunologic or biochemical parameters between the glu-
tamine supplemented groups (enteral or parenteral) and controls [ 51 ] (Table  16.1 ).

       Conclusions 

 Studies in critically ill children and in premature neonates remain inconsistent, partly because of the 
different effects of enteral and parenteral glutamine supplementation, different dosing and timing 
regimens, co-administered multi-immune-enhancing constituents, heterogeneity and pathways 
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triggered in different stress states. Especially, fi ndings of a number of RCTs are rather diverse and it 
remains unclear whether this variability is a consequence of inadequacy of innate immune heat-shock 
protein-response to stress or of true heterogeneity across individual trials or of the low power of many 
of these trials and the resulting chance effects. Since these studies are scarce and insuffi cient to allow 
safe recommendations to be made regarding immune-competent infants and children, additional 
large-scale, high-quality RCTs are needed.     
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   Key Points 

•     During hyperammonemia, ammonia is fi xated into glutamate and glutamine by the enzymes glutamate 
dehydrogenase and glutamine synthetase, respectively.  

•   Whereas glutamate dehydrogenase is present in neurons and astrocytes, glutamine synthetase is present 
in astrocytes only.  

•   Hyperammonemia leads to an elevated production of glutamine in astrocytes, which is believed to 
be one cause among several of the pathological changes observed in hepatic encephalopathy.  

•   Inhibition of glutamine synthetase with the drug methionine sulfoximine leads to lower glutamine 
levels but is not without side effects.  

•   Inhibition of glutamine synthetase in vitro and in vivo leads to synthesis of alanine, a process that 
might serve as an alternative ammonia scavenger pathway in the brain.  

•   It is concluded that partial inhibition of glutamine synthetase may represent a viable pharmaco-
therapeutic approach.   

  Abbreviations 

  AAT    Aspartate aminotransferase   
  ALAT    Alanine aminotransferase   
  BAPTA    1,2-Bis(o-aminophenoxy)ethane- N , N , N ′, N ′-tetraacetic acid   
  GABA    γ-Aminobutyric acid   
  GDH    Glutamate dehydrogenase   
  HE    Hepatic encephalopathy   
  mPT    Mitochondrial permeability transition   
  MSO    Methionine sulfoximine   
  PAG    Phosphate-activated glutaminase     
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         Introduction 

 The amino acid glutamine is present in all tissues and it serves several purposes depending on the tissue 
in question. This chapter is devoted to a discussion of its role in relation to the elevated ammonia 
levels found in the brain in the context of hepatic encephalopathy (HE), a disturbance of the central 
nervous system due to liver failure [ 1 ] characterized by cognitive, psychiatric, and motor defi cits. 
Early symptoms include reversal of sleep pattern, apathy, hypersomnia, irritability, and personal 
neglect and HE can progressively lead to coma and death [ 2 ]. Brain ammonia homeostasis is function-
ally associated with metabolism in the liver since this organ is responsible for removal of excess 
ammonia from the bloodstream. Thus, this chapter is intended to focus on glutamine metabolism in 
these two organs. 

 In the brain glutamine plays an important role in the maintenance of amino acid mediated neuro-
transmission that involves the two metabolically closely related amino acids glutamate and GABA in 
addition to glycine. The latter amino acid will not be dealt with, as its metabolism is not directly related 
to glutamine. Glutamine is the precursor for glutamate, which subsequently can be α-decarboxylated 
to form GABA. This means that the excitatory transmitter glutamate can be converted to the inhibitory 
neurotransmitter GABA and since these neurotransmission systems account for the vast majority of 
synapses in the brain [ 3 ], the common precursor glutamine is at center stage regarding the availability 
of these transmitters having opposite effects on neurons.  

    Glutamine Metabolism in the Brain 

 Interconversion of glutamine and glutamate is catalyzed by two different enzymes, glutaminase and 
glutamine synthetase (GS). As the former enzyme is activated by phosphate [ 4 ] it is normally referred 
to as phosphate-activated glutaminase (PAG). The enzyme catalyzes a hydrolysis of the amide group in 
glutamine resulting in the production of glutamate and ammonia. This ammonia, which is primarily 
produced in glutamatergic neurons due to a large demand for transmitter production [ 5 ], needs subse-
quently to be transferred to surrounding astrocytes and this aspect will be dealt with below. The expres-
sion level of PAG is high in glutamatergic neurons but it does not serve as a marker enzyme as it is 
present in other types of neurons including GABAergic cells as well as in astrocytes [ 5 ]. 

 The reaction in the opposite direction, i.e., conversion of glutamate to glutamine catalyzed by GS, is 
energy dependent and requires ATP in addition to the co-substrate ammonia to occur [ 6 ]. The  K  m  values 
for the three substrates [ 6 ] are within the range of their cellular concentrations but it is unlikely that the 
enzyme will be saturated, which means that its activity will fl uctuate with changes in the cellular level 
of the substrates [ 5 ]. This enzyme has been shown to be irreversibly inhibited by the compound methio-
nine sulfoximine (MSO) and this inhibitor is of importance for the assessment of the functional signifi -
cance of GS [ 7 ]. 

 It is important to note that while PAG is ubiquitously expressed, albeit with a higher level in neu-
rons compared to astrocytes [ 8 ], GS is exclusively expressed in astrocytes [ 9 ]. As mentioned above 
this means that ammonia produced in neurons by the action of PAG must be transferred to the astro-
cytes to function as a substrate in the GS catalyzed formation of glutamine. This requires a mechanism 
responsible for transfer of ammonia from neurons to astrocytes and different shuttle mechanisms 
based on transfer of the amino acids alanine or one of the branched chain amino acids have been pro-
posed [ 10 ]. A detailed discussion about this is beyond the scope of this chapter. The different cellular 
location of PAG and GS requires that glutamine can be shuttled between astrocytes and neurons with 
a concomitant opposite fl ux of glutamate. This constitutes the glutamate-glutamine cycle (Fig.  17.1 ) 
which was formulated several decades ago based on fundamental studies of glutamate and glutamine 
metabolism in brain tissue [ 11 ].   
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    Ammonia Metabolism in the Liver 

 In the liver glutamine metabolism is in principle identical to that described above for the brain involving 
the same set of enzymes albeit the liver seems to primarily express a glutaminase isozyme different 
from the major isoform in the brain [ 12 ]. It is important to note that contrary to the brain, the liver has 
the capacity to dispose of ammonia by producing urea. However, if this pathway is disturbed during 
liver failure, the result will be a large increase in the blood level of ammonia, which will lead to uptake 
of ammonia into the brain [ 13 ] that may progress to HE. The liver is responsible for metabolism of 
exogenous and endogenous substances, mainly into hydrophilic excretable compounds and it is the 
only tissue expressing a complete urea cycle. Ammonia generated in the gastrointestinal tract, due to 
breakdown of proteins, is released into the portal blood and transported to the liver. In the hepatocytes 
ammonia is detoxifi ed by incorporation in urea, which is subsequently excreted in the urine and 
accordingly providing low ammonia levels in the circulatory system of healthy subjects. During liver 
failure a diminished capacity for hepatic urea synthesis and increased portosystemic shunting results 

  Fig. 17.1       Cartoon depicting the metabolic interactions between a glutamatergic neuron, a GABAergic neuron and an 
astrocyte. In all cell types, glucose (Glc) is metabolized to pyruvate (Pyr) via the multi-step process of glycolysis and 
either reduced to lactate (Lac; by lactate dehydrogenase, LDH) or oxidized to acetylCoA (by pyruvate dehydrogenase 
complex, PDH) that will subsequently be oxidized in the tricarboxylic acid (TCA) cycle. In astrocytes, pyruvate may 
also undergo carboxylation to form oxaloacetate (OAA), an anaplerotic reaction catalyzed by pyruvate carboxylase 
(PC). At the glutamatergic synapse, glutamate (GLU) released as neurotransmitter will be taken up by nearby astrocytes 
and amidated to glutamine (GLN) by glutamine synthetase (GS) and returned to the neuron for reuse as neurotransmit-
ter, thus concluding the so-called glutamate-glutamine cycle. In neurons, glutamate is re-formed from glutamine by the 
mitochondrial enzyme phosphate-activated glutaminase (PAG). A similar cycle exists at the GABAergic synapse; how-
ever, the carbon skeleton of GABA enters the TCA cycle as indicated. GABA is transformed to the TCA cycle interme-
diate succinate via two reactions catalyzed by GABA-transaminase (GABA-T) and succinic semialdehyde dehydrogenase 
(SSADH). The GABA-T catalyzed reaction produces glutamate from α-ketoglutarate (α-KG) that may then be used as 
precursor for glutamine synthesis and eventual synthesis of GABA in the neuron. This process is known as the GABA 
shunt since it bypasses two reactions of the (astrocytic) TCA cycle. In GABAergic neurons, GABA is synthesized from 
glutamate by the enzyme glutamate decarboxylase (GAD). Notice that in all cell types, glutamate is in transamination 
equilibrium (catalyzed by aminotransferases, AT) with α-ketoglutarate linking TCA cycle metabolism with glutamate 
and GABA homeostasis. Also notice that reuptake of released glutamate and GABA takes place to some extent as well 
and that the GABA shunt works in GABAergic neurons when GABA is taken up into the presynaptic terminal       

 

17 Glutamine and Ammonia in Hepatic Encephalopathy



222

in an impaired ability to detoxify ammonia. Consequently, arterial ammonia levels may rise up to 
400 μM in patients with liver failure from the 30 μM found in healthy subjects with highest increases 
found in acute liver failure patients [ 14 – 16 ]. Acute liver failure is characterized by a rapid loss of 
hepatocyte function without preexisting liver disease most commonly as a result of viral hepatitis or 
drug-induced hepatotoxicity [ 17 ]. The onset of encephalopathy in these patients typically occurs in 
1–2 weeks from the onset of symptoms. A common clinical feature of acute liver failure is cerebral 
edema and intracranial hypertension consequently leading to coma and death if left untreated. 
In chronic liver failure due to cirrhosis, patients do not show clinical signs of an overt cerebral edema or 
increased intracranial pressure. However, low-grade cerebral edema is present in addition to morpho-
logical changes of astrocytes known as Alzheimer type II astrocytosis [ 18 ].  

    Ammonia Metabolism in the Brain 

 Hyperammonemia leads to increased brain uptake of ammonia from the blood [ 13 ,  19 ]. In the brain, 
blood-borne ammonia is primarily metabolized by GS, which as stated above is exclusively located in 
the astrocytes and catalyzes the incorporation of ammonia in glutamate to form glutamine. Glutamine is 
released from the astrocytes and may subsequently be either released from the brain into the circulatory 
system or taken up by the neurons. In neurons, glutamine will be hydrolyzed by the mitochondrial 
enzyme PAG deamidating glutamine, thus forming glutamate while liberating ammonia. In glutama-
tergic neurons the excitatory neurotransmitter glutamate is released upon depolarization from the 
presynaptic neuron. The released glutamate is for the major part transported into surrounding astro-
cytes equipped with extremely effi cient glutamate transporters [ 20 ]. Altogether these processes con-
stitute the glutamate-glutamine cycle (Fig.  17.1 ) also mentioned above. In both neurons and astrocytes 
the mitochondrial enzyme glutamate dehydrogenase (GDH) upholds a link between neurotransmission 
and energy metabolism and it catalyzes the reversible conversion of tricarboxylic acid cycle interme-
diate α-ketoglutarate to glutamate during fi xation of ammonia while using NADH as a co- factor. 
The amino group of glutamate may subsequently be transferred to keto acids through aminotransferase 
reactions. The aminotransferases aspartate aminotransferase (AAT) and alanine aminotransferase 
(ALAT), which exist in both a cytosolic and a mitochondrial isoform, transfer the amino group 
of glutamate to either oxaloacetate or pyruvate forming aspartate or alanine, respectively (Fig.  17.2 ). 

  Fig. 17.2    Depiction of the enzymatically catalyzed chemical reactions involving fi xation of ammonia into glutamate 
and glutamine by glutamate dehydrogenase (GDH) and glutamine synthetase (GS), respectively. The associated trans-
amination reactions producing alanine and aspartate from pyruvate and oxaloacetate, respectively, are also shown. 
These reactions are catalyzed by designated aminotransferases (ATs). It should be noted that GS is only expressed in 
astrocytes whereas GDH is expressed in both neurons and astrocytes       
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The most pivotal reaction in brain ammonia detoxifi cation is through glutamine synthesis via GS and 
studies reveal that up to 85 % of blood-borne ammonia is incorporated in glutamine [ 21 – 23 ]. 
Consequently, hyperammonemia is associated with elevated brain glutamine levels. Alternative mech-
anisms for removal of excess ammonia are discussed below.   

    Effects of Hyperammonemia on Brain Cells 

 The pathological mechanisms leading to HE remains poorly understood. However, there is a consensus 
that hyperammonia plays a pivotal role in the etiology of this condition. In HE the astrocytes are the 
principal cells affected by ammonia. The astrocytic end-feet completely cover the CNS capillaries 
ensuring that any ammonia entering the brain is immediately metabolized, thus protecting the neurons 
from immediate ammonia toxicity. 

 Studies in vivo and in astrocyte cultures have shown that elevated ammonia levels induce oxidative 
stress through a mechanism that remains incompletely understood [ 18 ,  24 ]. However, oxidative stress 
has multiple effects on astrocytes and seems to play an important role in the pathogenesis of HE [ 18 ,  24 ]. 
Exposure of ammonia to astrocyte cultures causes an intracellular rise in Ca 2+  resulting in free radical 
production leading to oxidative stress [ 24 ]. Furthermore, ammonia induced activation of the Ca 2+ -
dependent enzymes constitutive nitric oxide synthase, NADPH oxidase and phospholipase A2 which 
generate nitric oxide and superoxide was diminished by the Ca 2+  chelator BAPTA (1,2-bis(o- 
aminophenoxy)ethane- N , N , N ′, N ′-tetraacetic acid) as well as by specifi c inhibitors of the enzymes, 
indicating a role of these enzymes in mediating oxidative stress during hyperammonemia [ 25 ]. 
Oxidative stress and intracellular Ca 2+  increases can lead to induction of the mitochondrial permeabil-
ity transition (mPT) pore characterized by an increased permeability of the inner mitochondrial 
membrane to small molecules. The mPT is mediated through a large increase in mitochondrial Ca 2+  
levels leading to a collapse of the mitochondrial inner membrane potential which consequently results 
in osmotic swelling of the mitochondrial matrix, uncoupling of oxidative phosphorylation, interrup-
tion of ATP synthesis, and generation of reactive oxygen species. In astrocyte cultures ammonia expo-
sure was demonstrated to lead to induction of the mPT and this effect as well as free radical production 
was blocked by addition of the GS inhibitor, methionine sulfoximine (MSO) implying that glutamine 
rather than ammonia per se is responsible for these events [ 26 ,  27 ]. This effect of glutamine in astro-
cyte mitochondria has been coined the ‘Trojan Horse’ hypothesis (see Fig.  17.3 ) and is based on the 
observation that exposure of astrocytes to glutamine results in free radical generation, which could be 
prevented by inhibition of PAG [ 28 ,  29 ]. It was also found that glutamine had no such effect in neu-
rons. This is likely due to a difference between neuronal and astrocytic PAG with regard to inhibition 
by ammonia since only the neuronal enzyme exhibits this inhibitory pattern [ 29 ]. This together with 
a similar result in cultured cortical neurons treated with ammonia showing that this was not associated 
with induction of mPT [ 26 ] indicate a vital role for the increased glutamine synthesis in astrocytes in 
mediating the mPT.  

 Glutamine synthesis is the main mechanism for removal of ammonia in brain and the glutamine 
level is increased during hyperammonemia. In 1964 it was demonstrated by Warren and Schenker 
[ 30 ] how addition of MSO protected mice from ammonia toxicity implying a pathogenic role for 
glutamine in the development of HE. Decades later Brusilow and Traystman [ 31 ] put forward the 
hypothesis that glutamine formation in astrocytes was a key mechanism for astrocyte swelling in 
hyperammonemia, with elevated glutamine levels acting as an osmolyte leading to infl ux of water 
into the cell. Although numerous studies have demonstrated that MSO ameliorates astrocyte swell-
ing and increases survival of mice it remains controversial that glutamine acts through an osmotic 
effect [ 32 ].  
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    Alternative Processes for Ammonia Fixation in the Brain 

 While glutamine synthesis is pivotal for brain ammonia detoxifi cation during hyperammonemia studies 
in co-cultures of neurons and astrocytes have demonstrated signifi cantly increased incorporation of 
ammonia in alanine during hyperammonemic conditions [ 33 ]. This suggests that transamination into 
alanine following reductive amination by GDH may constitute an important pathway for ammonia 
detoxifi cation (Fig.  17.2 ). Since the blood–brain barrier expresses transport systems that could facili-
tate alanine effl ux [ 34 ] it would be plausible that alanine synthesis, release into the extracellular space 
and further on into the bloodstream could serve as a detoxifi cation pathway distinct from cerebral 
synthesis of glutamine and subsequent brain effl ux. Ammonia incorporation in aspartate is augmented 
during hyperammonemic conditions in co-cultures [ 33 ,  35 ] suggesting that transamination reactions 
of both ALAT and AAT display enhanced activity during hyperammonemia. However, since aspartate 
is an excitatory amino acid, thus only present in the extracellular space at very low levels, synthesis 
of aspartate cannot be considered an alternative ammonia-scavenging pathway. In support of this, 
aspartate is not released from healthy astrocytes due to glutamate transporters generating an inward 
gradient of glutamate and aspartate. In vivo studies demonstrated that during inhibition of GS with 
MSO rats infused with  15 NH 4  +  exhibited increased incorporation of  15 N in cerebral alanine, suggesting 
that inhibiting GS leads to an additional enhancement of alanine formation for ammonia detoxifi ca-
tion during hyperammonemia. In co-culture experiments, the de novo synthesis of alanine was medi-
ated through the concerted action of GDH and ALAT [ 35 ,  36 ]. It may be noted that while the 
ammonia-induced increased glutamine production was associated with an enhanced pyruvate car-
boxylase dependent anaplerosis (for further explanation, see Fig.  17.4 ) the augmented alanine pro-
duction seen in the presence of the GS inhibitor MSO was associated with an increased glycolysis 
[ 36 ]. This means that the astrocytic pyruvate metabolism is regulated by the demand for alanine 
production or oxaloacetate production to compensate for removal of α-ketoglutarate used for 

  Fig. 17.3    Cartoon depicting the ammonia fi xating pathways active during hyperammonemic conditions in astrocytes, 
and the putative induction of mitochondrial membrane permeability transition (MPT) by deamidation of glutamine 
(GLN) by phosphate-activated glutaminase (PAG) in mitochondria; the latter is known as the Trojan Horse Hypothesis. 
Ammonia fi xation is catalyzed by glutamate dehydrogenase (GDH) and glutamine synthetase (GS). Please see text and 
legends to Figs.  17.1  and  17.2  for details.  AT  aminotransferase,  Glc  glucose,  GLU  glutamate,  α - KG  α-ketoglutarate, 
 Lac  lactate,  LDH  lactate dehydrogenase,  OAA  oxaloacetate,  PDH  pyruvate dehydrogenase,  PC  pyruvate carboxylase, 
 Pyr  pyruvate,  TCA  tricarboxylic acid       
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glutamine synthesis (Fig.  17.4 ). Hence, it may be possible that decreasing cerebral GS activity can 
function as a therapeutic avenue in hyperammonemia alleviating the detrimental effects of glutamine 
accumulation. The alanine-synthesizing pathway was not suffi cient in alleviating the increased ammo-
nia level arisen from whole-body GS inhibition [ 35 ]. However, in vivo studies in bile duct-ligated rats 
infused with  15 NH 4  +  showed that an augmented [ 15 N]ammonia incorporation in alanine is specifi c to 
brain and not observed in the peripheral tissues, indicating that alanine as an ammonia scavenging 
function may still be relevant for cerebral ammonia detoxifi cation [ 37 ]. Treatment with a glutamine 
synthetase inhibitor would indeed be relevant for amelioration of brain edema and intracranial hyper-
tension in acute liver failure patients.   

    Concluding Remarks 

 As discussed, fi xation of ammonia into glutamine in the brain during hyperammonia is probably causing 
a number of the symptoms related to HE. Thus, inhibition of glutamine synthesis in conjunction with 
measures to lower blood ammonia might represent a viable therapeutic avenue, especially if the brain 
is able to increase synthesis and export of alanine as an alternative ammonia scavenger. However, 
a number of challenges remain. In particular, to avoid detrimental effects of increased ammonia levels 
in the circulatory system a full systemic inhibition of glutamine synthesis is not desirable. Ideally, 
one should aim to develop a pharmacological treatment that is selectively able to partially block the 
synthesis of glutamine in the brain, although this will be a major challenge. Future work is needed to 
prove if this is indeed a viable solution, and if it is at all possible.     

  Fig. 17.4    Cartoon showing the putative effects on de novo synthesis and release of alanine (ALA) when glutamine 
synthetase (GS) is inhibited by methionine sulfoximine (MSO) or a similar drug, as indicated. Under conditions with 
decreased activity of GS, glycolysis and subsequent de novo synthesis and release of alanine may operate as an alterna-
tive ammonia-scavenging pathway. This will decrease pyruvate carboxylase (PC) activity and increase glycolytic activ-
ity, as indicated by  red  and  green arrows , respectively. See text and legends to Figs.  17.1 ,  17.2 , and  17.3  for further 
details.  ALAT  alanine aminotransferase,  AT  aminotransferase,  GDH  glutamate dehydrogenase,  Glc  glucose,  GLN  glu-
tamine,  GLU  glutamate,  α - KG  α-ketoglutarate,  Lac  lactate,  LDH  lactate dehydrogenase,  OAA  oxaloacetate,  PDH  pyru-
vate dehydrogenase,  PC  pyruvate carboxylase,  Pyr  pyruvate,  TCA  tricarboxylic acid       
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   Key Points 

•     Glutamine is an essential amino acid in catabolic states.  
•   Glutamine is metabolized to glutamate and ammonia by the enzyme glutaminase.  
•   Glutaminase plays a crucial role in the cause of hepatic encephalopathy.  
•   Oral glutamine challenge is a test which increases blood ammonia after glutamine intake.  
•   Oral glutamine challenge is easy to perform and is comfortable and safe for patients.  
•   Oral glutamine challenge predicts minimal hepatic encephalopathy and is related to poor survival   
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         Introduction 

 Glutamine is one of the 20 amino acids (a nonessential neutral amino acid) encoded by the genetic code. 
When it is enterally administered, glutamine is absorbed from the jejunum. Then, it is metabolized to 
glutamate and ammonia by the enzyme glutaminase (GA). It has been described that there are three 
forms of mitochondrial glutaminase in the body: liver-type glutaminase (LGA), kidney-type gluta-
minase (KGA), and C-type glutaminase (CGA) (found in peripheral mononuclear cells). The LGA is 
mainly restricted to the liver whereas the KGA is widely distributed in most glutamine- using tissues 
[ 1 ]. The liver plays an essential role in glutamine metabolism (especially regulation), since the liver 
takes up large amounts of glutamine derived from the gut; it has been documented that at least 
50–60 % of total gut ammonia is derived from uptake of glutamine [ 2 ]. Ultimately, the enzyme gluta-
mine synthetase (GS) plays a pivotal role in ammonia detoxifi cation; its function is effectively to 
remove ammonia during the process of conversion of glutamate to glutamine.  

    The Test 

    Oral Glutamine Challenge 

 Oral glutamine challenge (OGC) is a test which aims to measure increase in blood ammonia after 
glutamine intake, what is similar to the situation that occurs after a protein meal. The test is per-
formed in the morning following an overnight fast. A venous cannula is inserted and maintained 
patent with saline solution. Then, patients are given either 10 or 20 g of glutamine in a solution of 
100 ml of water. Twenty grams of glutamine contains 3.8 g of nitrogen, which approximates to 24 g 
of protein. Blood samples are taken at time 0, 30, 60 and 90 min post-glutamine load to measure blood 
ammonia (Fig.  18.1 ).   

  Fig. 18.1    (a) Oral glutamine challenge: steps and interpretation; (b) 10 or 20 g of glutamine is dissolved in 100 ml of 
water. After that, blood samples are taken at time 0, 30, 60 and 90 min post-glutamine load to measure blood ammonia. 
OGC induces an increase in blood ammonia in patients with cirrhosis but not in healthy control       
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    Interpretation of the Test 

 OGC induces an increase in blood ammonia in patients with cirrhosis but not in healthy controls or 
transplanted subjects [ 3 ]. Ammonia response is defi ned as the ammonia concentration at 1 h following 
the oral glutamine load. The ammonia concentration reaches the peak between 30 and 60 min after the 
load; this period of time suggests that the increase in blood ammonia is due to the metabolism of 
glutamine in the small intestine. Normal venous blood ammonia values in healthy adults are less than 
75 mg/dl. A pathological response curve for glutamine tolerance is defi ned as an ammonia rise to 
128 mg/dl at 60 min after the glutamine ingestion.  

    Adverse Effects 

 No serious adverse effects have been described in the different published studies, especially with 10 g 
of glutamine. Typical symptoms described are nausea, vomiting, or dizziness.   

    Glutamine in Cirrhosis 

 Glutamine deamidation by intestinal GA seems to be the main source of ammonia in patients with cir-
rhosis. Thus, blood ammonia levels increase and get to the central nervous system where ammonia may 
promote toxic effects. Similar effects have been described in rats [ 4 ]. Consequently, hepatic encephalopa-
thy (HE) can be triggered without the participation of gut bacteria. When glutamine entries in astrocyte, 
it causes cell swelling, which leads to a cascade of events resulting in HE. Thus, glutaminase activity has 
been linked to ammonia production and HE, especially type C (Table  18.1 ). However, patients with cir-
rhosis and the same liver dysfunction, which show the same precipitating factor, not always develop overt 
hepatic encephalopathy (OHE). These data support the hypothesis that a genetic factor is implicated in the 
development of HE. In fact, Romero-Gómez et al. identifi ed two different haplotypes, related to glutamin-
ase gene, which were linked to the risk of overt HE. Furthermore, they identifi ed a microsatellite in the 
promoter region of glutaminase gene that, depending on the lenght of alleles, increased the risk of overt 
HE. The study included 286 cirrhotic patients (109 in estimation cohort and 177 in validation cohort) and 
107 healthy control subjects. Patients having two long alleles of the microsatellite in estimation cohort 
(H.R. 3.12 (95 % CI 1.39–7.02)) and validation cohort (H.R. 2.1 (95 % CI 1.17–3.79)) showed an 
increased risk of HE (Fig.  18.2 ). These data was supported by functional studies: higher luciferase activity 
was observed in cells transfected with the long form of the microsatellite, which suggested that the long 
microsatellite enhances glutaminase transcriptional activity [ 5 ].

   Table 18.1    Classifi cation of hepatic encephalopathy   

 Type  Defi nition 

 A  Acute and hyperacute liver failure 
 B  Portosystemic bypass without intrinsic hepatocellular disease 
 C  Cirrhosis and portal hypertension with portosystemic shunts 
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        OGC as a Prognostic Tool 

 Many studies have used OGC like prognostic tool to predict the development of minimal hepatic 
encephalopathy (MHE), HE, and survival (Table  18.2 ). In 2002, Romero-Gómez et al. assessed the 
usefulness of OGC and MHE (diagnosed by neuro-psychological tests) in evaluating risk of OHE in 
70 cirrhotic patients and 10 healthy control subjects. A threshold of 128 mg/dl was established as a 
pathological value for OGC. Patients with altered OGC and MHE showed higher risk of OHE during 
follow-up than those without MHE and normal OGC. This result suggests that an abnormal response 
to OGC could operate as a prognostic factor for the development of OHE in patients with MHE [ 6 ]. 
However, 20 of the 56 patients without MHE had abnormal OGC, so it appeared not to be useful as a 
diagnostic tool for MHE. Later, the same researching group carried out a prospective study in 49 
cirrhotic patients and 36 control subjects to assess the intestinal activity of GA (Fig.  18.3 ). Intestinal 
GA was found to be higher in cirrhotic patients than control subjects (four times higher) and it was 
also increased in patients with MHE. The highest glutaminase activity was observed in patients 
showing altered OGC and MHE, compared to patients without MHE or normal OGC. Additionally, it 
was increased in cirrhotic patients and correlated with MHE. Consequently, they found glutaminase 
activity to be strongly related to MHE and to correlate with the psychometric diagnosis [ 7 ]. These data 
suggest that glutaminase activity in the enterocyte is increased in cirrhotic patients.

    Ditisheim et al. looked for improving the performance of blood ammonia for the diagnosis of MHE 
and explored the value of ammonia in capillary blood. They included 57 cirrhotic patients (19 of them 
with previous HE) and 13 healthy control subjects in the study. They concluded that determination of 

  Fig. 18.2    (a) Intestinal 
ammonia production 
according to TACC haplotype 
after OGC; (b) TACC 
haplotype decreases ammonia 
production and, consequently, 
shows a decreased risk of HE       

   Table 18.2    Mental status according to West Haven criteria   

 Conscious  Neuropsyquiatric symptoms  Neurological symptoms 

 Grade 0 (MHE)  Normal  Impairments detectable by psychometric 
tests 

 None 

 Grade 1  Slight mental impairment  Dysphoria, irritability, anxiety  Psychomotor slowing 
 Grade 2  Fatigue, apathy, letarghy  Subtle personality changes, slight 

disorientation, inappropriate behavior 
 Flapping tremor, ataxia 

 Grade 3  Somnolence to stupor  Gross disorientation  Clonus, asterixis 
 Grade 4  Coma  None  Increased intracranial pressure 

   MHE  Minimal hepatic encephalopathy  
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capillary blood ammonia after OGC is superior to basal levels (raising the AUROC value from 0.541 
at baseline to 0.727 at 60 min after the oral glutamine challenge) for the diagnosis of MHE. However, 
OGC did not show as a valid tool for the diagnosis of HE and was a poor predictor of future clinical 
episodes of HE [ 8 ]. 

 Romero-Gómez et al. assessed the survival prognosis of patients with cirrhosis who have altered 
OGC and MHE. Survival among patients who developed overt HE was 59 % at 1 year and 38 % at 
3 years; in patients without HE, survival was 96 and 86 % at 1 and 3 years; and an altered OGC 
response in patients with MHE was associated with a decreased survival rate (80 % at 1 year and 
39 % at 3 years). Patients with MHE and abnormal OGC had elevated mortality risk (HR 5.5; 95 % 
CI, 1.81–16.6). They concluded that a pathological OGC response in patients with MHE appears to 
be associated with lower survival rate [ 9 ]. Enhanced glutaminase activity, portal-systemic shunts 
and an impaired ammonia detoxifi cation capacity (by liver dysfunction) were proposed to explain 
these results.  

    Infl uence of Portosystemic Shunts on OGC 

 Portosystemic shunt is an abnormality connection between the portal vein and systemic circula-
tion; most of them are congenital. This means that toxins absorbed by the intestine bypasses the 
liver and is shunted directly into the systemic circulation. Thus, ammonia is able to reach astro-
cytes, resulting in deleterious effects. Córdoba et al. investigated this effect and observed the fi nd-
ings in magnetic resonance spectroscopy, after OGC. Three patients with congenital portosystemic 
shunts and six cirrhotic patients were included. Ammonia production was measured in capillary 
blood of the ear lobe, following the method previously published [ 10 ]. Patients with congenital 
portosystemic shunts showed impairments in neuropsychological tests, magnetic resonance spec-
troscopy and in response to the OGC, similar to observed in patients with cirrhosis. Therefore, 
neurological manifestations of patients with congenital portosystemic shunts show similar mecha-
nisms and risk factors than cirrhotic patients to develop HE [ 11 ]. These results have been also 
observed in animals. In fact, a signifi cant delay in ammonia plasmatic clearance after OGC was 
obtained in CCl4-induced cirrhotic rats [ 12 ]. 

 On the other hand, portal thrombosis is related to portosystemic shunts in non-cirrhotic patients, 
which can cause HE in absence of cirrhosis. Mínguez et al. performed a study to investigate the neu-
rological consequences of portal vein thrombosis in patients without cirrhosis and no clinical signs of 
encephalopathy. Ten cirrhotic patients and ten healthy control subjects were included. In this study, 

  Fig. 18.3    (a) Ammonia 
production after OGC 
according to intestinal 
glutaminase activity; (b) 
Ammonia production is 
increased proportionally to 
intestinal activity glutaminase       
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patients with non-cirrhotic portal vein thrombosis developed subclinical neurological abnormalities 
compatible with MHE, such as impairment of neuropsychological tests, higher levels of ammonia after 
OGC and most marked abnormalities in magnetic resonance similar to cirrhotic patients with HE [ 13 ].  

    Drugs Tested with OGC and Glutaminase Activity 

 Many drugs have been tested to observe if the glutaminase activity is decreased and, consequently, to 
decrease the risk of HE. Masini et al. performed a study in which tested if non-absorbable disaccha-
rides (lactulose and lactitol) reduced the small intestine ammonia generation. All cirrhotic patients 
underwent to two OGC; the ammonia production was lower when OGC was carried out after lactitol 
use. Their hypothesis was that non-absorbable disaccharides could shorten the transit time of intesti-
nal contents and increase fecal fat excretion cathartic effect) [ 14 ]. 

  L -Ornithine- L -aspartate (LOLA) has been shown to reduce ammonia in patients with HE [ 15 ]. 
LOLA stimulates the urea cycle and glutamine synthesis which are important mechanisms in ammo-
nia detoxifi cation. Rees et al. assessed the effect of LOLA in 15 cirrhotic patients without prior HE (7 
with TIPS), after OGC. They underwent to OGC on one occasion and placebo on the other in random 
order. In non-TIPS patients, ammonia increased to 36 μmol/l when LOLA was administered and to 
62 μmol/l with placebo. Thus, LOLA ameliorated the deleterious psychometric effects of glutamine 
in cirrhotic patients without TIPS [ 16 ]. 

 Sodium benzoate (SB) is used as a food preservative and has been used to reduce ammonia toxicity 
in patients born with genetic defects in the urea cycle and to treat cirrhotic patients with HE [ 17 ]. 
The supposed mechanism of action of SB is the elimination of nitrogen as hippurate. Efrati et al. 
aimed the effect of SB on ammonia production in cirrhotic patients without HE. However, SB 
increased both the basal and post-OGC ammonia levels [ 18 ]. 

 On the other hand, it has been described mersalyl,  N -ethyl maleimide, 5-oxo-6-norleucine (DON) 
as a glutaminase inhibitor. DON has been used in the inhibition of glutaminase in cell cultures of 
astrocytes. The product THDP-17 reduces 42 % of the initial glutaminase activity in Caco-2 cells, 
while DON reduces 46 % of the initial activity. 

 Metformin has been the last drug tested in this fi eld. Ampuero et al. included 82 type 2 diabetes 
mellitus (T2DM) cirrhotic patients and 41 were classifi ed as insulin sensitizers experienced (metformin) 
and 41 as controls (cirrhotic patients with type 2 diabetes mellitus without metformin treatment). 
HE was diagnosed during follow-up in 4.9 % in patients receiving metformin and 41.5 % in patients 
without metformin treatment (H.R. 11.4;  p  = 0.034). Patients with MHE and altered OGC showed an 
increased risk of HE (H.R. 21.3;  p  = 0.003). Furthermore, in vitro analysis was performed. In chemical 
assay, 17.5 % of glutaminase activity inhibition was obtained with a metformin concentration of 
10 mM, and up to 68 % inhibition was reached using 100 mM. Additionally, glutaminase activity was 
decreased up to 24 % at 72 h post-treatment with metformin (20 mM) in Caco2 cells (Fig.  18.4 ). 
Therefore, metformin could be useful to reduce ammonia production [ 19 ].   

    Conclusions 

 Glutamine is an essential amino acid in catabolic states such as injury or illness. However, glutaminase 
plays a crucial role in the cause of hepatic encephalopathy, as glutaminase activity is increased in 
cirrhotic patients. Oral glutamine challenge is easy to perform and is comfortable and safe for patients. 
It is able to predict minimal hepatic encephalopathy and is associated with a poor survival. On the 
other hand, glutaminase enzyme is an excellent target to develop new drugs that reduce its activity. 
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Many drugs have been investigated (non-absorbable disaccharides,  L -ornithine- L -aspartate, sodium 
benzoate, THDP-17, or metformin) but the results and/or the study design have been inconclusive. 
Prospective and randomized studies are needed to evaluate the usefulness of different therapies to 
normalize this alteration and to improve survival in cirrhotic patients.     
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   Key Points 

•     Protein-sensitive hypoglycemia in children with congenital hyperinsulinism (HI) highlights the 
important role of amino acids in pancreatic β-cell insulin secretion.  

•   The mechanism of amino acid-stimulated insulin secretion in HI with a glutamate dehydrogenase 
(GDH) gain of function mutations is due to increased amino acid oxidation via glutamine 
(Q)-glutamate (E)-alpha-ketoglutarate (αKG) axis.  

•   Short-chain 3-hydroxyacyl-CoA dehydrogenase (SCHAD) inhibits GDH via protein-protein inter-
action; HI due to SCHAD defi ciency shares a similar mechanism with GDH gain of function.  

•   Loss of function mutations of ATP-dependent potassium channels are sensitive to glutamine but 
not to leucine-stimulated insulin secretion.  

•   The signaling role of glutamine in insulin secretion may be mediated by cAMP-dependent steps of 
amplifi cation.  

•   GABA shunt, a branch of the Q-E-αKG axis, mediates glucose suppression of glucagon secretion 
via production of γ-hydroxybutyrate.  

•   The key enzymes in the Q-E-αKG axis, including glutaminase, GDH, and glutamine synthetase, 
serve as intracellular energy sensors which can determine the sensitivity of amino acid stimulation of 
insulin secretion.   

  Abbreviations 

  ECG    Epicatechin gallate   
  EGCG    Epigallocatechin gallate   
  GABA-T    GABA transaminase   
  GAD    Glutamate decarboxylase   
  GDH    Glutamate dehydrogenase   
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         Introduction 

 The study of genetic disorders of insulin secretion expands our understanding of interaction between 
fuel metabolism and secretion coupling in pancreatic β-cells [ 1 ]. The glucokinase diseases, including 
congenital hyperinsulinism (HI) and diabetes (maturity onset diabetes of the young, MODY 2) caused 
either by a gain of function mutations or a loss of function mutations of glucokinase, have confi rmed 
the basic theories of this enzyme as the sensor and key player for glucose-stimulated insulin secretion 
(GSIS) [ 2 ]. Similarly, protein-induced hypoglycemia in patients with HI due to a gain-of-function 
mutation of glutamate dehydrogenase (GDH) highlights the important role of amino acid metabolism 
in the regulation of insulin secretion. Patients with the GDH gain of function are sensitive to leucine 
and protein challenges; after receiving oral protein or intravenous infusion of leucine, patients showed 
a rapid increase in insulin secretion and a decline of blood glucose levels [ 3 ,  4 ]. Leucine, the essential 
amino acid, stimulates insulin release via allosteric activation of GDH, which by causing oxidation of 
glutamate to produce ATP and resulting in the closure of the ATP-dependent potassium (K ATP ) channel, 
β-cell depolarization, and subsequent calcium infl ux leads to insulin granule exocytosis [ 5 ,  6 ]. In contrast 
of leucine and protein hypersensitivity in GDH-HI, HI caused by inactivating mutations of the β-cell 
K ATP  channel (K ATP -HI) is also protein-sensitive but not leucine sensitive [ 7 ,  8 ]. The protein hypersen-
sitivity in K ATP -HI is mainly caused by glutamine-stimulated insulin secretion via a signaling pathway 
[ 7 ]. These discoveries of the role of GDH and glutamine in HI insulin secretion have suggested that 
the glutamine-glutamate-α-ketoglutarate (Q-E-αKG) is a critical axis for mediating the effects of 
amino acids in the regulation of insulin secretion. The goal of this chapter is to describe how glutamine-
glutamate-α-ketoglutarate axis regulates amino acid and glucose-stimulated insulin secretion based 
on studies of mouse models of congenital hyperinsulinism and studies on human islets.  

    Glutaminolysis and Insulin Secretion 

 Glutaminolysis has been recognized as a pathway to stimulate insulin secretion since the 1980s [ 5 ], 
and as an allosteric activator of GDH, leucine or its non-metabolizable analog, 2-aminobicyclo[2, 2, 
1]heptane-2-carboxylic acid, which stimulates insulin secretion by increasing glutamine oxidation. 
The key steps of glutaminolysis, including phosphate-dependent glutaminase (PDG) and GDH, both 
serve as intracellular energy sensors in β-cells, play their function by switching on or off of glutamine 
oxidation in response to the changes of fuel supply, mainly glucose. When glucose supply is limited 
such as by prolonged fasting, intracellular phosphate potential (ATP and GTP) falls, while free phos-
phate and ADP increase. Those changes lead to “on” switch of PDG and GDH, which results to the 
increase of glutamine oxidation. Therefore, β-cell fuel-sensing switches from glucose to amino acids 

  GHB    γ-hydroxybutyrate   
  GS    Glutamine synthetase   
  GSIS    Glucose-stimulated insulin secretion   
  HI    Hyperinsulinism   
  K ATP     ATP-dependent potassium channels   
  LSIS    Leucine stimulated insulin secretion   
  MSO    Methionine-sulfoximine   
  PDG    Phosphate-dependent glutaminase   
  SCHAD    Short-chain 3-hydroxyacyl-CoA dehydrogenase   
  SSA    Succinate semialdehyde   
  SUR1    Sulfonylurea receptor 1   
  αKG    Alpha-ketoglutarate     
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under this circumstance. In contrast, after a meal, glucose oxidation becomes the predominant fuel 
supplier in the β-cell. Glucose oxidation increases ATP and GTP production; following a drop in phos-
phate and ADP, as results of these changes, both PDG and GDH are inhibited and glutamine oxidation 
is turned off. This “Ying and Yang” relationship between glucose oxidation and glutaminolysis is 
supported by the following evidences. 

    “Run-Down” Phenomenon 

 When leucine-stimulated insulin secretion (LSIS) in perifused rat islets were performed, the islets failed 
to respond to leucine stimulation of insulin secretion after 50 min of “run-down,” i.e., fuel depletion by 
glucose-free perifusion in islets which have been cultured in 10 mM glucose for 3 days. In contrast, a 
prolonged “run-down” of 120 min caused islets to become leucine sensitive (Fig.  19.1a ) [ 6 ]. This leucine 

  Fig. 19.1    Leucine stimulated insulin secretion in rat islets. After 3 days of culturing in 10 mM glucose, 100 rat islets 
were perifused with glucose-free Krebs ringer bicarbonate buffer for 50 or 120 min, and then exposed to 10 mM leucine 
in the presence of 2 mM glutamine (panel  a , data: mean ± S.E.,  n  = 3). Leucine-stimulated insulin secretion only occurred 
in islets with a 120-min “run-down.” Panel ( b ) shows that islets were perifused with 0, 10, or 25 mM glucose for 100 min; 
after withdrawing from glucose for 20 min, islets were then stimulated by 10 mM leucine and fi nally exposed to 30 mM 
potassium chloride (KCl). Leucine-stimulated insulin secretion was inhibited by preexposure to high glucose       
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sensitivity can be completely blocked by preexposure to high glucose (Fig.  19.1b ). This “run-down” 
phenomenon also occurred in mouse islets. After preexposure to high glucose, mouse islets were also no 
longer sensitive to LSIS [ 9 ]. This “run-down” phenomenon supports the notion that GDH serves as an 
intracellular energy sensor. When intracellular phosphate potential is high, GDH is inhibited by GTP or 
ATP; in contrast, after a “run-down,” the intracellular energy is depleted and GDH gains the sensitivity 
to leucine activation.   

    Regulation of PDG in Mouse and Rat Islets 

 The fi rst step of glutamine oxidation is PDG. PDG is a phosphate-dependent enzyme that can be 
activated by free phosphate with half-maximally stimulation of 40 mM in rat islets [ 10 ]. Previous 
study of PDG in islets was limited since it was only focused on enzyme kinetics [ 10 ]. Recent studies 
using  15 N stable isotope tracing and the GC/MS technique advanced the understanding of regulation 
of PDG in isolated islets. This technology allows us to calculate the fl ux of PDG in intact islets [ 6 ,  11 ]. 
Mouse or rat islets were incubated with 10 mM [2- 15 N]glutamine as a basal condition, and then incu-
bated with an additional 10 mM leucine, 25 mM glucose or both. The PDG fl uxes were calculated 
based on  15 N incorporation into glutamate/aspartate and into ammonia. As showed in Fig.  19.2 , leucine 
stimulates PDG fl ux in both mouse (panel A) and rat islets (panel B), which may result from direct 
activation of PDG by leucine [ 10 ] or secondary of GDH activation by removing glutamate [ 12 ]. 
High glucose not only inhibits basal PDG fl uxes, but also eliminates leucine-stimulated PDG fl uxes. 
The enzyme fl ux data suggest that glucose oxidation has strong inhibitory effects on PDG. Glucose 
oxidation and/or “phosphate fl ush” [ 13 – 15 ] lower intracellular inorganic phosphate in the processes 
of phosphorylation and ATP production, and therefore, islets will have less phosphate available for 
PDG activation.   

    GDH Gain of Function and Insulin Secretion 

 GDH catalyzes the reversible oxidative deamination of  L -glutamate to αKG using NAD(P) +  as coen-
zyme. GDH can be allosterically activated by ADP and leucine, and inhibited by GTP and ATP [ 16 ]. 
In 1998, mutations of GDH were identifi ed in children with hyperinsulinism and hyperammonemia 

  Fig. 19.2    Flux rate of phosphate-dependent glutaminase (PGD) in mouse or rat islets. 1,000 cultured mouse (panel  a ) 
or rat (panel  b ) islets were incubated with 10 mM [2- 15 N]glutamine as basal, or with an additional 10 mM leucine, 
25 mM glucose or leucine plus glucose for 120 min. PDG fl ux rate was calculated based on the  15 N incorporation into 
glutamate/aspartate and ammonia. Data: mean ± S.E.,  n  = 3. Leucine stimulates PDG fl uxes in both mouse and rat islets, 
while high glucose inhibits basal and leucine-stimulated PDG fl uxes       
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syndrome [ 17 ]. GDH enzyme kinetics in the patients with GDH gain-of-function mutations showed 
a lack of sensitivity to GTP allosteric inhibition [ 17 ,  18 ]. The clinical phenotype is interesting: 
GDH-HI patients are sensitive to protein feeding and hyperinsulinemic hypoglycemia occurred after 
a protein- rich meal or a mixture of an amino acid load. GDH-HI also has exaggerated acute insulin 
responses to intravenous leucine stimulation [ 3 ,  4 ]; this leucine response can be blocked by rising 
blood glucose levels [ 4 ]. We hypothesize that the elevated amino acid oxidation augments ATP pro-
duction by increasing fl ux through GDH, which leads to closure of the K ATP  channel and subse-
quently β-cell depolarization and calcium infl ux, which fi nally activates the “triggering” pathway for 
insulin release, similar to GSIS [ 6 ,  19 ]. 

 To further examine the hypothesis of which GDH gain of function mutations is responsible for 
hyperinsulinism, we generated a transgenic mouse model to express one severe form of GDH muta-
tion (H454Y), specifi cally in β-cells following a rat insulin promoter. GDH-transgenic mice (GDH-TG) 
showed a consistent hypoglycemia phenotype [ 11 ] which is similar to the GDH-HI patient [ 3 ,  17 ]. An 
oral amino acids tolerance test showed that GDH-TG mice are sensitive to stimulation by a physio-
logical amino acid mixture and react with rapid falls of blood glucose and increases of insulin secre-
tion [ 20 ], also similar to GDH-HI patients [ 3 ]. GDH enzyme kinetics in isolated islets from GDH-TG 
mice showed a right shift of the GTP inhibition curve, confi rming the H454Y expression in islet 
[ 11 ,  18 ]. Dynamic insulin secretion in perifused islets isolated from GDH-TG mice was also sensitive 
to the amino acid mixture and leucine stimulation and even responded to glutamine alone, whereas 
control islets were unresponsive to either glutamine or a mixture of amino acids [ 11 ]. This study con-
fi rms that the GDH gain of function mutation is disease-causing in GDH-HI.  

    GDH Flux, Measured by  15 N Tracing 

 To directly examine the effects of the H454Y GDH mutation on fl ux through the GDH, a metabolomic 
approach was applied in isolated islets by using a stable isotope-tracing technique to trace  15  fl ux from 
[2- 15 N]glutamine to [2- 15 N]glutamate and subsequently to [ 15 N]ammonia, which can help us to deter-
mine the specifi c fl ux via GDH reaction. Compared to wild-type control littermates, H454Y trans-
genic islets have greater insulin secretion, ammonia production, [ 15 N]ammonia enrichment, and GDH 
fl uxes in response to 10 mM [2- 15 N]glutamine. As shown in Fig.  19.3 , activation of GDH in control 

  Fig. 19.3    Insulin secretion and GDH fl ux in GDH transgenic and wild-type islets. 1,000 cultured islets isolated from 
GDH H454Y transgenic or wild-type mice were incubated with 10 mM [2- 15 N]glutamine as basal, or with an addi-
tional 10 mM leucine, 25 mM glucose or leucine plus glucose for 120 min. GDH fl ux rate was calculated based on 
 15 N-ammonia production. Insulin secretion (panel  a ) and GDH fl ux (panel  b ) are shown. Data: mean ± S.E.,  n  = 3. vs. 
WT, *: p  < 0.05, vs. glutamine alone,  a :  p  < 0.05, vs. glutamine/leucine,  b :  p  < 0.05. GDH fl uxes in GDH-TG islets are 
similar to leucine- stimulated GDH fl uxes in wild-type islets, while glucose strongly inhibits GDH fl uxes, and leucine 
is unable to overcome this inhibition       
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islets with 10 mM leucine leads to an increase of insulin release (panel A), accompanied by increased 
rates of ammonia production and a threefold stimulation of fl uxes through GDH (panel B). The effect 
of leucine on GDH fl ux in control islets were similar to the rates seen in transgenic islets in absence of 
leucine, suggesting that GDH fl ux in TG islets were close to maximal even without leucine activation 
[ 11 ]. The elevated GDH fl ux in transgenic islets results in increased production of ATP, which is 
responsible for activation of the triggering pathway of insulin release. Glucose inhibition of LSIS 
observed in GDH-HI patients [ 4 ] can be explained by the high glucose inhibition of GDH fl ux in 
normal and transgenic islets; leucine was unable to override this inhibitory effect of glucose [ 4 ,  11 ], 
which is similar to PDG regulation as shown in Fig.  19.2 . High phosphate potential produced from 
glucose oxidation results in a strong inhibition of GDH activity. This study provides convincing 
evidence that GDH serves as intracellular energy sensor. In response to the changes of phosphate 
potential driven by glucose metabolism, the “on and off” switch of GDH will lead to an increase 
or decrease of amino acid oxidation. Functional expression in islets is the changes of sensitivity to 
leucine or amino acid stimulation of insulin release.   

    SCHAD-GDH Interaction, a Novel Mechanism of GDH Regulation 

 Recently, a new form of HI has been described which is associated with defi ciency of the mitochon-
drial fatty acid β-oxidation enzyme, short-chain 3-hydroxyacyl-CoA dehydrogenase (SCHAD) [ 21 , 
 22 ]. SCHAD catalyzes the β-oxidation cycle for medium and short-chain 3-hydroxy fatty acyl-CoAs 
(C4 to C10). Children with SCHAD defi ciency have hypoglycemia and accumulations of fatty acid 
metabolites, such as plasma 3-hydroxy-butyrylcarnitine and urinary 3-hydroxyglutaric acid [ 21 ,  22 ]. 
Unlike ketotic hypoglycemia, which occurs in the other forms of genetic defects of fatty acid oxida-
tion, hypoglycemia in SCHAD defi ciency results from hyperinsulinism [ 23 ]. In order to investigate 
the mechanisms responsible for hypoglycemia in SCHAD defi ciency, SCHAD knockout mice were 
generated [ 24 ]. SCHAD-KO mice have lower plasma glucose levels than controls in both fed and 
fasting states. Plasma acylcarnitine profi les in SCHAD-KO mice showed a fourfold elevation of 
plasma 3-hydroxy-butyrylcarnitine compared with controls and had similar values to those reported 
in children with SCHAD defi ciency. SCHAD-KO mice also had an increased accumulation of 
medium-chain 3-OH-fatty acids, which confi rmed the complete knockout of this gene. Compared to 
wild-type mice, SCHAD-KO mice showed a rapid decline of blood glucose after receiving oral amino 
acids, which is due to stimulation of insulin release in response to an amino acid challenge. This is 
similar to the protein-induced hypoglycemia seen in patients with SCHAD defi ciency [ 25 ]. 
SCHAD-KO mice have similar glucose tolerance test as compared to the control littermates. Studies 
in isolated islets confi rmed the in vivo fi ndings. SCHAD-KO islets were very sensitive to stimulation 
to a physiological mixture of amino acids, similar to islets from GDH-TG mice, but had a higher 
threshold of amino acid-stimulated insulin secretion. When glutamine and leucine were removed 
from the amino acid mixture, KO islets were completely unresponsive to the other 17 amino acids, 
indicating that GDH activation was essential for abnormal insulin release in KO islets. KO islets were 
also more sensitive to leucine stimulation (Fig.  19.4a ), but, unlike islets from GDH-TG, failed to 
respond to glutamine alone. The results of insulin secretion from isolated islets indicated an activation 
of GDH in SCHAD-KO islets as evidenced by increased [U- 14 C]glutamine oxidation (Fig.  19.4b ) in 
KO islets, but this was not as active as the GDH gain-of-function mutation observed in GDH-TG 
mice. GSIS was similar between KO and wild-type islets, suggested that hyperinsulinism in 
SCHAD-KO is not likely due to increased GSIS as initially hypothesized [ 26 ]. Measurement of GDH 
enzyme kinetics indicates that while KO islets have a normal response to GTP inhibition, they also 
have a reduced affi nity of GDH for α-KG and an increased enzyme effi ciency (Fig.  19.4c ), suggesting 
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that the presence of SCHAD protein affects binding of the substrate in the catalytic site of GDH. 
The effect was limited to islet GDH, perhaps refl ecting the high levels of SCHAD and high ratio of 
SCHAD to GDH in islet tissue [ 24 ,  27 ]. We further examined the possibility of protein-protein inter-
actions between the two enzymes. When the anti-SCHAD antibody was used as bait, GDH was co-
precipitated with SCHAD in wild-type mouse liver mitochondria, but not in KO mice, which is 
consistent with a GDH-SCHAD protein complex in WT liver mitochondria (Fig.  19.4d ). Our fi ndings 
suggest that GDH activation in SCHAD defi ciency is due to the loss of a direct protein-protein inter-
action between the two enzymes. It is interesting to speculate that the inhibitory effect of SCHAD on 
GDH might be part of a mechanism for reciprocal controlling of fatty acid and amino acid oxidation. 
GDH may be the center regulatory step in the metabolic interaction, including glucose, fatty acid, and 
amino acid. Further studies found that SCHAD not only binds to GDH, it also associates with other 
proteins, for example, carbamoyl phosphate synthase 1, citrate synthase, glutamine syntheses, pyru-
vate dehydrogenase, and ATP synthase [ 28 ]. This involves ureagenesis, metabolism of glucose and 
amino acid, and ATP production and highlights the complexity of SCHAD interaction.   

  Fig. 19.4    Insulin secretion, glutamine oxidation, GDH enzyme activity and GDH-SCHAD interaction in SCHAD 
knockout and wild-type mice. Panel ( a ) shows islet perifusion in response to a leucine ramp (0–25 mM) stimulation in 
the presence of 2 mM glutamine,  fi lled circles : SCHAD-knockout islets,  open circles : wild-type islets; data: mean ± S.E., 
 n  = 3. Panel ( b ) shows [U- 14 ]glutamine oxidation in isolated islets from SCHAD knockout ( fi lled bar ) or wildtype ( open 
bar ) mice. 100 cultured islets were incubated with 2 mM glutamine in the presence of 2 μCi [U- 14 C]glutamine; gluta-
mine oxidation was calculated based on  14 CO 2  production. Data: mean ± S.E.,  n  = 5. Panel ( c ) shows Vmax and Km for 
α-ketoglutarate of GDH enzyme activity,  fi lled bar : SCHAD knockout,  open bar : wild-type,  n  = 4. Panel ( d ) shows 
GDH-SCHAD interaction by immunoprecipitation using an anti-SCHAD antibody as bait; GDH in pull-down products 
was detected by an anti-GDH antibody in isolated liver mitochondria; GDH was co-precipitated with SCHAD in wild- 
type liver mitochondria, but not in the SCHAD knockout       
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    EGCG Allosterically Inhibits GDH 

 Green tea is often emphasized as a rich source of polyphenols. Among the four major polyphenols in 
green tea epigallocatechin gallate (EGCG), epigallocatechin, epicatechin gallate (ECG), and epicat-
echin, EGCG and ECG have a strong inhibitory effect on GDH activity with nanomolar ED 50  [ 23 ]. 
Co-crystallization of GDH protein with ECG showed that ECG binds to the ADP activation site 
(Fig.  19.5 ), pre-occupying the activation site with ECG and resulting in the inhibition of GDH enzyme 
activity [ 20 ]. Mutations of the ADP binding site (R90S, D123A, and S397I) disrupt the ADP bindings 
as well as the EGCG inhibition, which strongly supports that EGCG binds to the same site as 
ADP. Interestingly, EGCG also inhibits several disease-causing GTP-insensitive GDH mutations, 
including H454Y, simply because EGCG binds to the ADP site, not to the GTP site. This special fea-
ture of the EGCG inhibition of GTP-insensitive GDH mutations provides a therapeutic potential to 
treat GDH-HI by EGCG. The experiments in GDH-TG mice indeed showed that pre-exposure to oral 
EGCG (100 mg/Kg of body weight) diminished amino acid-induced hypoglycemia in GDH-TG mice. 
In vitro study showed that EGCG also blocked glutamine-stimulated calcium infl ux and insulin secre-
tion in GDH-TG islets, which suggests that the action of EGCG in GDH-TG mice is on β-cell insulin 
secretion [ 20 ]. This study provides the “proof of concept” that GDH inhibition by small molecules will 
lead to novel treatment of GDH-HI, since current treatment only targets dysregulated insulin secretion 
by diazoxide, an insulin secretion inhibitor. The hyperammonemia and neurological abnormalities are 
neglected and it certainly requires attention from clinical management [ 17 ,  29 ]. Early attempts already 
identifi ed several GDH inhibitors by high-throughput compound screening, including hexachloro-
phene (HCP) of which the binding site also showed in Fig.  19.5  [ 30 ].    

  Fig. 19.5    Structure of the 
GDH-ECG complex. This is 
a ribbon diagram of bovine 
glutamate dehydrogenase 
hexamer complexed with 
NADPH ( orange ), ECG 
( yellow ), and HCP ( purple )       
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    Signaling Role of Glutamine in Insulin Secretion 

 In the entire process of insulin secretion, K ATP  channels serve as the “gate-keeper” to control insulin 
release; they are the key components of the triggering and application pathway of insulin secretion 
[ 19 ]. Inactivating mutations in β-cell K ATP  channels cause the most common and severe form of HI 
(K ATP -HI). K ATP -HI is characterized by severe fasting hypoglycemia [ 8 ] and impaired GSIS [ 31 ]; it 
often requires pancreatectomy to control hypoglycemia [ 1 ]. The absence of K ATP  channels in β-cells 
induces persistent plasma membrane depolarization and elevation of cytosolic calcium, resulting in 
constant insulin secretion regardless of blood glucose levels [ 32 ]. The defective GSIS paradoxically 
impairs both the turning off and turning on of insulin secretion in response to glucose, which leads to 
hypoglycemia early in life and a risk of diabetes later [ 33 ,  34 ]. Interestingly, K ATP -HI also has protein- 
sensitive hypoglycemia, but, unlike GDH-HI, is not leucine sensitive [ 8 ]. The fact that amino acid- but 
not leucine-stimulated insulin secretion occurred without functional K ATP -channels suggests that 
oxidation of amino acids via the fl ux of the Q → E → αKG axis is unlikely the cause. The studies of 
sulfonylurea receptor 1 (SUR1) knockout mice suggests an alternative mechanism of amino acid 
stimulation of insulin secretion, in which glutamine plays a signaling role in insulin secretion. 

    SUR1 Knockout and Glutamine-Stimulated Insulin Secretion 

 To investigate the mechanism of protein-induced hypoglycemia in K ATP -HI, we examined insulin 
secretion in islets from SUR1 knockout mice [ 7 ,  35 ]. SUR1-KO islets had elevated basal intracellular 
calcium and basal insulin secretion, which are characteristic features of dysfunctional K ATP  channels. 
Unlike wild-type islets, SUR1-KO islets have no response to leucine or to glucose-stimulated insulin 
release, but they do release insulin in response to a mixture of amino acids and glutamine (Fig.  19.6 ). 
The paradoxical effect of glutamine and leucine on insulin secretion was unlikely to be caused by 
glutamine oxidation via GDH as we described previously, since activation of GDH by leucine failed 
to stimulate insulin secretion and the sensitivity to glutamine cannot be inhibited by the PDG inhibitor 
6-Diazo-5-oxo- L -norleucine. Therefore, we hypothesized that glutamine may have specifi c effects on 
the downstream amplifi cation pathways for insulin release, distal to the elevation of cytosolic 
calcium.   

    cAMP and Glutamine Signaling 

 Recent studies suggest that the signaling effect of glutamine may involve cAMP-dependent pathways 
[ 36 ]. As shown in Fig.  19.7A , amino acids stimulated cAMP production while simultaneously stimu-
lating insulin secretion in SUR1-KO mouse islets; a similar effect can be obtained by glutamine alone. 
Additional evidence also supported this hypothesis. Inhibition of the GLP-1 receptor by its antagonist, 
Exendin-(9-39), decreased baseline intracellular cAMP and also blocked the stimulatory effect of 
amino acids on both cAMP production and insulin secretion (Fig.  19.7 , panel A and B). The same 
phenomenon can be reproduced in control islets during GSIS, suggesting that amino acid amplifi ca-
tion of insulin secretion is an important pathway during GSIS [ 7 ,  36 ]. This study suggests that block-
age of cAMP production by the GLP-1 receptor antagonist inhibits amino acid-stimulated insulin 
secretion in K ATP -HI, of which concept may provide a novel therapeutic target to treat K ATP -HI. In vitro 
experiments in SUR1-KO mice strongly support this hypothesis; fasting hypoglycemia in SUR1-KO 
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mice can be prevented by prolonged subcutaneous infusions of Exendin-(9-39) [ 36 ]. A pilot clinical 
study in K ATP -HI patients confi rmed the fi ndings that observed in mouse models, Exendin-(9-39) 
administration signifi cantly increased fasting glucose levels in K ATP -HI patients [ 37 ]. Studies in islets 
isolated from surgical specimens after pancreatectomy in K ATP -HI patients suggested that human islets 
with loss of function mutations of K ATP -channel are indeed supersensitive to amino acid stimulation 
and that Exendin-(9-39) blocked such effects [ 37 ]. Those results suggest that amino acid-sensitive 
hypoglycemia or amino acid-stimulated insulin secretion play important roles in pathophysiology of 
K ATP -HI patients. Thus, this approach can serve as a novel target for drug development to control 
hypoglycemia in K ATP -HI. Although the precise mechanism by which glutamine or amino acid exert 
their effects on the amplifi cation pathways of insulin secretion remains to be determined, it seems to 
be of major importance clinically in children with K ATP -HI disorders and may also be important as a 
major pathway in amplifying the stimulation of insulin secretion in normal individuals in response to 
glucose and other metabolic fuels.   

  Fig. 19.6    Leucine and 
glutamine-stimulated insulin 
secretion in SUR1 knockout 
and wildtype islets. After 3 
days of culturing in 10 mM 
glucose, isolated islets from 
the SUR1 knockout ( fi lled 
circles ) and wild-type ( open 
circles ) mice were perifused 
with a ramp of leucine 
(0–25 mM) in the presence of 
2 mM glutamine (panel  a ), or 
perifused with a ramp of 
glutamine (0–25 mM) (panel 
 b ), data: mean ± S.E.,  n  = 3. 
Glutamine, not leucine, 
stimulates insulin secretion in 
SUR1 knockout islets       
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    Glutamine Synthesis Pathway 

 The amplifying effect of glutamine on insulin secretion in SUR1-KO islets was also observed in normal 
control islets under conditions where the cytosolic calcium had been elevated by exposure to gly-
buride or glucose stimulation [ 7 ]. As shown in Table  19.1 , islet content and release of glutamine was 
increased twofold during exposure to 25 mM glucose. When islets were stimulated with 25 mM 
[U- 13 C]glucose, over 50 % of the glutamine carbon came from glucose. Inhibition of glutamine syn-
thetase (GS) by methionine-sulfoximine (MSO), but not by its inactive analog buthionine sulfoxi-
mine, abolished the carbon fl ux from glutamate to glutamine and also reduced the response to 
GSIS. These results indicate that the metabolic fl ux from αKG → E → Q (αKG → E via transaminases) 
might play an important role in normal mouse islets during the process of GSIS [ 35 ]. The inhibitory 
effect of MSO on GSIS was reversed by the addition of exogenous glutamine in a dose-dependent 
manner, and could also be reversed by the addition of 6-Diazo-5-oxo- L -norleucine, which is a 

  Fig. 19.7    Exendin-(9-39) 
inhibits cAMP production 
and insulin secretion in SUR1 
knockout islets. As shown in 
panel ( a ), basal and amino 
acid mixture stimulated 
insulin secretion and cAMP 
production in batch-incubated 
SUR1 knockout islets. 
Exendin-(9-39), an inhibitor 
of the GLP-1 receptor, 
inhibits amino acid-induced 
increase of cAMP production 
and insulin secretion (vs. 
basal, *:  p  < 0.05; vs. amino 
acid stimulation,  # :  p  < 0.05, 
data: mean ± S.E.,  n  = 4–8). 
Panel ( b ) shows the 
inhibitory effects of 
Exendin-(9-39) on an amino 
acid mixture ramp 
(0–12 mM) which stimulated 
insulin secretion in SUR1 
knockout islets ( n  = 3)       
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non- metabolizable analog of glutamine. These data support the hypothesis in which glutamine generated 
during glucose oxidation via reversed Q-E-αKG axis amplifi es insulin secretion, similar to the other 
metabolic amplifi ers, i.e., glutamate, NADPH, long-chain acyl-CoA, and diacylglycerol [ 38 ].

        GABA Shunt: A Branch of Q-E-αKG Axis 

 As a branch of Q-E-αKG axis, the pathway of GABA shunt operates specifi cally in β-cells, but not in 
α-cells [ 39 ]. The three steps of the GABA shunt include production of GABA via glutamate decarbox-
ylase (GAD) using glutamate as substrate, conversion of GABA to succinate semialdehyde (SSA) by 
GABA transaminase (GABA-T) while converting αKG to glutamate, and fi nally entry into the tricar-
boxylic acid (TCA) cycle as succinate following oxidation by SSA dehydrogenase (SSADH) [ 39 ]. 

    GABA Shunt and GDH Interaction: Metabolic Oscillation Hypothesis 

 During glucose oxidation, glucose carbon fl ows from αKG to glutamate and then to GABA, and 
fi nally re-enters TCA cycle via succinate. Thus, the GABA shunt pathway bypasses the GTP generat-
ing step in TCA cycle (succinate CoA synthetase). We can postulate that the operation of GABA shunt 
in β-cells will lead to less production of GTP and result in the release of the GDH inhibition by GTP, 
which will ensure the anaplerosis supply of αKG from glutamate. As we discussed in previous sec-
tions, production of GTP and ATP during glucose oxidation inhibits GDH. The operation of GABA 
shunt pathway to bypass GTP production suggests that such inhibition may function in an oscillated 
pattern. As we expected, inhibition of GDH leads to less production of αKG from glutamate, resulting 
in an accumulation of glutamate which facilitates the production of GABA via GAD. Once GDH 
inhibition has been released by increasing fl ux of GABA shunt, increased GDH fl ux will have less 
glutamate available for GAD, which will produce less GABA; slower GABA shunt in turn leads to 
more GTP production and an inhibition of GDH. Such metabolic oscillation may result in insulin 
secretion in an oscillated pattern as well.  

   Table 19.1    Insulin secretion and glutamine production in normal mouse islets   

 Insulin secretion 
(μg/1,000 islets/h) 

 Glutamine (nmol/1,000 
islets)   13 C enrichment (APE, 

sum of  M  +2, +3, +4, +5)  Content  Release 

 G, 0  0.2 ± 0.03  0.2 ± 0.02  4.1 ± 0.5 
 G, 25  5.4 ± 0.7  a    0.4 ± 0.04  b    7.4 ± 0.7  b   
 G, 25/MSO, 1 mM  3.5 ± 0.2  c    NA  NA 
 AAM, 4 mM  0.2 ± 0.0  0.8 ± 0.1 
 [U- 13 C]G, 5/AAM, 4 mM  0.5 ± 0.0  d    1.3 ± 0.0  e    34 ± 1.2 
 [U- 13 C]G, 25/AAM,4 mM  4.5 ± 0.2  d f    1.3 ± 0.1  e    57 ± 1.0  f   
 [U- 13 C]G, 25/AAM, 4 mM/MSO, 1 mM  4.7 ± 0.4  d f    NA  ND 

  Cultured islets were incubated with different concentrations of [U- 13 C]glucose in presence of 4 mM amino acid mixture, 
glutamine was determined by HPLC,  13 C enrichment was measured by GC/MS 
 Compare with G, 0,  a :  p  < 0.01,  b :  p  < 0.05; compare with G, 25,  c :  p  < 0.05 
 Compare with AAM, 4 mM,  d :  p  < 0.01,  e :  p  < 0.05 
 Compare with G, 5/AAM 4.0,  f :  p  < 0.01 
 Data: mean ± S.E,  n  = 3; NA: data not determined, ND: undetectable  
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    GABA Shunt in SUR1-KO Mice 

 Chronic activation of the β-cell K ATP  channel by sulfonylureas in normal mice results in “glucose 
blindness” [ 40 ], similar to the lack of GSIS in islets from SUR1-KO islets [ 7 ,  41 ]. Based on those 
data, we can postulate that the consequence of chronic β-cell depolarization and elevation of cytosolic 
calcium will affect glucose metabolism in general and result in impaired GSIS. In order to test this 
hypothesis, a metabolomic approach was used to trace  13 C fl ux from [U- 13 C]glucose to amino acid in 
islets isolated from SUR1-KO and wild-type mice. In the presence of a 4 mM physiological amino 
acid mixture,  13 C enrichments of amino acid in islets were detected in alanine, aspartate, glutamate, 
GABA, and glutamine, which indicate the incorporation of glucose carbon into those amino acids. 
Serving as metabolic indicators, those amino acids can be used to calculate carbon fl uxes from glu-
cose. The results showed that mouse islets operate the GABA shunt pathway and that glucose lowers 
GABA levels and increases it  13 C enrichment, which suggests increased GABA shunt fl ux during 
glucose oxidation. Compared to wild-type islets, SUR1-KO islets have a 75 % reduction of GABA 
shunt. Impaired GABA shunt in SUR1-KO islets can be explained by downregulated GAD gene 
expression [ 35 ]. Glyburide-treated wild-type islets showed similar changes of GABA shunt compared 
to SUR1-KO. This alteration of metabolic pathways in SUR1-KO islets may be part of the mecha-
nisms of decreased glucose sensing and increased amino acid sensing.  

    GABA Shunt in Type 2 Diabetic Human Islets 

 Resent study in both normal human and type 2 diabetic human islets using [U- 13 C]glucose tracing 
showed that similar results occurred in mouse islets [ 35 ,  42 ]. In normal human islets, glucose stimu-
lates insulin release while inhibiting glucagon secretion. Type 2 diabetic human islets have impaired 
insulin secretion in response to glucose stimulation. A subgroup of type 2 diabetic human islets failed 
to response to glucose-mediated suppression of glucagon secretion. This group of type 2 diabetic 
human islets also showed the impairment of GABA shunt, which is due to downregulated GAD gene 
expression [ 42 ], similar to SUR1-KO mouse islets. This result suggests that GABA shunt may be 
responsible for metabolic control of glucagon secretion from β-cells. Further study showed that block-
age of GABA shunt by GABA-T inhibitor, vigabatrin, leads to loss of glucose-mediated suppression 
of α-cell function [ 42 ].  

    γ-Hydroxybutyrate Loop and Glucagon Suppression 

 The association of impaired glucose-mediated suppression of glucagon release with impaired GABA 
shunt activity in this subgroup of type 2 diabetic human islets suggested the possibility of a causal link 
between these two phenomena, such as a defi ciency of GABA per se or a defi ciency of some down-
stream metabolite of GABA mediating glucose suppression of glucagon secretion. In consequence of 
GABA metabolism, SSA produced via GABA shunt enters the TCA cycle through SSADH. In the 
central nervous system, a fraction of SSA is diverted to γ-hydroxybutyrate (GHB) via the NADPH- 
dependent SSA reductase [ 43 ]. GHB, a potent inhibitory neurotransmitter, is then converted back to 
SSA via the NAD-dependent GHB dehydrogenase to form the “GHB loop” [ 44 – 46 ]. The expression 
of key enzymes of the GHB loop and production of GHB in human islets confi rmed that the GHB 
loop, as an extension of GABA shunt, is an active pathway in the β-cell. We hypothesize that produc-
tion of GHB from GABA shunt in β-cells mediates glucose suppression of glucagon secretion in 
α-cells via receptor-based mechanism [ 42 ]. The pathways are described in Fig.  19.8 .    
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    Conclusions 

 The importance of amino acid-stimulated insulin secretion is emphasized in three forms of HI. Amino 
acid sensitivity in GDH-HI and SCHAD-HI are due to GDH gain of function by either GDH mutation 
or lack of inhibition by SCHAD via protein-protein interaction. GDH gain of function leads to eleva-
tion of amino acid oxidation via Q → E → αKG axis and more ATP production, which triggers insulin 
secretion. However, glucose oxidation increases intracellular phosphate potential, leading to β-cell 
depolarization, inhibition of GDH and activation of glutamine synthesis. Under high-energy conditions 
and β-cell depolarization, glutamine serves as a signaling molecule to amplify insulin release; similar 
phenomena also occurred in SUR1-KO islets. Therefore, the sensitivity of amino acid stimulation of 
insulin secretion refl ects the changes of intracellular phosphate potential in pancreatic islets; when 
intracellular phosphate potential is low, islets become sensitive to leucine stimulation due to a release 
of GDH inhibition. In contrast, glucose oxidation increases phosphate potential, which results in inhi-
bition of GDH but activates glutamine synthesis via α-KG → E → Q axis, leading to amplifi cation of 
GSIS. As branch of Q-E-αKG axis, GABA shunt activity is closely related to the operation of Q-E-
αKG axis. Production of GABA and GHB from GABA shunt may mediate glucose suppression of 
glucagon secretion in α-cells. GABA shunt may play an important role in the process of β- and α-cell 
communication. Understanding the mechanisms of amino acid hypersensitivity in HI will not only 
help us to identify disease-causing metabolic pathways, but also will provide new targets for drug 
development for both HI and diabetes treatment.     

  Fig. 19.8    The Q-E-αKG axis, GABA shunt, insulin secretion, and β-α-cell interaction: The Q-E-αKG axis involves 
three key enzymes: glutamate dehydrogenase (GDH), phosphate-dependent glutaminase (PDG), and glutamine synthe-
tase (GS). The activities of all three enzymes are regulated by changes in the β-cell phosphate potential. During glucose 
stimulation of insulin secretion, increased generation of αKG from the tricarboxylic acid (TCA) cycle supports enhanced 
fl ux through the GABA shunt, which leads to increased production of GHB. GHB is generated from succinate semial-
dehyde (SSA) via SSA reductase, inhibiting glucagon secretion from α-cell via its receptor. GABA is produced via 
glutamate decarboxylase (GAD). Vigabatrin acts as a GABA transaminase (GABA-T) inhibitor       
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   Key Points 

•     The metabolic syndrome (MS) is a cluster of strongly related intermediate phenotypes, such as 
central obesity, glucose intolerance, dyslipidemias, hypertension, and fatty liver, with a common 
underlying metabolic derangement characterized by insulin resistance (IR).  

•   The glutamine-cycling pathway participates in the pathogenesis of MS and might be prominently 
involved in the development of systemic underlying metabolic derangement. High-throughput 
metabolomic profi ling in patients with MS showed a distinctive metabolic signature associated 
with branched-chain amino acids (BCCA). In fact, circulating levels of glutamic acid and other 
BCAA have prognostic value in the risk prediction of MS-related complications. The hyperamino-
acidemia observed in patients with MS might be involved in the modulation of insulin signaling, 
and BCAA are potent modulators of the mTOR/p70 S6 kinase pathway.  

•   The reactions of transaminations mediated by the enzymes ALT and AST regulate the levels of 
major Krebs cycle-intermediate metabolites and reprogram their activity according to the cellular 
metabolic environment. Hence, circulating levels of liver transaminases ALT and AST might be 
regarded as sensors of the systemic metabolic derangement occurring in patients with MS, and a 
change in the paradigm that ALT and AST are just markers of liver injury is proposed. Mechanisms 
behind the transcriptional and posttranscriptional regulation of the liver transaminases are explored 
by systems biology approaches.  

•   Gene variants in glutaminase 2 ( GLS2 ) or glutamine synthase (glutamate-ammonia ligase, GLUL) 
might provide a molecular explanation to connect genomic variation with enzymatic defects in 
patients with MS, and may explain the rise in glutamic acid levels observed in these patients, sug-
gesting a “genotype-dependent glutamate-metabolotype.” In addition, glutamate dehydrogenase 
(GLUD1), a mitochondrial matrix enzyme that catalyzes the oxidative deamination of glutamate to 
alpha-ketoglutarate and ammonia, may have an important role in incorporating ammonia to the 
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    Abbreviations 

    ALT    Alanine aminotransferase   
  AST    Aspartate aminotransferase   
  BCAA    Branched-chain amino acid   
  CAD    Coronary artery disease   
  CVD    Cardiovascular disease   
  GOT    Glutamic-oxaloacetic transaminase   
  GPT    Glutamic-pyruvate transaminase   
  IR    Insulin resistance   
  MS    Metabolic syndrome   
  NAFLD    Nonalcoholic fatty liver disease   
  SHR    Spontaneously hypertensive rats   
  TCA cycle    Tricarboxylic acid cycle   

       Introduction 

    The metabolic syndrome (MS) is a complex disorder that encompasses a cluster of highly related 
diseases, such as type 2 diabetes (T2D), dyslipidemias, central obesity, arterial hypertension, and 
some other clinical phenotypes recently included, such as nonalcoholic fatty liver disease (NAFLD), 
prothrombotic and proinfl ammatory states, and ovarian polycystosis. Altogether, these disorders 
constitute a combination of underlying risk factors for an adverse outcome, which is cardiovascular 
disease (CVD) [ 1 ]. 

 The pathogenesis of MS is linked to insulin resistance (IR). In fact, in its original description 
MS was regarded as “insulin resistance syndrome” or “Syndrome X” [ 2 ]. Hence, it is biologically 
plausible to speculate that MS is a cluster of strongly related intermediate phenotypes with a common 
underlying metabolic derangement. Nevertheless, there is still debate on whether MS is a “syndrome” 
or just a cluster of specifi c diseases that have their own pathogenic mechanism [ 3 ]. 

 Regardless of this dilemma, it is obvious that in clinical practice all the intermediate phenotypes of 
MS often coexist, and all the clustered conditions of MS converge in a common phenotype that, from 
the clinical point of view, depicts a patient at higher risk of CVD morbidity and mortality. 

 In this chapter, we introduce the hypothesis that the glutamine-cycling pathway participates in the 
pathogenesis of MS and might be prominently involved in the development of the systemic underly-
ing metabolic derangement. In addition, we postulate the critical role that some enzymatic reactions 
occurring in the liver tissue, such as the transamination reactions, play in the pathogenesis of MS. 

 For simplicity, we refer to the natural L form of the amino acids except where mentioned 
otherwise.  

amino acid metabolism and regulating amino acid-induced insulin secretion, because activating 
mutations in this gene are a common cause of congenital hyperinsulinism.  

•   Glutamate might be involved in the fetal metabolic programming of MS-related phenotypes by 
regulating the hypothalamic signaling cascade of appetite control.    

     Keywords     Diabetes   •   Insulin resistance   •   Cardiovascular risk   •   Fatty liver   •   ALT   •   AST   •   Metabolomics   
•   Biomarkers   •   Glutamic acid   •   Branched-chain amino acid   •   Fetal metabolic programming   •   Liver 
cancer   •   GWAS   •   GLS2       
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    Evidence from Clinical Studies and Insights from Metabolite Profi ling 
by Emerging Technologies of High-Throughput Metabolomics 

 Recent studies on the entire set of metabolites of a cell, tissue or biofl uid, also called “metabolome” 
by high-throughput technologies (metabolomics), such as chromatography coupled to mass spectrom-
etry techniques, have elucidated interesting pathways in the pathophysiology of MS-intermediate 
phenotypes. For example, the identifi cation of human plasma metabolites in obese patients compared 
with non-obese individuals suggested a distinctive metabolic signature associated with branched- 
chain amino acid (BCAA) catabolism in obese subjects [ 4 ]. Actually, several essential (leucine, iso-
leucine, valine, and phenylalanine) and nonessential amino acids (alanine, tyrosine, glutamate/
glutamine, aspartate/asparagine, and arginine) were signifi cantly elevated in obese versus lean partici-
pants, whereas glycine levels were lower in obese subjects [ 4 ]. Interestingly, glutamate levels in obese 
patients (118.4 μM) were signifi cantly higher compared with lean subjects (81.2 μM) [ 4 ]. In this 
scenario, Newgard and colleagues speculated that the accumulation of glutamate and changes in the 
rate of BCAA metabolism may be associated with an increase of transamination of pyruvate to ala-
nine [ 4 ]. Thus, according to the authors’ hypothesis, this increase in alanine contributes to the devel-
opment of IR in obesity-associated states, because alanine is a gluconeogenic amino acid. 

 On the other hand, Thomas Wang and coworkers explored the plasma metabolic profi ling of 189 
subjects of the Framingham Offspring Study who developed T2D during the follow-up and 189 
matched controls who did not develop diabetes. They observed that a panel of amino acids (isoleu-
cine, leucine, valine, tyrosine, and phenylalanine) predicted the future development of diabetes in 
healthy, normoglycemic individuals [ 5 ]. Similar fi ndings were reported by Huffman et al. in over-
weight patients with IR [ 6 ]. 

 Another study, which examined the plasma concentrations of >350 metabolites in fasted obese 
T2DM vs. obese non-diabetic African-American women, observed that leucine and valine concentra-
tions rose with increasing HbA1c [ 7 ]. 

 A large study exploring the metabolic signatures of IR in 7,098 young adults confi rmed that abnor-
malities in BCAA extend beyond obesity and lipid abnormalities and refl ect the degree of IR [ 8 ]. 

 Finally, Cheng and coworkers observed that all the intermediate phenotypes of MS, including obe-
sity, IR, high blood pressure, and dyslipidemia, were associated with an abnormal metabolite profi le 
that included BCAA, other hydrophobic amino acids, tryptophan breakdown products, and nucleotide 
metabolites [ 9 ]. Interestingly, the authors were able to predict the risk of incident diabetes by changes 
in the glutamine-glutamate ratio in a very accurate fashion [ 9 ]. 

 Surprisingly, this metabolic pattern of altered amino acids was also observed in patients with 
CVD. In fact, mass spectrometry-based profi ling of 69 metabolites in subjects from “The CATHGEN” 
biorepository, which includes subjects recruited sequentially through the cardiac catheterization labo-
ratories at Duke University Medical Center (Durham, NC), confi rmed that levels of several amino 
acids, including leucine, isoleucine, valine, proline, methionine, and glutamate/glutamine, were sig-
nifi cantly different between cases and controls, and were able to discriminate subjects with coronary 
artery disease [ 10 ]. 

 Table  20.1  summarizes recent results of metabolic profi ling explored by technologies of high- 
throughput metabolomics in patients with MS.

   Overall, these clinical reports show that abnormal circulating concentrations of BCAA and gluta-
mate are commonly observed in patients with MS-related phenotypes, and this metabolic profi le 
might be regarded as a novel predictor of long-term impairment of insulin sensitivity. Thus, these 
fi ndings depict a common underlying metabolic derangement of MS. 

 Is this a novel fi nding? Probably not, because changes in plasma amino acid levels and insulin 
secretion in patients with obesity were initially described in 1969 by Philip Felig, who reported that 
among 20 plasma amino acids measured, valine, leucine, isoleucine, tyrosine, and phenylalanine 
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increased, and glycine decreased, in obese subjects compared with age- and sex-matched controls [ 11 ]. 
Felig suggested that hyperaminoacidemia modulates insulin signaling given the ability of most amino 
acids to stimulate pancreatic beta cell output [ 11 ]. 

 Moreover, previous in vitro studies demonstrated that BCAA and their metabolites, such as leucine, 
isoleucine, valine, and ketoisocaproic acid, the product of leucine transamination, exert effects on 
insulin signal transduction and glucose transport, including decreased insulin-stimulated tyrosine 
phosphorylation of IRS-1 (insulin receptor substrate 1) and IRS-2 and a marked inhibition of insulin- 
stimulated phosphatidylinositol 3-kinase [ 12 ]. 

 On the other hand, human studies have demonstrated that glutamine and alanine stimulate secretion 
of insulin and glucagon with a marked increase in gluconeogenesis [ 13 ,  14 ].  

   Table 20.1    Summary of recent publications of metabolic profi ling explored by technologies of high-throughput 
metabolomics in patients with MS   

 First author  Phenotype characteristics 
 Study design, number 
of participants  Metabolite quantifi cation 

 Altered 
metabolite 

 Newgard, 
C.B 

 Obesity: 
 Obese individuals 

enrolled from weight 
loss programs 

 Hospital-based 
  N : 141 

 Capillary gas 
chromatography/mass 
spectrometry (GC/MS) 

 BCAA 

 Wang T  IR/T2D: 
 Nested case–control 

study in the 
Framingham 
Offspring Study 

 Population-based cohort study 
  N : 189 selected from 2,422 

normoglycemic individuals 
followed for 12 years 

 Liquid chromatography-
tandem mass 
spectrometry 

 BCAA 

 Huffman, 
K.M 

 IR/T2D: 
 73 subjects who enrolled 

in studies of targeted 
risk reduction 
interventions through 
exercise 

 Hospital-based 
  N : 73 

 Mass spectrometry-based 
platform 

 BCAA 

 Fiehn, O  T2D  Population-based 
  N : 56 

 Capillary gas 
chromatography/mass 
spectrometry (GC/MS) 

 BCAA 

 Wurtz, P  IR/T2D  Population-based 
 The Northern Finland Birth 

Cohort 1966 (NFBC) and 
the Cardiovascular Risk in 
Young Finns Study (YFS) 

  N : 1,873 

 High-throughput nuclear 
magnetic resonance 
(NMR) spectroscopy 
platform 

 BCAA 

 Cheng, S  MS  Population-based cohort study 
 Framingham Heart Study 

( N  = 1,015) and Malmo 
Diet and Cancer Study 
( N  = 746) 

 Liquid chromatography/mass 
spectrometry 

 Glutamic acid 
 Glutamine- 

glutamate 
ratio 

 Shah, S.H  CAD 
 Subjects recruited 

sequentially through 
the cardiac 
catheterization 

 Hospital-based 
 174 CAD cases and 174 sex/

race-matched controls 
 Replication: 140 CAD cases 

and 140 CAD- controls 

 Mass spectroscopy  BCAA 

  BCAA branched-chain amino acid, IR insulin resistance, T2D type 2 diabetes, CAD coronary artery disease  
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    The Liver, the Glutamine-Cycling Pathway, and MS: 
The Reactions of Transamination and a Change in the Paradigm 
of the Meaning of Biomarkers of Liver Injury in the Context of MS 

 The family of enzymes called “transaminases” is involved in the transference of an amine group 
of one amino acid to a ketone group of another acid, and this reaction is known as transamination. 
All these enzymes need pyridoxal phosphate as a cofactor. This conversion of the  amino acids  into 
 keto acids  normally feeds the citric acid cycle, also known as the tricarboxylic acid (TCA) cycle or the 
Krebs cycle. 

 In the context of this chapter, we will illustrate that the transaminases are signifi cantly involved in 
glutamine-cycling as glutamic and pyruvic acids as a result of the transamination of alanine. In fact, 
it is know from previous experimental studies that the main route of glutamine and glutamate entrance 
into the TCA cycle via 2-oxoglutarate is transamination by aspartate aminotransferase (AST) [ 15 ]. 

 The cytoplasmatic enzyme glutamic-pyruvate transaminase (GPT) or glutamate-pyruvate transami-
nase 1, also known as alanine aminotransferase (ALT), catalyzes the reversible transamination between 
alanine and 2-oxoglutarate to generate pyruvate and glutamate (Fig.  20.1 ). Thus, by mediating the 
conversion of four major intermediate metabolites, ALT activity modulates their levels in different 
metabolic scenarios from fasting to excess of dietary nutrients. Transcript variants encoding two dif-
ferent isoforms have been found for the GPT genes; GPT1 is mostly related to hepatocytes, renal 
tubular epithelial cells, and salivary gland epithelial cells, while GPT2 is expressed in the adrenal 
gland cortex, neuronal cell bodies, cardiac myocytes, skeletal muscle fi bers, and endocrine pancreas. 
GPT1 represents the major contributor of circulating levels and ALT activity [ 16 ].  

 The glutamic-oxaloacetic transaminase (GOT) or AST exists in two forms, cytoplasmic and mitochon-
drial: GOT1 and GOT2, respectively. The two enzymes are homodimeric and show close homology. 
AST catalyzes the reversible transamination between aspartate and 2-oxoglutarate to generate oxaloace-
tate and glutamate (Fig.  20.1 ). 

  Fig. 20.1    Schematic representation of the transamination reactions: ALT (alanine aminotransferase) and AST (aspartate 
aminotransferase). ALT catalyzes the reversible transamination between alanine and 2-oxoglutarate to form pyruvate 
and glutamate, and AST catalyzes the reversible transamination between glutamate and oxaloacetate to form aspartate 
and alpha ketoglutarate. Transamination reactions are reversible and can be used for both amino acid degradation and 
synthesis; the coenzyme for the reaction is pyridoxal phosphate       
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    Are ALT and AST Important Players in the Regulation of the Metabolic 
Cell Environment? 

 Certainly, they are. In fact, ALT has an important role in the intermediary metabolism of glucose and 
amino acids, and AST plays a central role in amino acid metabolism and the TCA, and also facilitates 
the metabolite uptake of long-chain free fatty acids. Actually, AST is important for the metabolite 
exchange between mitochondria and cytosol. 

 Likewise, the reactions of transamination that most often occur in the liver mediate the synthesis 
of glucose from amino acids such as aspartate, asparagine, glutamate, and glutamine under fasting 
conditions. ALT and AST balance the levels of pyruvate and alpha ketoglutarate, which are precursors 
to glucose via gluconeogenesis. In addition, if there are excess proteins in the diet, those amino acids 
converted into pyruvic acid and acetyl CoA can be converted into lipids by the lipogenesis process. 
Hence, transamination reactions are strong modifi ers of the pathogenesis of IR and MS-associated 
phenotypes. 

 The serum activity levels of ALT and AST are widely and almost exclusively used in clinical 
practice as routine biomarkers of liver injury of different etiologies. Surprisingly, however, they are not 
regarded as sensors of the metabolic derangements occurring in patients with IR and MS. Nonetheless, 
in large and well-characterized epidemiological studies, ALT (or GPT) and AST (or GOT) are strongly 
and reproducibly associated with MS-related phenotypes. For instance, in the Framingham Offspring 
Heart Study that included 2,812 participants (mean age, 44 years; 56 % women) followed up for the 
development of MS, T2D, CVD, and all-cause mortality, both normal and increased levels of ALT were 
associated with the long-term development of multiple metabolic disorders [ 17 ]. Aminotransferase 
levels were also correlated with multiple cardiometabolic risk factors above and beyond visceral 
adipose tissue and IR in the same cohort, as recently demonstrated [ 18 ]. 

 On the other hand, in a large population-based community cohort of 1,532 adults from the Cameron 
County Hispanic Cohort, the epidemiologist tried to identify the most likely cause of elevated ALT 
and found that the risk factors most strongly associated with elevated ALT in this population were the 
components of MS [ 19 ]. 

 A multiethnic epidemiological study encompassing 633 African-American, Hispanic, and 
 non- Hispanic white subjects aged 40–69 years showed that ALT and the AST-to-ALT ratio predict MS 
independently of potential confounding variables, including directly measured insulin sensitivity and 
acute insulin response [ 20 ]. 

 A population-based study that included the healthy British South Asian population showed that 
raised ALT was signifi cantly associated with an adverse metabolic and atherothrombotic risk profi le 
[ 21 ]. Likewise, in 1,439 subjects of the Hoorn Study, a population-based cohort of Caucasian men and 
women 50–75 years of age, which assessed the incidence of CVD and coronary heart disease events, 
the predictive value of ALT for coronary events seems independent of traditional risk factors and the 
features of MS [ 22 ]. 

 Elevated liver function enzymes were also associated with the development of pre-diabetes and 
T2D in young adults from the Bogalusa Heart Study, a retrospective cohort study that included adults 
aged 26–50 years followed up over an average period of 16 years since their young adulthood [ 23 ]. 

 In addition, in an Australian population (3,719 subjects, 1,544 men and 2,175 women, aged 25–84 
years), ALT was signifi cantly associated with MS, and each of its fi ve components and the association 
with MS remained signifi cant after adjustment for IR [ 24 ]. 

 Among subjects enrolled in the Firenze Bagno a Ripoli (FIBAR) study, elevated AST levels were 
independent predictors of CVD and the incident diabetes [ 25 ]. Higher ALT levels were also associated 
with obesity, and peripheral and hepatic IR in Pima Indians [ 26 ]. 

 Finally, and even more surprising, the fi ndings of the Framingham Heart Study Original and 
Offspring cohorts, which included a total of 3,744 participants, recently demonstrated that both ALT 
and AST levels might be associated with the incident of atrial fi brillation [ 27 ]. 
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 Figure  20.2  shows a picture summarizing the epidemiological and clinical data regarding the role 
of liver transaminases in the intermediate phenotypes of MS and CVD risk.  

 Thus, while the evidence from observational and cohort studies is overwhelming in terms of risk 
prediction and association with the diseases that integrate MS, none of the studies have elucidated the 
pathophysiological mechanisms behind these observations. Conversely, almost all the epidemiologi-
cal studies have regarded the elevation of circulating transaminase levels as indicators of liver injury 
associated with MS and IR, and have speculated that ALT levels just mirror the presence of 
NAFLD. Surprisingly, none of these studies have ever considered the possibility that high levels of 
ALT or AST are indicators of high levels of tissue enzymic activities or gene activation.  

    Is There Any Evidence That Serum ALT or AST Might Refl ect the Metabolic 
Derangement Occurring in the Liver of MS Independent of the Presence 
of a Liver Disease? 

 In a rodent study, we observed that spontaneously hypertensive rats (SHR), a strain with genetic CVD 
and all the metabolic traits related with MS, including high blood pressure, dyslipidemia, and IR, 
show hepatomegaly, increased ALT levels, and liver upregulation of hypoxia-inducible factor 1 alpha 
( Hif1α ) [ 28 ]. In this study we showed that the liver seems to be a target for cardiovascular organ dam-
age and that CVD may predispose to an increased susceptibility of the liver to undergo pathological 
changes, including liver infl ammation after exposure to a nutritional insult [ 28 ]. We also observed that 
in the disease model the behavior of liver transcripts involved in the regulation of metabolic functions, 
such as peroxisome-proliferator-activated receptors α and γ, the nuclear receptor Nr1d1 and Sirtuin 1 
( Sirt1 ), showed a singular programming of the liver metabolism associated with a stress response [ 28 ]. 

  Fig. 20.2    Summary of the epidemiological and clinical data about the role of liver transaminases ALT and AST in the 
risk prediction of the metabolic syndrome and cardiovascular disease. Transamination reactions mediated by ALT and 
AST most often occur in the liver tissue and have a signifi cant role in the intermediary metabolism of glucose and 
amino acids. As ALT and AST feed some components of the TCA cycle, like oxaloacetate and alpha ketoglutarate, 
both also sense the metabolic cellular environment. These enzymes also mediate metabolite exchange between mito-
chondria and cytosol. Elevated circulating levels of ALT and AST were reported in patients with MS-associated phe-
notypes, and they have been useful for predicting MS-associated disease risk, like the development of future CVD 
complications or diabetes development. In fact, in well-characterized epidemiological cohort studies, ALT better 
predicts the risk of complications than IR or visceral adipose tissue.       

 

20 Glutamine-Cycling Pathway in Metabolic Syndrome…



262

Not surprisingly,  gpt  and  got  transcripts were elevated in the liver of the SHR rats regardless of the 
diet insult (unpublished data). 

 Furthermore, the metabolomic data from recent human studies also suggest that MS is associated 
with a profound metabolic derangement in which the reactions of transamination are critical modula-
tors [ 4 ,  9 ]. Actually, we postulated the hypothesis that serum levels of the transaminases ALT and 
AST are associated with a deregulation of normal amino acid metabolism in the liver, and in patients 
with MS the levels of transaminases are not necessarily markers of liver injury [ 29 ]. On the contrary, 
changes in the level of transaminases in patients with MS might provide a molecular explanation of 
the altered glutamate-related metabolotype and may suggest a dramatic change in the paradigm of the 
role of ALT and AST as biomarkers of metabolic derangement. Hence, we suggest that circulating 
levels of transaminases in patients with MS mirror the liver metabolic reprogramming refl ecting high 
levels of hepatic transamination of amino acids in the liver [ 29 ]. We thus postulate that circulating 
levels of ALT represent a good indicator of protein utilization being a “barometer” of the metabolic 
state of the body. 

 Unfortunately, human research around liver transaminases is confi ned to liver diseases that involve 
some degree of liver damage. Nevertheless, research in other species has shown interesting fi ndings 
regarding the physiological regulation of liver transaminases. For example, a high degree of correlation 
was shown between food ration size and the activity of the enzyme ALT (EC 2.6.1.2) in fi sh, indicating 
that long-term limited feeding decreased ALT activity [ 30 ]. 

 It would be exciting to better understand the regulation of ALT transcriptional activity. Some previ-
ous work indicates that Kruppel-like factor 15 (KLF15), which is regulated by insulin and plays an 
important role in the regulation of gluconeogenesis, might regulate the enzymatic activity of ALT 
[ 31 ]. Actually, Gray and coworkers demonstrated a decrease in liver ALT activity in mice lacking 
KLF15. In addition, it was shown that peroxisome proliferator-activated receptor α might act as tran-
scriptional regulator of the liver ALT gene by a direct action on a response element in its proximal 
promoter [ 32 ]. 

 On the other hand, experimental data suggest that the cytosolic but not mitochondrial AST gene is 
regulated by cAMP under a high-protein diet [ 33 ]. Horio and colleagues suggest that the metabolic 
function of cytosolic AST physiologically increases the supply of oxaloacetate for liver gluconeo-
genesis [ 33 ].   

    Glutamine-Cycling Pathway and MS: Systems Biology Reveals 
Clues for Future Research and Deciphers Putative Disease Molecular 
Mechanisms Underlying This Association 

 In this section, we propose the use of systems biology approaches to reveal and decipher the putative 
disease pathways or molecular mechanisms underlying the role of the glutamate in the pathogenesis 
of MS. 

    Why Systems Biology to Answer This Question? 

 Systems biology approaches often combine OMIC (genomics, proteomics, or metabolomics) data, 
including expression array analysis, the measurement of transcript levels, gene–gene and protein–
protein interactions, the relation between transcript levels and clinical traits, etc., which allow scientists 
to identify hidden connections among known genes, proteins, or molecular targets, and thus integrate 
the knowledge to predict novel functional implications. 
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 Hence, our fi rst approach was to use data-mining approaches to collect the available published 
evidence from biomedical literature. Therefore, by text mining we were able to retrieve meaningful 
biological information that might be hidden in the classic search by key words in the repositories of 
biomedical literature. Thus, we used the PESCADOR platform ( P latform for  E xploration of  S ignifi cant 
 C oncepts  A ssociate D  to co- O ccurrence  R elationships) [ 34 ] with the query “metabolic syndrome AND 
(glutamine OR glutamate OR glutamic acid)”; after abstract tagging, 375 gene/protein terms were 
identifi ed in 265 published abstracts. 

 Therefore, we explored the interactions among the gene/proteins tagged by PESCADOR under the 
above-mentioned terms or key words, and we displayed them in a graphic that depicts a hierarchical 
hub centered on one gene/protein, GAD1 (glutamate decarboxylase 1), the gene of which encodes for 
a intracellular widely expressed protein involved in the conversion of the amino acid and excitatory 
neurotransmitter glutamate to the inhibitory neurotransmitter gamma-aminobutyric acid (GABA) 
(Fig.  20.3 ).  

 Furthermore, this enzyme has been identifi ed as an autoantigen in insulin-dependent diabetes. 
Moreover, the immediate downstream terms were INS (insulin), PDIA3 (protein disulfi de isomerase 
family A, member 3), ADIPOQ (adiponectin), ERP20 (reticuloplasmin), TXNDC5, GLUD1 (gluta-
mate dehydrogenase 1), GAD2 (glutamate decarboxylase 2), and GLYAT (glycine- N -acyltransferase) 
(Fig.  20.3 ). Interestingly, gene variants in  GAD2  were associated with the susceptibility for morbid 
obesity in some [ 35 ] but not all the candidate gene studies [ 35 ]. Nevertheless, other studies support 
the role of variants in the promoter of GAD2 as putative risk factors for obesity in children [ 36 ] and 
suggest that they are associated with eating behaviors and weight gain [ 37 ]. 

 Based on the list of genes/proteins identifi ed as explained earlier (Table  20.2  shows the term list), 
we performed a functional association analysis using the bioinformatic resource GenMANIA [ 38 ].

   Thus, the analysis of the genetic interactions, pathways, protein co-expression, co-localization, and 
protein domain similarity of our query list showed a network of predicted genes (Fig.  20.4 ) that 

  Fig. 20.3    Graphic illustration of gene/protein co-occurrence and its relatedness to biological concepts with the query 
“metabolic syndrome AND glutamine OR glutamate OR glutamic acid”. Prediction was performed by PESCADOR 
(available at   http://cbdm.mdc-berlin.de/tools/pescador/    ). The graph was constructed using the free available program 
MEDUSA, which is a Java application for visualizing and manipulating graphs of interaction (  www.bork.embl.de/
medusa    )       
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       Table 20.2    Genes terms identifi ed in 265 published abstracts by the PESCADOR 
platform with the query “metabolic syndrome AND glutamine OR glutamate OR 
glutamic acid”   

 Human symbol  Gene ID 

 OPLAH  26873 
 AACS  65985 
 GAA  2548 
 OGDH  4967 
 APOA1  335 
 APOE  348 
 CRP  1401 
 CCK  885 
 EPOR  2057 
 GHRL  51738 
 NR3C1  2908 
 GCKR  2646 
 GSS  2937 
 HSF1  3297 
 IL8  3576 
 INS  3630 
 INSR  3643 
 LEP  3952 
 LEPR  3953 
 GRM3  2913 
 PAF1  54623 
 PTH  5741 
 PCSK1  5122 
 RETN  56729 
 TAC1  6863 
 TG  7038 
 TPO  7173 
 TKT  7086 
 FGFR3  2261 
 ADIPOQ  9370 
 AKT1  207 
 PRKAA2  5563 
 NOVA2  4858 
 ASPA  443 
 CA1  759 
 CS  1431 
 CTLA4  1493 
 NOS3  4846 
 ENPP1  5167 
 EPO  2056 
 ERP29  10961 
 TXNDC5  81567 
 FOXO1  2308 
 GAD1  2571 
 GAD2  2572 
 GLUD1  2746 
 GPBAR1  151306 
 GPT  2875 
 HSP90B1  7184 

(continued)
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include, among others,  GPT  and  SIRT1  as newly predicted genes. In addition, there was a marked 
redundancy of pathways associated with the regulation of glucose metabolism (Table  20.3 ). 
Interestingly, if we restrict the functional analysis to genes/proteins associated with transaminases and 
glucose control, we can see expected and obvious genes, such as insulin, insulin receptor, and gluco-
kinase, and among the newly predicted genes, we can see  GPT  and  SIRT1  (Fig.  20.5 ) as predicted to 
have a potential role in the glucose metabolic process and insulin secretion, respectively. 

    Moreover,  GPT  was predicted to have interactions with  GLUD1  (glutamate dehydrogenase 1). The 
glutamate dehydrogenase, which is allosterically activated by ADP and inhibited by GTP and ATP 
and regulated in a complex manner by a number of negative (palmitoyl-coenzyme A) and positive 
(leucine) allosteric regulators, has an important tissue-specifi c role. For example, in beta cells gluta-
mate dehydrogenase regulates the amino acid-stimulated insulin secretion; in hepatocytes, it partici-
pates in the modulation of amino acid catabolism and ammoniagenesis; and in brain neurons, it 
participates in the maintenance of glutamate neurotransmitter concentrations, which is relevant to 
feeding behavior, as discussed later. Furthermore, activating mutations in the  GLUD  gene are a com-
mon cause of congenital hyperinsulinism and hyperammonemia syndrome. 

  GPT  also has interactions with  PON1  (paraoxonase 1),  SLC16A10  (solute carrier family 16, mem-
ber 10),  PTPRN  (protein tyrosine phosphatase, receptor type, N),  APOA1  (apolipoprotein A-I),  GSTK1  
(glutathione S-transferase kappa 1),  ACSS2  (acyl-CoA synthetase short-chain family member 2), and 
 SIRT4  (sirtuin 4). Table  20.4  summarizes these interactions.

 Human symbol  Gene ID 

 GSTK1  373156 
 ELANE  1991 
 PTPRN  5798 
 IL6  3569 
 KCNJ11  3767 
 LAD1  3898 
 LCN2  3934 
 CCL2  6347 
 MECP2  4204 
 GRM5  2915 
 HNF4A  3172 
 C7orf49  78996 
 NOS1  4842 
 NTS  4922 
 PER1  5187 
 USB1  79650 
 PON1  5444 
 AMACR  23600 
 B4GALNT2  124872 
 SIRT1  23411 
 SIRT4  23409 
 SMS  6611 
 SOD1  6647 
 ABCC8  6833 
 TAP1  6890 
 TAT  6898 
 TNNT1  7138 
 UCK2  7371 

Table 20.2 (continued)
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  Fig. 20.4    Results of functional association analysis performed by the bioinformatics resource GenMANIA (available at 
  http://www.genemania.org/    , Toronto, Canada). Illustration includes molecular functions summarized in GO terms 
(the gene ontology pathway GO) based on a set of input genes identifi ed by the text-mining tool PESCADOR (Table  20.2 )       

   Table 20.3    Gene ontology (GO) annotation of predicted biological process, in which the candidate genes listed in 
Table  20.2  are involved by functional enrichment analysis using the GeneMANIA tool (genemania.org)   

 Molecular functions summarized in GO terms  FDR  Genes in network  Genes in genome 

 Glucose metabolic process  2.50E−15  17  134 
 Regulation of glucose metabolic process  2.33E−14  12  47 
 Hexose metabolic process  2.33E−14  17  162 
 Monosaccharide metabolic process  2.33E−14  18  196 
 Regulation of carbohydrate metabolic process  1.26E−13  12  55 
 Regulation of cellular carbohydrate metabolic process  1.26E−13  12  55 
 Small molecule catabolic process  3.26E−12  17  228 
 Energy reserve metabolic process  1.88E−11  14  140 
 Peptide transport  5.06E−11  13  119 
 Peptide hormone secretion  5.45E−10  12  111 
 Peptide secretion  5.52E−10  12  112 
 Energy derivation by oxidation of organic compounds  6.06E−10  16  276 
 Signal release  6.06E−10  14  186 

(continued)
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   Furthermore, we performed an additional functional enrichment analysis (Table  20.5 ) using the 
bioinformatics resource  ToppGene Suite  (  http://toppgene.cchmc.org    , Cincinnati, OH, USA). Among 
the highly predicted pathways, the FOXA2 and FOXA3 transcription factor network was ranked along 
with the top fi ve. These genes encode members of the forkead class of DNA-binding proteins.  FOXOA2  
is also known as hepatocyte nuclear factor 3, beta, and FOXOA3 as hepatocyte nuclear factor 3, 
gamma, which are transcriptional activators of liver-specifi c genes that interact with chromatin, opening 
the compacted chromatin for other proteins through interactions with nucleosomal core histones and 

 Molecular functions summarized in GO terms  FDR  Genes in network  Genes in genome 

 Generation of a signal involved in cell–cell signaling  6.06E−10  14  186 
 Cellular response to hormone stimulus  8.31E−10  16  283 
 Regulation of insulin secretion  1.00E−09  11  91 
 Regulation of carbohydrate biosynthetic process  1.57E−09  8  30 
 Regulation of response to external stimulus  1.57E−09  14  204 
 Hormone secretion  1.68E−09  12  129 
 Regulation of peptide hormone secretion  1.68E−09  11  97 
 Regulation of peptide transport  1.68E−09  11  98 
 Regulation of peptide secretion  1.68E−09  11  98 
 Insulin secretion  1.80E−09  11  99 
 Regulation of glycogen biosynthetic process  2.01E−09  7  19 
 Regulation of glucan biosynthetic process  2.01E−09  7  19 
 Hormone transport  2.01E−09  12  133 
 Regulation of polysaccharide biosynthetic process  2.01E−09  7  19 
 Regulation of polysaccharide metabolic process  2.73E−09  7  20 
 Cellular response to peptide hormone stimulus  2.73E−09  14  220 
 Regulation of glycogen metabolic process  2.73E−09  7  20 
 Glucose homeostasis  2.73E−09  9  53 
 Carbohydrate homeostasis  2.73E−09  9  53 
 Endocrine pancreas development  3.32E−09  8  35 
 Carboxylic acid catabolic process  4.10E−09  12  146 
 Organic acid catabolic process  4.10E−09  12  146 
 Response to peptide hormone stimulus  4.10E−09  14  230 
 Regulation of hormone levels  4.77E−09  14  234 
 Positive regulation of glucose metabolic process  4.77E−09  7  22 
 Positive regulation of glycogen biosynthetic process  5.49E−09  6  12 
 Regulation of hormone secretion  5.49E−09  11  115 
 Regulation of generation of precursor metabolites and energy  6.87E−09  8  39 
 Positive regulation of glycogen metabolic process  9.53E−09  6  13 
 Regulation of secretion  9.53E−09  14  249 
 Pancreas development  9.53E−09  8  41 
 Endocrine system development  9.53E−09  9  63 
 Regulation of glucose transport  9.53E−09  9  63 
 Cellular response to insulin stimulus  9.53E−09  12  160 
 Positive regulation of carbohydrate metabolic process  1.03E−08  7  25 
 Positive regulation of cellular carbohydrate metabolic process  1.03E−08  7  25 

  The list includes the top 50 records with signifi cant results. The analysis was performed by the bioinformatic resource 
GenMANIA [ 38 ], and association data include protein and genetic interactions, pathways, co-expression, co- localization, 
and protein domain similarity. Genes are linked in a pathway if they participate in the same reaction within a pathway 

 The GO categories and Q-values from a FDR corrected hypergeometric test for enrichment are shown, along with 
coverage ratios for the number of annotated genes in the displayed network versus the number of genes with that annota-
tion in the genome. The estimation of  Q -values was corrected for multiple testing by Benjamini-Hochberg procedure [ 38 ]  

Table 20.3 (continued)

20 Glutamine-Cycling Pathway in Metabolic Syndrome…

http://toppgene.cchmc.org/


268

thereby replacing linker histones at target enhancer and/or promoter sites. Related family members of 
FOXOA2 and FOXOA3 in rodents have roles in the differentiation of the liver and pancreas.

   Finally, the text mining of glutaminase 2 ( GLS2 ), the gene that encodes a mitochondrial phosphate- 
activated glutaminase that catalyzes the hydrolysis of glutamine to stoichiometric amounts of 

  Fig. 20.5    Results of functional association analysis restricted to GO terms: aspartate family, glucose metabolic process 
and homeostasis and insulin secretion performed by the bioinformatics resource GenMANIA. Illustration includes 
molecular functions summarized in GO terms (the gene ontology pathway GO) based on a set of input genes identifi ed 
by the text-mining tool PESCADOR (Table  20.2 )       

   Table 20.4    Interactions of GPT (glutamic-pyruvate transaminase or alanine aminotransferase) gene 
predicted by the bioinformatic resource GenMANIA [ 38 ] based on genomic and proteomic data   

 Gene 1  Gene 2  Weight  Network group 

 PTPRN  GPT  0.01880419  Co-expression 
 PER1  GPT  0.01072104  Co-expression 
 APOA1  GPT  0.00810353  Co-expression 
 GSTK1  GPT  0.00674771  Co-expression 
 GSTK1  GPT  0.01971637  Co-localization 
 PON1  GPT  0.00952473  Co-localization 
 GPT  SIRT4  0.02041759  Predicted 
 ACSS2  GPT  0.00622299  Predicted 
 GLUD1  GPT  0.00580657  Predicted 
 TAT  GPT  0.08657161     Shared protein domains 

  The interaction analysis supposes that two genes are functionally associated if the effects of per-
turbing one gene were found to be modifi ed by perturbations to a second gene. These data are 
collected from primary studies and BioGRID [ 38 ] 

 Each interaction is represented as a weighted interaction network where each pair of genes is 
assigned an association weight, which is either zero indicating no interaction, or a positive value 
that refl ects the strength of interaction or the reliability the observation that they interact. The more 
the genes are co-expressed, the higher the weight they are linked by, ranging up to 1.0, meaning 
perfectly correlated expression [ 38 ]  
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   Table 20.5    Functional annotations and protein interaction networks of candidate genes and proteins associated with 
the term list of Table  20.2    

 ID  Name/source   p -Value 
 Term in 
query 

 Term in 
genome 

  GO: Molecular function  
 GO:0005102  Receptor binding  1.309E−8  25  1304 
 GO:0005179  Hormone activity  1.415E−8  10  113 
 GO:0048037  Cofactor binding  8.148E−8  13  293 
 GO:0042802  Identical protein binding  1.289E−6  20  1016 
 GO:0016597  Amino acid binding  8.139E−5  7  101 
  GO: Biological process  
 GO:0006082  Organic acid metabolic process  1.768E−18  32  963 
 GO:0006066  Alcohol metabolic process  4.864E−18  27  611 
 GO:0006006  Glucose metabolic process  8.350E−18  20  241 
 GO:0043436  Oxoacid metabolic process  1.417E−17  31  945 
 GO:0019752  Carboxylic acid metabolic process  1.417E−17  31  945 
  GO: Cellular component  
 GO:0005615  Extracellular space  1.401E−9  22  927 
 GO:0044421  Extracellular region part  5.886E−9  24  1216 
 GO:0031410  Cytoplasmic vesicle  5.082E−5  17  978 
 GO:0016023  Cytoplasmic membrane- bounded vesicle  8.311E−5  16  894 
 GO:0031982  Vesicle  1.053E−4  17  1030 
 Human phenotype 
 HP:0000855  Insulin resistance  1.261E−4  8  44 
 HP:0005978  Noninsulin-dependent diabetes mellitus  5.300E−4  7  36 
 HP:0000818  Abnormality of the endocrine system  1.991E−3  20  477 
 HP:0000825  Hyperinsulinemic hypoglycemia  2.812E−3  4  8 
 HP:0003584  Late onset diabetes  4.088E−3  8  68 
 HP:0006476  Abnormality of the pancreatic islet cells  1.906E−2  4  12 
 HP:0001952  Abnormal glucose tolerance  3.047E−2  9  116 
 HP:0003192  Small, short nose  3.054E−2  3  5 
 HP:0006279  Beta-cell dysfunction  3.054E−2  3  5 
 HP:0005487  Prominent metopic suture  3.054E−2  3  5 
  Mouse phenotype  
 MP:0005291  Abnormal glucose tolerance  1.830E−11  21  270 
 MP:0005293  Impaired glucose tolerance  9.948E−11  17  164 
 MP:0002078  Abnormal glucose homeostasis  1.869E−9  26  573 
 MP:0000187  Abnormal triglyceride level  2.925E−9  19  270 
 MP:0005375  Adipose tissue phenotype  7.628E−9  24  505 
  Pathway  
 WP1533  Vitamin B12 metabolism  6.045E−6  8  51 
 PW:0000208  Diabetes type 2  1.496E−5  4  5 
 PW:0000027  Glutamate metabolic  3.038E−5  5  13 
 hnf3bpathway  FOXA2 and FOXA3 transcription factor networks  4.819E−5  7  44 
 MAP00251_Glutamate_

metabolism 
 MAP00251 glutamate metabolism  3.489E−4  5  20 

  Interaction  
 int:LEP  LEP interactions  1.469E−6  5  11 
 int:MEP1A  MEP1A interactions  3.873E−3  4  21 
 int:NOSIP  NOSIP interactions  4.973E−3  3  7 
 int:IDE  IDE interactions  3.070E−2  3  12 
 int:DNAJB1  DNAJB1 interactions  3.602E−2  4  36 
  Drugs  
 D005632  Fructose  6.408E−19  18  125 

(continued)
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glutamate and ammonia, showed that diabetes mellitus is the fi rst ranked disease (Table  20.6 ). 
Likewise, other loci might be interesting targets to explore in the context of human DNA sequence 
variation and its role in the modulation of glutamic acid in patients with MS, such as  GLUL  (gluta-
mate-ammonia ligase; the protein encoded by this gene catalyzes the synthesis of glutamine from 
glutamate and ammonia in a ATP-dependent manner as the reaction is energy demanding),  GLS  (or 
glutaminase; the encoded protein is a phosphate-activated amidohydrolase that catalyzes the hydroly-
sis of glutamine to glutamate and ammonia), and  GLUD2  (glutamate dehydrogenase 2; the encoded 
enzyme catalyzes the reversible oxidative deamination of glutamate to alpha-ketoglutarate), as already 
described. This reaction, which is dependent on NAD+/NADP+ and their reduced forms, is among the 
most important for ammonia incorporation to amino acids. Interestingly,  GLS ,  GLUD2 , and  GLUL  
are predicted to interact with a  GOT2  and subunits of AMPK (AMP-dependent kinase) (Fig.  20.6 ) that 
serve as a major sensor of the energy state of the cell modifying gene expression through  SIRT1  [ 39 ]. 
In fact, the observed glutamine decrease observed in MS may be similar to glutamine starvation that 
induces a cell stress response via AMPK induction [ 40 ].

Table 20.5 (continued)

 ID  Name/source   p -Value 
 Term in 
query 

 Term in 
genome 

 CID000005300  Streptozotocin  8.563E−18  27  540 
 CID000000946  Nitrite  1.708E−17  21  253 
 CID000004091  Metformin  2.830E−15  19  235 
 CID000000702  EtOH  4.618E−15  29  837 
  Disease  
 D003924  Diabetes mellitus, type 2  4.841E−6  9  59 
 20081125:Ridker  C-reactive protein  7.500E−5  4  6 
 D006946  Hyperinsulinism  1.735E−4  4  7 
 125853  Diabetes mellitus, noninsulin-dependent; NIDDM  3.377E−4  6  31 
 D024821  Metabolic syndrome X  3.440E−4  4  8 

  The analysis was done based on transcriptome, proteome, regulome (TFBS and miRNA), ontologies (the gene ontology 
(GO) pathway), phenotype (human disease and mouse phenotype), pharmacome (drug–gene associations), literature 
co-citation, and other features by the bioinformatics resource  ToppGene Suite  (  http://toppgene.cchmc.org    ). The default 
parameter used was “Bonferroni” for multiple correction method and 0.05 for signifi cance cut-off level  

   Table 20.6    Disease-gene associations mined from literature for the gene: GLS2 
(Glutaminase 2, liver, mitochondrial, ENSP00000310447)   

 Name of the disease   z -Score 

 Diabetes mellitus  3.8 
 L-2-hydroxyglutaric aciduria  3.6 
 Hypoglycemia  3.4 
 Stomach carcinoma in situ  3.1 
 Hepatic encephalopathy  3.0 
 Hypertension  2.8 
 D-2-hydroxyglutaric aciduria  2.6 
 Newborn respiratory distress syndrome  2.6 
 Hereditary hyperbilirubinemia  2.5 
 Hyperglycemia  2.5 

  The analysis was performed by the resource DISEASES (  http://diseases.jensenlab.org/    ) 
 Each disease-gene association is based on a text- mining score, which is proportional to (1) 
the absolute number of conditionings and (2) the ratio of observed to expect conditionings 
(i.e., the enrichment). These scores are normalized to z-scores by comparing them to a random 
background  
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    Advances in genotyping technology and information generated by genome-wide association stud-
ies (GWAS) have enormously increased our knowledge about gene variants associated with 
MS-associated phenotypes [ 41 ]. Thus, it is tempting to speculate that genomic variation might explain 
some of the enzymatic defects presented in the previous sections of this chapter. 

 Surprisingly, few human reports show an association between genetic risk variants for hyperglyce-
mia or T2D with amino acid levels. In fact, Stancakova and coworkers demonstrated that the rs780094 
of the  GCKR  gene (glucokinase or hexokinase 4 regulator) was signifi cantly associated with the levels 
of several amino acids, including alanine, isoleucine, and glutamine [ 42 ]. Again,  GLS ,  GLUD2 , and 
 GLUL  are predicted to interact with  GCKR  (Fig.  20.6 ). 

 The lack of information about this topic might be because most of the metabolomic profi ling and 
GWAS studies on the susceptibility of MS-related phenotypes are not performed in concert, and the 
major disease traits (T2D, obesity, CVD disease) and the major metabolic derangements (dysgluce-
mia and dyslipidemia) are investigated either for gene variants or for metabolomic characterization in 
an unintegrated fashion. 

 Perhaps the most representative example of an integrated analysis was recently published, in which 
in a large collaborative study the authors performed a comprehensive analysis of genotype-dependent 

  Fig. 20.6    Results of functional association analysis performed by the bioinformatics resource GenMANIA based on a 
set of input genes identifi ed by the bigger black spheres       
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metabolic phenotypes using a GWAS with non-targeted metabolomics [ 43 ]. Interestingly, the rs780094 in 
the  GCKR  locus was associated with the mannose/glucose ratio and circulating levels of lactate [ 43 ], the 
rs2216405 in the  CPS1  (carbamoyl-phosphate synthase 1, mitochondrial) gene was associated with 
ammonia metabolism and glycine levels, the rs477992 in the  PHGDH  (phosphoglycerate ehydrogenase) 
gene was associated with serine levels, the rs7760535 in  SLC16A10  was associated with isoleucine/
tyrosine levels, and fi nally the rs2657879 in  GLS2  was associated with glutamine levels [ 43 ]. 

 Another example of this integrative approach for linking high-throughput metabolomics and 
genotyping datasets was recently published [ 44 ]. 

 Certainly, metabolomic platforms for GWAS that link the genome to the metabolome are promising 
in terms of understanding the molecular mechanisms behind the connection between the glutamine- 
cycling pathway and MS [ 45 ].   

    Glutamate and Fetal Metabolic Programming: Glutamine-Cycling Pathway 
and the Connection Between MS and the Hypothalamic Signaling Cascade 
of Appetite Control 

 The worldwide prevalence of MS is alarming. In fact, fi gures of prevalence of MS from countries that 
instrument global and periodical epidemiological surveys, such as the National Health and Nutrition 
Examination Survey (NHANES), a program of studies designed to assess the health and nutritional 
status of adults and children in the United States, show a signifi cant rise since their inception in 1960 
(around 10 %) to the last NHANES 1999–2002 (35 %) [ 46 ]. A matter of signifi cant concern is that the 
prevalence of MS has also reached pandemic proportions in children and adolescents [ 47 ], and nearly 
one-third (31.2 %) of overweight/obese adolescents in the United States have MS, according to the 
last report [ 48 ]. 

 Plenty of experimental and epidemiological data support the hypothesis that MS-associated condi-
tions, such as coronary heart disease and stroke, hypertension, and T2D, may originate through impaired 
growth and development during fetal life and infancy, as originally described by Barker [ 49 ]. This 
hypothesis is also known as “The thrifty phenotype hypothesis proposes” [ 50 ] and originally focused on 
the development of T2D and MS as resulting from the effects of poor nutrition in early life [ 50 ]. 
Nowadays, the hypothesis of early nutritional programming or metabolic programming has been 
extended also to a fetal environment of maternal over-nutrition [ 51 ,  52 ]. Interestingly, in the context of 
observation that fetal over-nutrition plays a critical role in the development of the MS, Hermanussen M 
and colleagues have suggested that a thrifty phenotype might be the consequence of fetal hyperglutama-
temia [ 53 ]. This concept was formulated based on the idea that dietary excess of maternal glutamate 
reaches the fetal circulation by the materno-fetal glutamine-glutamate exchange [ 53 ]. As a consequence, 
glutamate produces a profound remodeling of the hypothalamic leptin-signaling cascade, resulting in a 
phenotype characterized by a permanent elevation of plasma leptin levels that fail to adequately coun-
ter-regulate food intake [ 53 ]. It is worth noting that in the above-mentioned abnormal physiological 
circuit, both the liver and the placenta are key players because there are important inter-organ cycles 
for amino acids between fetal liver and placenta [ 54 ]. Actually, the fetal liver has been shown to be the 
primary site for glutamate production and release, and the entry of glutamine from the placenta 
accounts for approximately 60 % of the total glutamine entry rate in fetal plasma [ 55 ]. 

 Furthermore, Battaglia and coworkers demonstrated an interesting point about the high rate of 
transamination of the BCAA to their respective keto acids occurring in the placenta, which modulates 
the placental production of glutamic acid from oxoglutarate [ 54 ]. Hence, the clinical observations 
derived from the metabolic profi ling studies mentioned earlier once again reinforce the biological 
plausibility of the fetal origin of adult MS. 
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 Based on the idea that high intake of the amino acid glutamate in the periconceptional period 
determines the propensity of obesity, Hermanussen and colleagues administered monosodium gluta-
mate to pregnant rats and showed that the resulting phenotype was characterized by obesity, voracity, 
and short stature, suggesting that the neural toxicity of glutamic acid signifi cantly impacts on the 
animals’ behavior and hormonal regulation of appetite [ 56 ].  

    Conclusions 

 Old concepts from quantitative biology and new evidence from modern laboratory techniques both 
confi rm the signifi cant role of the glutamine-cycling pathway in the modulation of the global meta-
bolic derangement in MS. Actually, changes in the circulating profi le of BCCA observed in patients 
with MS, including glutamic acid or the ratio glutamate/glutamine, may be used in clinical practice as 
robust and noninvasive biomarkers for both risk prediction and disease complications. The plasma 
metabolic profi ling along with changes in the levels of key enzymes that feed the TCC cycle might 
suggest a genotype-dependent glutamate metabolotype. Furthermore, high levels of circulating ALT 
and AST in patients with MS might refl ect high levels of hepatic transamination of amino acids in the 
liver instead of just liver necrosis, and long-term liver metabolic programming might predispose to 
oncogenic transformation.     
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   Key Points 

•      L -glutamine is a potent secretagogue of glucagon-like peptide-1 from the  L -cells model GLUTag 
cell line and primary intestinal cells in vitro.  

•   Oral ingestion of  L -glutamine increases plasma concentrations of glucagon-like peptide-1 and 
gastric inhibitory polypeptide (also known as glucose-dependent insulinotropic polypeptide) in 
healthy and type 2 diabetes patients.  

•   Oral ingestion of  L -glutamine with a meal decreases glycemia in type 2 diabetes patients.  
•   Decreased postprandial glycemia after glutamine ingestion is likely due to delayed gastric emptying 

induced by glutamine itself and/or glucagon-like peptide-1.    
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       Introduction 

 Diabetes and hyperglycemia are important causes of morbidity and mortality worldwide. Type 2 dia-
betes (approximately 90 % of diabetes cases) results from impaired insulin action on target tissues, 
termed insulin resistance, and is associated with excess body weight and physical inactivity [ 1 ,  2 ]. 
Defective insulin secretion is a key impairment in type 2 diabetes, contributing to hyperglycemia [ 3 ,  4 ]. 
Current research is focused on developing treatments that could potentially increase insulin secretion 
and improve glycemia in response to a meal in type 2 diabetes.  

    Entero-Endocrine Secretion of and Response to Incretins in Type 2 Diabetes 

 In healthy humans, plasma insulin excursion is greater in response to iso-glycemic oral compared 
with intravenous glucose administration [ 5 ] (Fig.  21.1 ). This effect is attributed to one or more 
humoral or neural factors secreted from the gut following enteral nutrient ingestion, termed 
incretins.  

 The fi rst incretin to be purifi ed and characterized in the 1970s was glucose-dependent insulinotropic 
polypeptide (also known as gastric inhibitory polypeptide, GIP) [ 6 ]. Over a decade later, glucagon- like 
peptide-1 (GLP-1), a peptide co-encoded carboxyterminal to glucagon in the proglucagon gene, was 
identifi ed [ 7 – 9 ]. Both GIP and GLP-1 play a major role in mediating physiological insulin release follow-
ing a meal [ 10 ,  11 ]. Previously, it has been suggested that GLP-1 secretion is defective in type 2 diabetes 
[ 4 ,  12 – 14 ], developing as a consequence of, rather than cause, the hyperglycemic state [ 4 ,  12 ,  15 ]. 
A comprehensive meta-analysis of clinical studies in type 2 diabetes patients and non- diabetic controls 
suggested that well-controlled type 2 diabetes patients exhibit GLP-1 secretion pattern comparable to 
non-diabetic individuals [ 16 ]. Furthermore, insulin release from the beta cell in response to endogenous 
GLP-1 is preserved in well-controlled type 2 diabetes [ 17 ]. However, the potency of GLP-1 to enhance 
insulin secretion may be decreased in more advanced disease [ 18 ]. GIP secretion is intact in type 2 diabe-
tes, but the insulinotropic response to this incretin hormone is impaired [ 19 ]. Interestingly, the blunted 
insulin response to both GIP and GLP-1 in poorly controlled type 2 diabetes may be restored when 
glycemic control is improved [ 18 ].  

    Incretin Synthesis and Secretion 

 GIP is a 42 amino acid peptide produced predominantly in duodenal K-cells in the proximal small 
intestine. Fasting plasma levels of GIP are low and rise within minutes of food intake. Intact GIP(1–
42) is rapidly truncated to bio-inactive GIP(3–42) within minutes of secretion from the gut K-cells 
by the enzyme dipeptidyl peptidase-4 (DPP-IV) [ 20 ]. GLP-1 is produced and secreted from  L -cells 
located in the distal small bowel and colon. Plasma levels of GLP-1 are also low in the fasted state 
and rise rapidly after food ingestion, well before direct contact between the digested food and the 
entero- endocrine  L -cells. This suggests that both neural and/or endocrine factors promote GLP-1 
secretion from  L -cells. Bioactive GLP-1 is generated from GLP-1(1–37) and exists as two equipo-
tent circulating molecular forms, GLP-1(7–37) and GLP-1(7–36)amide. The latter form represents 
the majority of circulating active GLP-1 in human plasma [ 21 ]. Bioactive GLP-1 (7–37) and (7–36) 
are rapidly degraded by DPP-IV to GLP-1(9–37)amide or GLP-1(9–36)amide following release 
from  L -cells.  
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    Stimulating GLP-1 Secretion to Treat Type 2 Diabetes 

 There has been much recent interest in developing methods by which GLP-1 action can be enhanced in 
diabetes. GLP-1-based glucose-lowering medications for type 2 diabetes have been in use since 2005. 
These agents induce signifi cant improvement in glycemic control, albeit with rare, but potentially 
serious, safety concerns, which are still being evaluated [ 22 ,  23 ]. An alternative approach to the use of 
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  Fig. 21.1    The incretin effect. 
Mean plasma glucose ( top ), 
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trations during oral glucose 
tolerance test (OGTT) and 
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glucose infusion (I-IVG) in 
10 healthy normal weight 
men and women. The extra 
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responses observed when 
glucose is administered orally 
rather than intravenously is 
attributed to the incretin 
effect. Reproduced with 
permission from Campioni 
et al. [ 5 ]       
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GLP-1 receptor agonists and DPP-IV inhibitors is the direct stimulation of GLP-1 secretion from 
intestinal  L -cells. This approach has the additional benefi t of stimulating other entero-endocrine pep-
tides, including peptide YY (PYY) and oxyntomodulin, which suppress appetite and reduce food 
intake [ 24 ,  25 ], and GLP-2, which stimulates regeneration and repair of intestinal epithelium [ 26 ]. 
Moreover, stimulation of  L -cell secretion increases GLP-1(9–36) concentration, the cleaved product 
of DPP-IV, which is a weak insulinotropic agonist that suppresses hepatic glucose production and 
possibly exerts antioxidant actions in the heart and vasculature [ 27 ].  

    Low Levels of Circulating  L -Glutamine Predict Type 2 Diabetes 

 Low glutamine concentrations in the circulation have been documented in individuals with impaired 
fasting glucose and impaired glucose tolerance [ 28 ] and in overt type 2 diabetes patients [ 29 ]. 
Recently, large cohort studies have reported that low circulating glutamine levels predict type 2 dia-
betes incidence [ 28 ,  30 ]. These fi ndings suggest that glutamine may play an important role in glucose 
homeostasis in humans. In support, in vitro data gathered from the entero-endocrine  L -cells model cell 
line and primary colonic cell line treated with  L -glutamine suggested that  L -glutamine is a potent 
GLP-1 secretagogue.  

     L -Glutamine Is a GLP-1 Secretagogue in GLUTag and Primary 
Colonic Cells  

 Some of the earliest evidence implementing glutamine as a potent stimulator of GLP-1 comes from 
an elegant study by Reimann et al. [ 31 ] that examined GLP-1 release from GLUTag, the GLP-1- 
secreting cells line. The investigators incubated GLUTag cells with a variety of amino acids or glu-
cose (each at 10 mmol/L) for 2 h. As the authors had previously shown [ 32 ], GLP-1 secretion was 
increased 3-fold by glucose (Fig.  21.2a ) [ 31 ]. However, glutamine was more potent, leading to a 
7-fold increase in GLP-1 secretion (Fig.  21.2a ). The effect was dose-dependent (Fig.  21.2b ) and fairly 
rapid, occurring within a few minutes, with a continued slow increase in secretion over the 2-h experi-
mental period (Fig.  21.2c ). Whilst most other amino acids also increased GLP-1 secretion (Fig.  21.2a ), 
their effect was signifi cantly less than that seen after glutamine. The estimated medium effective 
concentration was 0.1–1.0 mmol/L, similar to the normal plasma glutamine concentration.  

 In the same paper, the authors examined the potential mechanism of GLP-1 secretion from GLUTag 
cells. Glutamine was found to induce a sodium-dependent inward current, triggering depolarization 
of the membrane and an increase in intracellular calcium. Interestingly, these changes were similar, or 
even greater, after incubation with other amino acids, including asparagine and alanine, but these 
amino acids were less effective at inducing GLP-1 secretion (Fig.  21.2a ). The authors demonstrate 
that glutamine perpetuates secretion downstream of the calcium signal. 

 In a later study, the same group generated a transgenic mouse model, in which they were able to 
label cells expressing proglucagon with a yellow fl uorescent protein [ 33 ]. This model allowed 
Reimann et al. to examine the secretory characteristics of primary  L -cells using electrophysiological, 
fl uorescent calcium imaging and expression analysis techniques. Using this model to interrogate glu-
tamine’s mode of action, Tolhurst et al. reported a number of novel fi ndings [ 34 ]. First, they demon-
strated that glutamine dose-dependently stimulates GLP-1 release from primary murine colonic 
cultures, with a similar EC 50  to that reported previously in GLUTag cells [ 34 ]. Relative GLP-1 secretion 
by glutamine was again signifi cantly greater than that observed with other amino acids, with 
only asparagine and phenylalanine signifi cantly affecting GLP-1 release [ 34 ]. Second, glutamine 
increased intracellular calcium, predominately due to calcium entry across the plasma membrane. 
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Third, when the membrane was “clamped” using diazoxide, a K ATP  channel activator, in contrast to 
asparagine and phenylalanine, glutamine further enhanced GLP-1 secretion, suggesting that it acti-
vates a non- electrogenic pathway, as well as stimulating an electrogenic pathway as described above. 
Fourth, glutamine increased intracellular cAMP to 36 % of that produced by maximal stimulus. 
Interestingly, phenylalanine led to no increase in intracellular cAMP and asparagine only increased 
intracellular cAMP by 24 %. The authors conclude that the ability of glutamine to stimulate GLP-1 
release from primary murine  L -cells occurs via an initial step whereby glutamine stimulates cell excit-
ability, followed by amplifi cation via increased cAMP [ 34 ]. 

 These data demonstrate that glutamine may induce GLP-1 secretion by increasing cytosolic calcium 
and cAMP in  L -cells. These synergistic mechanisms are likely to account for the effectiveness of 
glutamine on GLP-1 secretion. As discussed in the following sections, these data, particularly the 
results from GLUTag cells, led to an interest in the possibility that glutamine may stimulate GLP-1 
secretion in humans, including those with type 2 diabetes, potentially enhancing insulin secretion and 
improving glycemic control.  

    Glutamine Ingestion Increases Circulating GLP-1 and Insulin in Healthy 
Individuals and Type 2 Diabetes Patients 

 Greenfi eld and colleagues recruited healthy normal weight and obese individuals and obese individuals 
with type 2 diabetes or glucose intolerance and studied the effect of ingestion of 30 g glutamine, 75 g 
glucose or water on circulating glucose, insulin, GLP-1, GIP and glucagon in a randomized study 
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  Fig. 21.2    Secretory 
responses of GLUTag cells to 
glutamine. GLP-1 secretion 
from GLUTag cells cultured 
with 10 mmol/L glucose or 
the amino acid indicated ( a ). 
The number of wells is 
indicated above each bar. 
Statistical signifi cance was 
assessed relative to secretion 
in the absence of nutrients 
using Student’s one-sample  t  
test:  ***  P  < 0.001,  **  P  < 0.01, 
 *  P  < 0.05. Concentration 
dependence of glutamine- 
induced secretion ( b ). Time 
course of GLP-1 release in 
the absence ( open diamonds ) 
or presence ( closed squares ) 
of 10 mmol/L glutamine ( c , 
 n  = 4 per point). Secretion in 
 a  and  b  was normalized to 
baseline secretion in the 
absence of nutrients, 
measured in parallel on the 
same day. In  a  and  b  the 
10 mmol/L glutamine data 
are the same. Reproduced 
with permission from 
Reimann et al. [ 31 ]       
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with a crossover design [ 35 ]. Administration of 30 g of  L -glutamine increased circulating GLP-1 
concentrations in all study groups, including type 2 diabetes patients (Fig.  21.3 ) [ 35 ], suggesting that 
glutamine ingestion may have an insulinotropic potential in type 2 diabetes patients. The response to 
glutamine ingestion was biphasic, with a GLP-1 peak at 30 min and a second at 60–90 min, a pattern 
observed in all study groups (Fig.  21.3 ). Glutamine effect was not confi ned to the  L -cell secreting 
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  Fig. 21.3    The effect of oral 
ingestion of  L -glutamine on 
plasma GLP-1 concentrations 
in healthy lean and obese 
individuals and obese 
individuals with type 2 
diabetes or impaired glucose 
tolerance. Plasma GLP-1 
concentrations after the 
ingestion of glucose ( black 
circles ), glutamine ( white 
circles ), and water ( black 
squares ) in 8 lean individuals 
( a ), 8 obese non- diabetic 
control individuals ( b ) and 8 
obese individuals with type 2 
diabetes or impaired glucose 
tolerance ( c ). Data represent 
the mean and SE.  *  P  < 0.05, 
 †  P  < 0.01,  ‡  P  < 0.001 
compared with water (paired 
 t  test). There were no 
differences in baseline GLP-1 
concentrations within each 
group between visits. 
Reproduced with permission 
from Greenfi eld et al. [ 35 ]       
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GLP-1, but also triggered the K-cell-associated GIP in the circulation [ 35 ]. Despite augmentation of 
circulating insulin in response to glutamine ingestion (Fig.  21.4 ) [ 35 ], circulating glucose did not drop 
signifi cantly (Fig.  21.5 ) [ 35 ], possibly due to a parallel induction of glucagon in the circulation 
(Fig.  21.6 ) [ 35 ].     

 Samocha-Bonet and colleagues extended these fi ndings to evaluate the effect of glutamine on post-
prandial glucose, insulin, C-peptide, total and active GLP-1 and glucagon in well controlled type 2 
diabetes patients with short disease duration (mean 2.4 ± SD 1.2 years) [ 36 ]. Glutamine was given 
alone (either 15 or 30 g) or in combination with the DPP-IV inhibitor sitagliptin (15 g glutamine + 100 
sitagliptin mg). Control treatments were water and sitagliptin (100 mg) and the study was randomized 
with a crossover design. Both glutamine 30 g and the combined glutamine 15 g and sitagliptin treat-
ment decreased postprandial glucose excursions signifi cantly compared with water (Table  21.1  and 
Fig.  21.7a ) [ 36 ], an effect confi ned to the fi rst 60 min post meal (Table  21.1 ). Glutamine 15 g and 30 g 
increased insulin concentrations signifi cantly (Fig.  21.7b  and Table  21.1 ), but the effect was predomi-
nantly observed at 60–120 min post meal (Table  21.1 ). Relative to glucose, all glutamine treatments 

  Fig. 21.4    The effect of oral ingestion of  L -glutamine on plasma insulin concentrations in healthy lean and obese indi-
viduals and obese individuals with type 2 diabetes or impaired glucose tolerance. Plasma insulin concentrations after 
the ingestion of glucose ( black circles ), glutamine ( white circles ), and water ( black squares ) in 8 lean individuals ( a ), 8 
obese non-diabetic control individuals ( b ) and 8 obese individuals with type 2 diabetes or impaired glucose tolerance 
( c ). Insulin area under the curve (AUC) after the ingestion of glucose ( black bars ), glutamine ( white bars ), and water 
( grey bars ) in the 3 study groups ( d ). Data represent the geometric mean (1 SE range).  *  P  < 0.05,  †  P  < 0.01,  ‡  P  < 0.001 
compared with water (paired  t  test). There were no differences in baseline insulin concentrations within each group 
between visits. Reproduced with permission from Greenfi eld et al. [ 35 ]       
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signifi cantly augmented insulinemia and glutamine 15 g alone or in combination with sitagliptin had 
signifi cant effects on both the early (0–60 min) and late (60–180 min) phases post meal ingestion 
(Fig.  21.7c  and Table  21.1 ). C-peptide was not increased by any treatment (Fig.  21.7d  and Table  21.1 ), 
but relative to glucose, C-peptide increased in response to glutamine 15 g and glutamine 15 g with 
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  Fig. 21.5    The effect of oral 
ingestion of  L -glutamine on 
plasma glucose concentrations 
in healthy lean and obese 
individuals and obese 
individuals with type 2 
diabetes or impaired glucose 
tolerance. Plasma glucose 
concentrations after the 
ingestion of glucose ( black 
circles ), glutamine ( white 
circles ), and water ( black 
squares ) in 8 lean individuals 
( a ), 8 obese non-diabetic 
control individuals ( b ) and 8 
obese individuals with type 2 
diabetes or impaired glucose 
tolerance ( c ). Data represent 
the mean and SE.  *  P  < 0.05, 
 †  P  < 0.01,  ‡  P  < 0.001 
compared with water (paired 
 t  test). There were no 
differences in baseline 
glucose concentrations within 
each group between visits. 
Reproduced with permission 
from Greenfi eld et al. [ 35 ]       
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sitagliptin in the fi rst 60 min post meal (Fig.  21.7e  and Table  21.1 ). Total GLP-1 was increased in 
response to the combined glutamine and sitagliptin treatment and sitagliptin alone (Fig.  21.7h  and 
Table  21.1 ). Active GLP-1 was increased by glutamine 30 g, similarly to the response to sitagliptin 
(Fig.  21.7i  and Table  21.1 ). All the glutamine treatments increased glucagon excursions in the circula-
tion (Fig.  21.7f  and Table  21.1 ), but relative to insulin, only the higher glutamine dose had a signifi -
cant effect in the fi rst 60 min after meal (Fig.  21.7g  and Table  21.1 ).

        Glutamine Improves Glycemia via GLP-1-Mediated 
Slowing of Gastric Emptying 

 A critical question is whether glutamine-induced increases in GLP-1 reduce glycemia by increasing 
insulin secretion or slowing of gastric emptying, or both. The study by Samocha-Bonet et al. [ 36 ] sug-
gests that the latter is likely to be more important. Firstly, the reduction in postprandial glycemia 

  Fig. 21.6    The effect of oral ingestion of  L -glutamine on plasma glucagon concentrations in healthy lean and obese 
individuals and obese individuals with type 2 diabetes or impaired glucose tolerance. Plasma glucagon concentrations 
after the ingestion of glucose ( black circles ), glutamine ( white circles ), and water ( black squares ) in 8 lean individuals 
( a ), 8 obese non-diabetic control individuals ( b ) and 8 obese individuals with type 2 diabetes or impaired glucose toler-
ance ( c ). Data represent the mean and SE.  *  P  < 0.05,  †  P  < 0.01,  ‡  P  < 0.001 compared with water (paired  t  test). There were 
no differences in baseline glucagon concentrations within each group between visits. Reproduced with permission from 
Greenfi eld et al. [ 35 ]       
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preceded any increase in insulinemia. Secondly, although glutamine increased the postprandial insulin 
response, there was no corresponding increase in C-peptide, suggesting that glutamine may affect 
insulin clearance, rather than secretion. Although not measured directly in that study, these fi ndings 
indicate that the effect of glutamine on glycemia is predominantly mediated through slowing of 
gastric emptying. Indeed, a study in healthy humans has demonstrated that a glutamine and carbohy-
drate mixed solution prolonged gastric emptying compared to carbohydrate alone [ 37 ]. 

 In support of these fi ndings, Chang and colleagues [ 38 ] reported that bypassing the stomach by 
intraduodenal infusion of glutamine prior to glucose infusion did not signifi cantly lower glycemia in 
healthy individuals and type 2 diabetes patients, despite increases in GLP-1, GIP and insulin (Fig.  21.8 ) 
[ 38 ]. Glutamine had a signifi cant effect on pyloric stimulation in both study groups, suggesting that 

             Table 21.1    The effect of glutamine (30 or 15 g) or glutamine with the DPP-IV inhibitor sitagliptin (glutamine 
15 g + sitagliptin 100 mg) or sitagliptin (100 mg) relative to water on postprandial circulating glucose, insulin, C-peptide 
and GLP-1 in well controlled type 2 diabetes patients   

 Glutamine 
30 g 

 Glutamine 
15 g 

 Glutamine 
15 g + sitagliptin 
100 mg 

 Sitagliptin 
100 mg 

 Glucose  Total AUC (0–180 min)  ↓  ↓ 
 AUC 0–60 min  ↓  ↓ 
 AUC 60–180 min 

 Insulin  Total AUC (0–180 min)  ↑  ↑ 
 AUC 0–60 min 
 AUC 60–180 min  ↑  ↑  ↑ 

 Insulin:glucose ratio  Total AUC (0–180 min)  ↑  ↑  ↑ 
 AUC 0–60 min  ↑  ↑ 
 AUC 60–180 min  ↑  ↑  ↑ 

 C-peptide  Total AUC (0–180 min) 
 AUC 0–60 min 
 AUC 60–180 min 

 C-peptide:glucose ratio  Total AUC (0–180 min)  ↑ 
 AUC 0–60 min  ↑  ↑ 
 AUC 60–180 min  ↑ 

 GLP-1 total  Total AUC (0–180 min)  ↑  ↑ 
 AUC 0–60 min 
 AUC 60–180 min 

 GLP-1 active  Total AUC (0–180 min)  ↑  ↑ 
 AUC 0–60 min  ↑  ↑ 
 AUC 60–180 min 

 Glucagon  Total AUC (0–180 min)  ↑  ↑ 
 AUC 0–60 min  ↑  ↑ 
 AUC 60–180 min  ↑ 

 Insulin:glucagon ratio  Total AUC (0–180 min) 
 AUC 0–60 min  ↑ 
 AUC 60–180 min 

  ↓ or ↑ = decreased or increased relative to water treatment. Areas under the curve (AUC) were calculated using the 
trapezoidal rule. Treatments were compared with the control (water) using paired  t  test and signifi cance was calculated 
using the Dunn-Bonferroni correction for the 4 control vs. treatment pairs at an overall signifi cance threshold of 0.05 
 Participants ( n  = 15) attended the clinic on 5 occasions separated by 1–2 weeks in a random order. Sitagliptin was 
administered 25 min prior to the meal.  L -glutamine powder was consumed in 300 mL of ice-cold water over 2 min 
immediately prior to the meal which was consumed over 10 min. Meal comprised of 33 g Wheat-Bix and 250 mL low 
fat milk. Adapted with permission from Samocha-Bonet et al. [ 36 ]  
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delayed gastric emptying may mediate the metabolic effects of glutamine. Notably, slowed gastric 
emptying in response to glutamine may be indirect due to increased GLP-1. In support, blocking 
endogenous GLP-1 effect by the GLP-1 receptor antagonist exendin (9–39) amide with a meal accel-
erates gastric emptying and abolishes the reducing effect on glycemia compared with placebo in 
healthy individuals [ 39 ]. Further, in vitro studies suggest that glutamine is not likely to have a direct 
insulinotropic effect on pancreatic beta cells, as demonstrated in primary islets or the clonal pancreatic 
BRIN-BD beta cell lines. Specifi cally,  L -glutamine is rapidly taken up and metabolized by islets and 
does not stimulate insulin secretion or enhance glucose-induced insulin secretion [ 40 ]. This is 
explained by the conversion of glutamine to γ-aminobutyric acid (GABA) [ 40 ,  41 ].  

 On the other hand, glucagon secreted from the pancreatic α-cells is induced in response to gluta-
mine ingestion in healthy lean or obese individuals and type 2 diabetes patients (Figs.  21.6  and  21.7f ) 
[ 35 ,  36 ]. Increased glucagonemia is expected to counteract a potential benefi t of glutamine on glycemia 
via enhanced hepatic glucose production. In the fasting state, glucagon maintains normal blood glucose 
concentration and is maximally active when glucose and insulin concentrations are low. However, 
postprandial increases in glucagon in parallel with increases in insulin concentration following gluta-
mine ingestion would not be expected to affect hepatic glucose production, which is predominantly 
relevant in the fasting state.  

  Fig. 21.7    The effect of oral ingestion of  L -glutamine alone or in combination with the DPP-IV inhibitor sitagliptin on 
circulating glucose, insulin, C-peptide, total and active GLP-1 and glucagon in response to a meal in type 2 diabetes 
patients. Blood glucose ( a ), serum insulin ( b ), the insulin:glucose ratio ( c ), serum C-peptide ( d ) the C-peptide:glucose 
ratio ( e ), plasma glucagon ( f ), the insulin:glucagon ratio ( g ), plasma total and active GLP-1 (H and I respectively) con-
centrations in well controlled type 2 diabetes patients in response to a high carbohydrate low fat meal following inges-
tion of water, 30 g or 15 g glutamine (Gln 30 and Gln 15, respectively), sitagliptin (100 mg) and glutamine (15 g; 
SIT + Gln) or sitagliptin (100 mg; SIT). Data represent mean and SEM. Reproduced with permission from Samocha- 
Bonet et al. [ 36 ]       
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  Fig. 21.8    The effect of intraduodenal administration of glutamine on glucose, GLP-1, GIP, insulin and glucagon excursions 
in response to glucose infusion. Effects of intraduodenal (ID) saline (control) and 7.5 or 15 g glutamine infusions on blood 
glucose ( a  and  b ), plasma GLP-1 ( c  and  d ), plasma GIP ( e  and  f ), serum insulin ( g  and  h ), and plasma glucagon ( i  and  j ) 
concentrations in 10 healthy subjects and 9 patients with type 2 diabetes, before ( t  = 0–30 min) and during ( t  = 30–130 min) 
ID glucose infusion. Healthy subjects received an ID infusion containing 15 or 7.5 glutamine in 350 mL aqueous solution, 
or 350 mL of 0.9 % saline control, over 30 min ( t  = 0–30 min) in randomized, single blinded order. This was followed by an 
ID glucose infusion at 3 kcal/min over 100 min ( t  = 30–130 min) with frequent blood sampling. Patients with type 2 diabetes 
were studied twice (15 g glutamine or saline). Reproduced with permission from Chang et al. [ 38 ]       
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    Oral Glutamine Supplementation in Healthy and Type 2 Diabetic 
Adults: Safety and Tolerance Data 

 Oral glutamine doses of 0.35–0.65 g/kg result in peak concentrations in the circulation at 30–60 min 
[ 35 ,  42 ], with similar concentrations attained in individuals with and without diabetes [ 35 ]. Oral gluta-
mine intake of up to 0.5 g/kg is relatively palatable [ 42 ], but has been shown to induce minor gastroin-
testinal symptoms [ 35 ,  36 ]. Over 14 days, glutamine ingestion of 0.5 g/kg daily was shown to be safe, 
with no adverse effects on liver and renal function in middle-aged and elderly individuals [ 43 ].  

    Conclusions 

 Glutamine ingestion with meals decreases glucose excursions in parallel with increases in insulin and 
GLP-1 in the circulation and provides a safe approach to enhance glycemic control in well controlled 
type 2 diabetes patients. The long-term effects of glutamine on glycemic control in type 2 diabetes 
require further studies.     

   References 

    1.    Danaei G, Finucane MM, Lu Y, Singh GM, Cowan MJ, Paciorek CJ, et al. National, regional, and global trends in 
fasting plasma glucose and diabetes prevalence since 1980: systematic analysis of health examination surveys and 
epidemiological studies with 370 country-years and 2.7 million participants. Lancet. 2011;378:31–40.  

    2.   Global health risks (2009) Mortality and burden of disease attributable to selected major risks. World Health 
Organization: Geneva, 2009  

    3.    Bonadonna RC, Stumvoll M, Fritsche A, Muggeo M, Haring H, Bonora E, et al. Altered homeostatic adaptation of 
fi rst- and second-phase beta-cell secretion in the offspring of patients with type 2 diabetes: studies with a minimal 
model to assess beta-cell function. Diabetes. 2003;52:470–80.  

      4.    Laakso M, Zilinskaite J, Hansen T, Boesgaard TW, Vanttinen M, Stancakova A, et al. Insulin sensitivity, insulin 
release and glucagon-like peptide-1 levels in persons with impaired fasting glucose and/or impaired glucose toler-
ance in the EUGENE2 study. Diabetologia. 2008;51:502–11.  

     5.    Campioni M, Toffolo G, Shuster LT, Service FJ, Rizza RA, Cobelli C. Incretin effect potentiates beta-cell responsiv-
ity to glucose as well as to its rate of change: OGTT and matched intravenous study. Am J Physiol Endocrinol 
Metab. 2007;292:E54–60.  

    6.    Brown JC, Dryburgh JR. A gastric inhibitory polypeptide. II. The complete amino acid sequence. Can J Biochem. 
1971;49:867–72.  

    7.    Bell GI, Sanchez-Pescador R, Laybourn PJ, Najarian RC. Exon duplication and divergence in the human preproglu-
cagon gene. Nature. 1983;304:368–71.  

   8.    George SK, Uttenthal LO, Ghiglione M, Bloom SR. Molecular forms of glucagon-like peptides in man. FEBS Lett. 
1985;192:275–8.  

    9.    Orskov C, Bersani M, Johnsen AH, Højrup P, Holst JJ. Complete sequences of glucagon-like peptide-1 from human 
and pig small intestine. J Biol Chem. 1989;264:12826–9.  

    10.    Drucker DJ. The biology of incretin hormones. Cell Metab. 2006;3:153–65.  
    11.    Holst JJ. The physiology of glucagon-like peptide 1. Physiol Rev. 2007;87:1409–39.  
     12.    Vollmer K, Gardiwal H, Menge BA, Goetze O, Deacon CF, Schmidt WE, et al. Hyperglycemia Acutely Lowers the 

Postprandial Excursions of Glucagon-Like Peptide-1 and Gastric Inhibitory Polypeptide in Humans. J Clin 
Endocrinol Metab. 2009;94:1379–85.  

   13.    Toft-Nielsen MB, Damholt MB, Madsbad S, Hilsted LM, Hughes TE, Michelsen BK, et al. Determinants of the 
impaired secretion of glucagon-like peptide-1 in type 2 diabetic patients. J Clin Endocrinol Metab. 2001;86:
3717–23.  

    14.    Vilsboll T, Krarup T, Deacon CF, Madsbad S, Holst JJ. Reduced postprandial concentrations of intact biologically 
active gluccagon-like peptide 1 in type 2 diabetic patients. Diabetes. 2001;50:609–13.  

21 Glutamine and Glucagon-Like Peptide-1 Response



290

    15.    Vollmer K, Holst JJ, Baher B, Ellrichmann M, Nauck MA, Schmidt WE, et al. Predictors of incretin concentrations 
in subjects with normal, impaired, and diabetic glucose tolerance. Diabetes. 2008;57:678–87.  

    16.    Calanna S, Christensen M, Holst JJ, Laferrere B, Gluud LL, Vilsboll T, et al. Secretion of glucagon-like peptide-1 in 
patients with type 2 diabetes mellitus: systematic review and meta-analyses of clinical studies. Diabetologia. 
2013;56:965–72.  

    17.    Salehi M, Prigeon RL, Aulinger B, D'Alessio DA. Effect of endogenous GLP-1 on insulin secretion in type 2 
diabetes. Diabetes. 2010;59:1330–7.  

     18.    Hojberg PV, Vilsboll T, Rabol R, Knop FK, Bache M, Krarup T, et al. Four weeks of near-normalisation of blood 
glucose improves the insulin response to glucagon-like peptide-1 and glucose-dependent insulinotropic polypeptide 
in patients with type 2 diabetes. Diabetologia. 2009;52:199–207.  

    19.    Nauck MA, Baller B, Meier JJ. Gastric inhibitory polypeptide and glucagon-like peptide-1 in the pathogenesis of 
type 2 diabetes. Diabetes. 2004;53 Suppl 3:S190–6.  

    20.    Kieffer TJ, McIntosh CH, Pederson RA. Degradation of glucose-dependent insulinotropic polypeptide and 
truncated glucagon-like peptide 1 in vitro and in vivo by dipeptidyl peptidase IV. Endocrinology. 1995;
136:3585–96.  

    21.    Orskov C, Rabenhoj L, Wettergren A, Kofod H, Holst JJ. Tissue and plasma concentrations of amidated and glycine- 
extended glucagon-like peptide I in humans. Diabetes. 1994;43:535–9.  

    22.    Butler PC, Elashoff M, Elashoff R, Gale EA. A Critical Analysis of the Clinical Use of Incretin-Based Therapies: 
Are the GLP-1 therapies safe? Diabetes Care. 2013;36(7):2118–25.  

    23.    Nauck MA. A Critical Analysis of the Clinical Use of Incretin-Based Therapies: The benefi ts by far outweigh the 
potential risks. Diabetes Care. 2013;36(7):2126–32.  

    24.    Batterham RL, Cowley MA, Small CJ, Herzog H, Cohen MA, Dakin CL, et al. Gut hormone PYY(3-36) physio-
logically inhibits food intake. Nature. 2002;418:650–4.  

    25.    Wynne K, Bloom SR. The role of oxyntomodulin and peptide tyrosine-tyrosine (PYY) in appetite control. Nat Clin 
Pract Endocrinol Metab. 2006;2:612–20.  

    26.    Estall JL, Drucker DJ. Glucagon-like peptide-2. Ann Rev Nutr. 2006;26:391–411.  
    27.    Thomas E, Habener JF. Insulin-like actions of glucagon-like peptide-1: a dual receptor hypothesis. Trends 

Endocrinol Metab. 2010;21:59–68.  
     28.    Stancakova A, Civelek M, Saleem NK, Soininen P, Kangas AJ, Cederberg H, et al. Hyperglycemia and a common 

variant of GCKR are associated with the levels of eight amino acids in 9,369 Finnish men. Diabetes. 
2012;61:1895–902.  

    29.    Menge BA, Schrader H, Ritter PR, Ellrichmann M, Uhl W, Schmidt WE, et al. Selective amino acid defi ciency in 
patients with impaired glucose tolerance and type 2 diabetes. Regul Pept. 2010;160:75–80.  

    30.    Cheng S, Rhee EP, Larson MG, Lewis GD, McCabe EL, Shen D, et al. Metabolite Profi ling Identifi es Pathways 
Associated With Metabolic Risk in Humans. Circulation. 2012;125:2222–31.  

      31.    Reimann F, Williams L, da Silva XG, Rutter GA, Gribble FM. Glutamine potently stimulates glucagon-like peptide-
 1 secretion from GLUTag cells. Diabetologia. 2004;47:1592–601.  

    32.    Reimann F, Gribble FM. Glucose-sensing in glucagon-like peptide-1-secreting cells. Diabetes. 2002;51:2757–63.  
    33.    Reimann F, Habib AM, Tolhurst G, Parker HE, Rogers GJ, Gribble FM. Glucose sensing in L cells: a primary cell 

study. Cell Metab. 2008;8:532–9.  
       34.    Tolhurst G, Zheng Y, Parker HE, Habib AM, Reimann F, Gribble FM. Glutamine triggers and potentiates glucagon- 

like peptide-1 secretion by raising cytosolic Ca2+ and cAMP. Endocrinology. 2011;152:405–13.  
                 35.    Greenfi eld JR, Farooqi IS, Keogh JM, Henning E, Habib AM, Blackwood A, et al. Oral glutamine increases 

circulating glucagon-like peptide 1, glucagon, and insulin concentrations in lean, obese, and type 2 diabetic subjects. 
Am J Clin Nutr. 2009;89:106–13.  

          36.    Samocha-Bonet D, Wong O, Synnott EL, Piyaratna N, Douglas A, Gribble FM, et al. Glutamine reduces postpran-
dial glycemia and augments the glucagon-like peptide-1 response in type 2 diabetes patients. J Nutr. 2011;
141:1233–8.  

    37.    Lobo DN, Hendry PO, Rodrigues G, Marciani L, Totman JJ, Wright JW, et al. Gastric emptying of three liquid oral 
preoperative metabolic preconditioning regimens measured by magnetic resonance imaging in healthy adult volun-
teers: a randomised double-blind, crossover study. Clin Nutr. 2009;28:636–41.  

      38.    Chang J, Wu T, Greenfi eld JR, Samocha-Bonet D, Horowitz M, Rayner CK. Effects of Intraduodenal Glutamine on 
Incretin Hormone and Insulin Release, the Glycemic Response to an Intraduodenal Glucose Infusion, and 
Antropyloroduodenal Motility in Health and Type 2 Diabetes. Diabetes Care. 2013;36(8):2262–5.  

    39.    Deane AM, Nguyen NQ, Stevens JE, Fraser RJ, Holloway RH, Besanko LK, et al. Endogenous glucagon-like 
peptide- 1 slows gastric emptying in healthy subjects, attenuating postprandial glycemia. J Clin Endocrinol Metab. 
2010;95:215–21.  

     40.    Newsholme P, Krause M. Nutritional regulation of insulin secretion: implications for diabetes. Clin Biochem Rev. 
2012;33:35–47.  

J.R. Greenfi eld and D. Samocha-Bonet



291

    41.    Fernandez-Pascual S, Mukala-Nsengu-Tshibangu A, Martin Del Rio R, Tamarit-Rodriguez J. Conversion into 
GABA (gamma-aminobutyric acid) may reduce the capacity of L-glutamine as an insulin secretagogue. Biochem 
J. 2004;379:721–9.  

     42.    Ward E, Picton S, Reid U, Thomas D, Gardener C, Smith M, et al. Oral glutamine in paediatric oncology patients: 
a dose fi nding study. Eur J Clin Nutr. 2003;57:31–6.  

    43.    Galera SC, Fechine F, Teixeira MJ, Branco Coelho ZC, de Vasconcelos RC, de Vasconcelos PR. The safety of oral 
use of l-glutamine in middle-aged and elderly individuals. Nutrition. 2010;26:375–81.    

21 Glutamine and Glucagon-Like Peptide-1 Response



293R. Rajendram et al. (eds.), Glutamine in Clinical Nutrition, Nutrition and Health,
DOI 10.1007/978-1-4939-1932-1_22, © Springer Science+Business Media New York 2015

     Keywords     Oxidative Stress   •   Metabolism   •   Palatoplasty   •   Infl ammation   •   Glutamine       

    Abbreviations 

    ASA    Classifi cation American Society of Anesthesiology for the patient's physical status   
  CG    Control Group   
  EG    Experimental Group   
  GLN    Glutamine   
  GSH    Glutathione (glutamic acid-cysteine-glycine)   
  GSSG    oxidized glutathione   
  IL-6    Interleukin-6   
   L -Ala-Gln     L -alanyl-glutamine   
  Mg    Milligrams   

    Chapter 22   
 Glutamine Pretreatment and Surgery for Cleft 
Lip/Cleft Palate in Children 

                 José     Ferreira     da     Cunha     Filho      and     Paulo     Roberto     Leitão     de     Vasconcelos    

                   J.F.D.C. Filho      (*) 
  Bairro: Dionísio Torres ,   Fortaleza-CE ,  Brazil    

  Department of Surgery ,  Federal University of Ceará, School of Medicine, 
Bairro: Rodolfo Teófi lo ,   Fortaleza, Ceará ,  Brazil   
 e-mail: jferreiracf@yahoo.com.br   

    P.  R.  L.   de   Vasconcelos ,  D.Phil    
  Department of Surgery ,  Federal University of Ceará, School of Medicine ,   Fortaleza, Ceará ,  Brazil    

   Key Points 

•     Glutamine attenuates surgical trauma-induced infl ammatory response and oxidative stress in children 
submitted to surgical palate repair;  

•   Glutamine is a conditionally essential nutrient during sepsis or trauma;  
•   Parenteral nutrition supplemented with the dipeptide alanyl-glutamine in patients in an intensive 

care unit is associated with a reduction in infection complications and better metabolic tolerance;  
•   There was no adverse and/or cumulative effect attributed to glutamine;  
•   Pretreatment with  L -alanyl-glutamine attenuates the infl ammatory response.    
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  T1    First-time blood collection   
  T2    Second blood collection during induction   
  T3    Third blood collection soon after the operation   
  T4    06 h after the operation   
  T5    12 h after the operation   
  TBA    Thiobarbituric Acid   
  TBARS    Thiobarbituric Acid Reactive Substances   
  UI    International Units   

       Glutamine 

 Glutamine (GLN) is a conditionally essential nutrient during sepsis or trauma [ 1 ]. GLN is the most 
abundant amino acid in plasma and skeletal muscle. However, GLN levels fall dramatically after 
major injury or infection [ 2 ]. GLN supplementation in patients submitted to elective surgery attenuates 
the negative postoperative nitrogen balance, diminishing the dive in intracellular concentration of the 
amino acid in skeletal muscle and enhancing the synthesis of muscle protein [ 3 ,  4 ].  

    Glutamine Containing Dipeptides and Cocktails 

 Glutamine is the most common amino acid found in the organism, corresponding to 25 % of free 
amino acids. It plays an important role in maintaining muscle metabolism function, representing 
about 60 % of all amino acids. Its essential function is to allow movements not only in the fast-twitch 
skeletal muscle but also in the intestinal smooth muscle, thus facilitating the movement of food 
through the gastrointestinal tract after a meal. In muscle cells, large amounts of glutamine are found 
freely, meaning that is not related to any other amino acid. 

 Glutamine is very important to neutralize toxins from the body, establishing itself as the main 
energy source for the entire immune system, by increasing the ability of the cells of the defense system 
to do the work to identify and destroy. 

 Glutamine is an important metabolic fuel for the cells of the gastrointestinal tract, and some evidence 
shows that all the fast proliferating cells, especially those of the immune system, are strictly depen-
dent on its availability as an energy source. As a non-essential amino acid is neutral in its chemical 
composition carbon, hydrogen, oxygen and nitrogen, which give important transport characteristics of 
nitrogen and ammonia carrier to various tissues. 

 Glutamine plays a vital role in the metabolism of amino acids. Because of its “ biaminação ,” it acts 
as carrier of nitrogen and thus acts on intracellular glutamate transport because the cell membrane is 
more permeable than glutamine to glutamic acid, being a precursor of several amino acids. It is a great 
need for the biosynthesis of nucleic acids in all cells, and is a precursor of glutathione, which is an 
important antioxidant. 

 The consumer cells have a high concentration of glutamine glutaminase which catalyze the hydrolysis 
of glutamine to glutamate and ammonia. The glutamine producing make use of glutamine synthetase 
from glutamate and ammonia. 

 Glutamine has low aqueous solubility and low stability at elevated temperature. However, when 
associated with  L -alanine, results in a product ( L -Ala-Gln), which begins to show high water solubility 
and stability in the preparation of stable solutions and storage of nutritional solutions.  L -ALANYL- 
GLUTAMINE , when introduced into the body undergoes hydrolysis, releasing free molecules of  L -alanine 
and  L -glutamine.  L -alanyl-glutamine stimulates increased use of glucose via glycolysis by activation 
of lactate–malate cycle [ 5 ]. 
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 The administration of glutamine by the intravenous route is the most reliable method for achieving 
a prolonged and steady increase in total reserves of free glutamine in the body. There has been no 
demonstrated adverse effect of glutamine after your employment orally or intravenously. 

 The transport of glutamine across the muscle cell membrane is very fast, even with greater than all 
other amino acids speed. The input of glutamine seems to be dependent on Na+ and the conveyor 
activity can be modulated by membrane potential and intracellular and extracellular amounts of 
sodium. The parenteral alanyl-glutamine supplementation was associated with improved insulin sen-
sitivity in patients with multiple trauma. 

 Studies have shown that hypercatabolic and hypermetabolic conditions are associated with pro-
found depletion of glutamine during elective surgery, prolonged fasting and multiple traumas, leading 
substantially independent intramuscular concentrations of glutamine decrease nutritional status, 
which makes this amino acid “conditionally essential” mainly during infections and trauma. 

 The magnitude of the metabolic response to trauma depends on the extent of the damaged tissue. 
Glutamine seems to be the major energy source for the intestinal epithelium. The use of glutamine has 
been shown to be of great importance in the treatment of trauma and patients undergoing surgery 
because it reduces the incidence of infection in these patients. Glutamine is considered a non-essential 
amino acid. However, recent studies have shown evidence that glutamine may become conditionally 
essential for infl ammatory conditions such as infection and injury. 

 The mechanism of supplementation with  L -alanyl-glutamine in the reversal of some diseases may 
be due to the support provided by intestinal mucosal immune system, glutathione biosynthesis and, as 
recently reported, a putative regulatory effect broader due to the modifi cation of the infl ammatory 
response endogenous. These mechanisms may be due to attenuation of pro-infl ammatory mediators 
and/or the regulation of anti-infl ammatory factors, as well as its role in the release of insulin by the 
pancreas. 

 In experimental studies it was found that interleukin-6 (IL-6) plays an important role in the 
stimulation of hepatic glutamine transport by burn injuries. 

 The glutamine supplementation in patients following elective surgery attenuated postoperative 
negative nitrogen balance, reducing the fall in intracellular glutamine concentration in skeletal mus-
cles and aiding muscle protein synthesis. In addition, glutamine led to benefi cial immunological 
changes for the patient, and has reduced the length of hospital stay by an average of 4 days. Parenteral 
nutrition supplemented with  L -alanyl-glutamine dipeptide in patients at intensive care unit is associated 
with reduced infectious complications and better metabolic tolerance.  

    Trauma 

 Healing of a surgical wound requires local activation of immune cells and secretion of various anti- 
infl ammatory mediators. The process is tightly regulated by anti-infl ammatory mediators. Depending 
on the magnitude of tissue damage and on the vulnerability of the host, the local immune response 
may fail to control the damage and restore homeostasis. In patients with more severe injury, release of 
mediators into the circulation occurs with activation of the immune system and systemic release of 
both pro-infl ammatory and, subsequently, anti-infl ammatory cytokines [ 6 ].  

    Palatoplasty and Glutamine 

 Cleft lip and palate are congenital anomalies due to errors in development or in the maturation of embry-
onic processes [ 7 ]. Surgical repair of theses anomalies is a traumatic event due to extensive dissection 
and bone exposure required for closing the communication between the nasal and oral cavities. 
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 The effect of parenteral glutamine treatment has not been assessed in the setting of palatoplasty in 
children. The hypothesis that glutamine attenuates the infl ammatory response and oxidative stress 
induced by palatoplasty in children was tested in a clinical study. Thirty patients, aged 2–10 years at 
the time of surgery, undergoing elective surgical repair of cleft palate (palatoplasty) were included in 
the study. Children selected for this study showed a homogeneous profi le in relation to sex (all males), 
age, and weight. 

 All patients were submitted to the same anesthetic procedure with balanced general anesthesia, 
orotracheal intubation, and controlled ventilation with a semi-open circuit. All surgical procedures 
were performed at the Albert Sabin Children´s Hospital by a single surgeon using the same technique 
(Veau-Wardill-Kilner technique) [ 8 ] for all the palate repairs. 

 Allocation of patients to groups A (Control Group—CG) and B (Experimental Group—EG) was 
made by a software program (   www.lee.dante.br      ).  Patients who met inclusion criteria were randomly 
assigned to receive either 100 ml of normal saline solution (Group A or CG) or  L -alanyl-glutamine 
( L -Ala-Gln) 20 % solution (Dipeptiven  ® ), adding saline solution to complete 100 ml (Group B or 
EG), delivered intravenously by infusion pump (LF 2001 ® )—Lifemed Ind. Equip. Artigos Med. 
Hosp. S/A, São Paulo, Brazil, over 3 h preceding the surgical procedure. 

 Peripheral venous blood samples were collected at 5 different time-points: T1, at the beginning of 
the study (3 h prior to the surgical procedure); T2, at the end of the infusion (before the surgical pro-
cedure); T3, at the end of the surgical procedure; T4, 6 h postoperative and T5, 12 h postoperative. 
Parameters analyzed included glutathione (GSH), thiobarbituric acid reactive substances (TBARS), 
glucose, insulin, C-reactive protein (CRP), and interleukin-6 (IL-6). 

  L -Ala-Gln (Dipeptiven ® ) was purchased from Frenesius Kabi Austria GmbH, Graz, Austria. All 
other chemicals were purchased from standard commercial sources and were of the highest quality 
available. GSH [ 9 ], TBARS [ 10 ], and glucose [ 11 ], were measured according to biochemical methods 
published elsewhere. Serum level of insulin was measured by the electrochemiluminescence immu-
noassay; CRP was measured by an immunonephelometric method and IL6 by ELISA assay. 

 No statistically signifi cant differences were found in glucose comparing control and  L -Ala-Gln- 
treated patients. Glucose levels were signifi cantly different in T3, T4 and T5 time-points compared 
with basal (T1) values in control children. 

 No statistically signifi cant differences were found in insulin levels comparing control and L-Ala- 
Gln-treated patients, TBARS and glutathione levels were not signifi cantly different comparing control 
and L-Ala-Gln-treated patients. 

 CRP levels were signifi cantly different in control patients, comparing T5 with basal values T1. 
CRP levels in L-Ala-Gln-treated patients were not signifi cantly different (Fig.  22.1  and Table  22.1 ). 
IL-6 levels were signifi cantly different in both the groups comparing T4 and T5 with basal values 
(Fig.  22.2  and Table  22.2 ). 

     Safety of glutamine administration has been the aim of several publications [ 4 ,  12 ]. Supplementation 
with glutamine, using doses of 3–3.5 g/kg/day, for 10 days, did not have signifi cant adverse effects, 
when administered parenterally in newborns with low birth weight [ 13 ]. In a recent publication, Ward 
et al .  [ 14 ] evaluated the severity of mucositis in children undergoing chemotherapy, where 0.65 g/kg/
day of glutamine was administered orally for 7 days. There was no adverse and/or cumulative effect 
attributed to glutamine. In this study, children were given L-Ala-Gln 0.5 g/kg using a continuous infu-
sion pump. This dose is equivalent to 0.33 g/kg of GLN, per 3-h period or 0.11 g/kg/h of GLN. No 
adverse effects were observed. 

 In this study, glucose levels increased in T3, T4 and T5 time-points compared with basal (T1) 
values. While the levels of glucose increased gradually in the control group, the absence of signifi cant 
changes in glucose levels in children treated with L-Ala-Gln suggests a better glycemic control in 
these patients. 

 CRP is an acute phase-reactant protein pool produced by the liver as part of the infl ammatory 
response to tissue injury such as infection or trauma [ 15 ]. Normal plasma level of CRP is less than 
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  Fig. 22.1    CRP concentrations (mg/l) in the plasma of saline (control) and L-Ala-Gln-treated patients. Bars represent 
median with interquartile range and minimum and maximum values of 15 subjects of control and L-Ala-Gln groups 
during different time-points. It was found that L-Ala-Gln treatment signifi cantly reduced CRP concentration at T5 in 
relation to control (** P  = 0.0037). However, groups studied are not signifi cantly different, according to Mann–Whitney 
test, at the other time-points. CRP levels increased signifi cantly in control patients, comparing T5 with basal values 
(T1).  ††  P <  0.05 compared with T1 (control group)       

  Fig. 22.2    IL-6 concentrations (pg/ml) in the plasma of saline (control) and L-Ala-Gln-treated patients. Bars represent 
median with interquartile range and minimum and maximum values of 15 subjects of control and L-Ala-Gln groups 
during different time-points. Groups studied are not signifi cantly different according to Mann–Whitney test. IL-6 levels 
increased signifi cantly in control and L-Ala-Gln-treated patients, comparing T5 and T4 with basal values (T1).  ††  P <  0.01 
compared with T1 (control group);  ‡‡  P <  0.01 compared with T1 (L-Ala-Gln group)       

   Table 22.1    CRP concentrations (mg/l) measured in the plasma of saline (control) and L-Ala-Gln-treated patients at T1 
(baseline), T2, T3, T4, and T5 time-points. Data correspond to the analysis of 15 patients of both groups at each time-point   

 Time- points  

 Control ( n  = 15)  L-Ala-Gln ( n  = 15)  Between groups signifi cance 
(Mann–Whitney test)  Median  Interquartile range  Median  Interquartile range 

 T1  3.16  2.90–3.16  3.16  2.90–3.16   P  = 0.6805 
 T2  3.16  2.90–3.16  3.16  2.90–3.16   P  = 0.9267 
 T3  3.16  2.90–3.16  3.16  2.90–3.16   P  = 0.5807 
 T4  3.16  3.16–4.10  3.16  3.16–3.16   P  = 0.5185 
 T5  8.40 ††   4.10–11.90  3.60  3.16–5.05   P  = 0.0037 

  The symbol  ††  ( P  < 0.01) denotes statistically signifi cant differences in relation to T1 in the Control group (Friedman test 
and Dunn's multiple comparison test)  
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10 mg/L in healthy adults. The rapid increase in synthesis within hours of tissue injury suggests that 
it contributes to host defense, and that it is part of the innate immune response [ 16 ]. Serum levels of 
CRP can be used for early detection of surgical complications [ 17 ]. In this study the signifi cant 
increase in CRP levels in control patients, comparing T5 with basal values (T1) and the absence of 
signifi cant differences in CRP levels in L-Ala-Gln-treated patients point to a possible attenuation of 
the surgical trauma response in GLN-treated children. 

 IL-6 is an important cytokine in the early infl ammatory response to trauma. This cytokine is 
produced and detectable within an hour after trauma and it seems to play a dual role in the infl amma-
tory response by acting as both a pro-infl ammatory and anti-infl ammatory mediator [ 18 ,  19 ]. Parenteral 
glutamine supplementation had a benefi cial effect in reducing the systemic production of IL-6 after 
abdominal operations. Lower IL-6 levels probably improve nitrogen balance in these patients [ 20 ]. In this 
study, the increase in IL-6 levels in both the groups during the postoperative period signals increased 
infl ammatory response regardless of preoperative use of L-Ala-Gln. Therefore, pretreatment with 
L-Ala-Gln did not suppress the rise of the pro-infl ammatory cytokine IL-6. Based on the observations 
presented above, there is a rationale for the potential benefi t of glutamine.  

    Conclusions 

 Pretreatment with L-Ala-Gln attenuates the infl ammatory response in early postoperative period and 
ensures a better glycemic control in children undergoing palatoplasty.     
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   Key Points 

•     Surgical patients at nutritional risk in the 10–14 days before surgery should receive perioperative 
nutritional support.  

•   Delaying surgery for those patients at greatest risk of severe undernourishment may be justifi ed in 
some cases.  

•   Perioperative administration of glutamine to patients with moderate–severe undernourishment 
before surgery can effectively reduce the morbidity associated with undernourishment, enhance 
glycaemic control, reduce the incidence of infections and shorten the length of ICU admission.    

    Introduction 

 Undernourishment is one of the most important clinical problems in patients admitted to hospital [ 1 ]. 
Undernourishment per se has several consequences and also increases the complications of the dis-
ease requiring admission. It also impairs response to treatment and impairs the immune response, 
increasing the risk of infection. Besides the morbidity and mortality that result from these sequelae of 
malnutrition, there are signifi cant economic costs associated with any complications and prolonged 
admission to hospital [ 2 ]. 

 In Spain, the prevalence of undernourishment in surgical patients varies from 13 to 48.1 % [ 3 ]. 
In addition, the nutritional status of 25 % of these patients actually gets worse during their hospital 
admission. This deterioration may be caused by the disease requiring admission to hospital, 
perioperative fasting, and postoperative complications leading to a protracted catabolic state. 
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Consumption of energy and protein is often particularly low in the preoperative phase before surgery 
to the gastrointestinal tract (GIT). 

 The most signifi cantly malnourished surgical patients benefi t most from nutritional supplements 
(oral and/or parenteral) if supplementation is started 7–10 days before surgery. Nutritional supplementation 
is associated with a lower incidence of infections and anastamotic leaks in these patients [ 4 ]. 

 Elderly patients, patients with chronic diseases and alcohol misusers may have micronutrient 
defi ciencies or ingest vitamins and minerals below recommended doses. These patients may need 
nutrient supplementation before and after surgery. However, nourishing these individuals requires 
special consideration because overzealous nutritional support may precipitate the refeeding syndrome. 

 Thus nutritional supplements are therapies that can provide the patient with suffi cient perioperative 
nutritional support for the stress response to surgery to achieve positive nitrogen and calorie balances. 
However, careful monitoring of nutritional status and the response to therapy is required to prevent the 
complications of over and underfeeding. 

 The focus of clinical nutrition has shifted from simple nutritional support, i.e. just aiming to cover 
energy and nitrogen requirements, to nutritional therapy, i.e. selecting nutrient supplements for 
specifi c pharmacological effects in addition to their nutritional value. Immunonutrition is probably 
the best example of the application of nutritional therapy in clinical practice [ 5 ]. 

 Various diets with different combinations of supplements thought to enhance immune function have 
been studied in surgical patients. These diets have often contained combinations of arginine, glutamine, 
omega-3 fatty acids, and nucleotides. The current literature generally suggests that treatment with 
glutamine has clinically signifi cant benefi ts. Glutamine reduces the incidence of complications and 
reduces length of hospital admission in comparison to standard care [ 5 ]. Moreover, this treatment is 
most effective in malnourished patients [ 4 ]. 

 Guidelines from both the American (ASPEN;  6 ) and the European (ESPEN;  7 ) Societies of 
Parenteral and Enteral Nutrition recommend the use of nutritional immunomodulators in patients 
with moderate–severe malnutrition having surgery to the GIT. Of the nutritional immunomodulators 
currently available, the role of glutamine dipeptides is particularly emphasised [ 8 ]. 

 Several meta-analyses and studies [ 9 – 32 ] have demonstrated that large doses of glutamine are 
associated with a positive nitrogen balance, reduced incidence of infection, shorter hospital admission 
and lower mortality in critically ill patients and surgical patients. ESPEN guidelines [ 5 ] recommend 
that surgical patients at nutritional risk in the 10–14 days before surgery should receive perioperative 
nutritional support. Delaying surgery for those patients at greatest risk of severe undernourishment 
may be justifi ed in some cases.  

    Investigation of the Effectiveness of Perioperative Intravenous 
Glutamine Supplementation with Parenteral Nutrition 

 Few studies have investigated the effect of perioperative intravenous glutamine supplementation on 
patients having surgery on the gastrointestinal tract (GIT). We therefore conducted a quasi- experimental 
study [ 13 ] of patients over 18 years old having surgery to the GIT who were candidates for perioperative 
nutritional support. 

    Methods 

 We therefore included patients at moderate to severe risk of malnutrition (weight loss over 5–10 % in 
the last 6 months, or body mass index (BMI) <18.5 kg/m 2 , or classifi ed as mildly (B) or severely 
(C) malnourished patient on subjective global assessment (SGA), or serum albumin <3.5 g/dl, or 
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prealbumin <15 mg/dl (no evidence of kidney or liver disease)). The exclusion criteria were: 
chronic renal failure requiring dialysis, acute renal failure not treated with haemofi ltration (creatinine 
>2.2 mg/dl), liver failure with encephalopathy, severe metabolic acidosis, pregnant or breast-feeding 
women, or a psychiatric condition preventing the patient from consenting to the study, and inclusion 
in another study. 

 Three cohorts were compared as follows:

   Group 1 (control 1; −/−): glutamine was not added to PN before or after surgery (March 2006–March 
2007).  

  Group 2 (control 2; −/G): glutamine (0.4 g/kg/day) was added to PN only in the postoperative period 
(March 2007–March 2008).  

  Group 3 follow-up group (G/G): glutamine (0.4 g/kg/day) was added to PN before and after surgery 
(March 2008–March 2009).    

 Each patient also received perioperative nutritional support according to their nutritional needs and 
the expected duration of perioperative fasting. This was given as PN and was started 2–3 days before 
surgery. Calorifi c intake was calculated according to the protocol used in the hospital. 

 The Harris Benedict formula was used to estimate baseline energy expenditure. The values obtained 
were multiplied by a stress factor (Long) and the activity factor. The groups who received PN without 
glutamine supplementation received 4 g/kg/day glucose, 1 g/kg/day lipid and 1.5 g/kg/day protein. 
The groups who received PN with glutamine supplementation received 1.1 g/kg/day protein and 
0.4 g/kg/day glutamine when glutamine was given. 

 The following data were collected:

   Demographic data: gender and age.  
  Anthropometric: weight, height, body mass index (BMI); SGA; weight loss in the preceding 6 months.  
  Postoperative clinical course: incidence of fi stula (suture dehiscence or spontaneous); incidence of 

intestinal failure (retroperitoneal bleeding, abscess and/or peritonitis); incidence of renal failure 
(serum creatinine >2.2 mg/dL or serum urea >80 mg/dL), incidence of hyperglycaemia (serum 
glucose > 160 mg/dL); days on PN, duration of stay in ICU (days); duration of hospital admission 
(days); respiratory, urinary tract and wound infections (defi ned as presence of focus of infection, plus 
two of the following criteria: leucocytes >12 × 10 9 /L; fever > 38 °C; heart rate > 90 beats per minute; 
or PCO 2  < 31 mm Hg); death during hospital admission; death at 6 months; biochemistry and haema-
tology on days −1, +3, +7 after surgery and last day of total parenteral nutrition (TPN).     

    Statistical Analysis 

 All data are expressed as means, standard deviations and percentages. The statistical software package 
SPSS 12 for Windows (SPSS Inc., Chicago, IL, USA) was used for all analyses. Univariate analysis 
of quantitative and qualitative data from the 3 study groups was performed initially. Multivariate 
analysis was then performed. 

 The biochemical and haematological data were analysed and compared between groups and within 
each group using ANOVA and the Wilcoxon signed-rank test for related samples. If the data were 
normally distributed, parametric tests were used: Student’s  t- test was used for quantitative data and 
the paired  t- test was used for paired samples. 

 If the Kolmogorov–Smirnov test showed that the distribution of the data was not normal, non- 
parametric tests were used. The chi-squared test was used to analyse categorical data. The Kruskal–
Wallis test was used for independent samples, and Wilcoxon signed-rank test for two related samples. 
 P  < 0.05 was considered signifi cant. 
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 We used “Backward Stepwise” logistic regression to analyse the quantitative and categorical data 
recorded in the study through the predictor variables, to determine the factors which infl uence the 
response under investigation.  

    Results 

 Sixty-seven patients met the inclusion criteria and were included in the study; 17 patients were 
excluded from the study by the exclusion criteria. This single-centre sample is relatively small because 
the Mateu Orfi la Hospital where the study was conducted has only 140 beds and the time available for 
recruitment of patients was short. 

 Although the sample was small the signifi cant amount of data collected allowed thorough evalua-
tion of the effi cacy of perioperative administration of glutamine supplements to patients with moder-
ate to severe undernourishment having surgery to the GIT. 

 Variance analysis excluded statistically signifi cant differences between the three study groups in 
age, income, gender, current weight, usual weight, height, weight loss and BMI. The demographics 
and preoperative anthropometric data of the three groups were therefore similar (Table  23.1 ). There 
were no signifi cant differences between the groups’ preoperative nutritional assessment, as assessed 
by the SGA questionnaire. The nutritional status of the groups of patients was therefore similar and 
comparable.

   Table 23.1    Baseline and surgery variables   

 Group −/− ( n  = 21)  Group −/G ( n  = 27)  Group G/G ( n  = 19)   P  value 

 Gender (male/female;  n , %)  16 (76.2):5 (23.8)  17 (63):10 (37)  14 (73.7):5 (26.3)  0.76 
 Age (years)  65.19 (12.96)  64.8 (17.03)  65.57 (14.7)  0.986 
 Height ( m ; SD)  1.69 (0.07)  1.67 (0.1)  1.66 (0.07)  0.528 
 BMI (kg/m 2 ; SD)  24.99 (3.9)  24.42 (3.76)  23.63 (3.72)  0.537 
 Weight loss (%)  8 (6.63)  8 (6.83)  11.85 (5.01)  0.092 
 Current weight  71.8 (14.15)  69.03 (14.58)  65.5 (10.18)  0.334 
 Usual weight  77.73 (12.13)  74.62 (12.34)  78.55 (12.77)  0.519 

  Subjective Global Assessment  
 A  2 (9.5)  0 (0)  0 (0)  0.155 
 B  13 (61.9)  21 (77.8)  11 (57.9) 
 C  6 (28.6)  6 (22.2)  8 (42.1) 

  Nutritional Support  
 Total Kcal  1920.42 (268.72)  1962 (370.3)  1841.1 (348.33)  0.33 
 Fat  69.33 (17.34)  74.51 (17.71)  67.36 (16.69) 
 Glucose  207.57 (32.22)  211.74 (45.16)  211.74 (45.16) 
 Nitrogen  15.47 (2.15)  15.62 (2.81)  15.57 (2.36) 

  Operation (n, %)  
 Hemicolectomy  6 (28.6)  7 (25.9)  8 (42.1)  0.081 
 Small bowel resection  7 (33.3)  7 (25.9)  2 (10.5) 
 Laparatomy  0 (0)  4 (14.8)  0 (0) 
 Hepatectomy  0 (0)  2 (7.4)  0 (0) 
 Gastrectomy  7 (33.3)  3 (11.1)  5 (26.3) 
 Ileostomy  0 (0)  0 (0)  1 (5.3) 
 Cholecystectomy  0 (0)  2 (7.4)  0 (0) 
 Others  1 (4.8)  2 (7.4)  3 (15.8) 

  Data are expressed as means (SD) or unless otherwise stated.  n , number of patients; SD, standard deviation  
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   There were no differences in the supply of glucose, nitrogen, lipids or Kcal between the groups. 
The most common operations were hemicolectomy, small bowel resection and gastrectomy. 

 Table  23.2  shows that group G/G had shorter admissions to ICU ( P  = 0.074) and reduced duration 
of PN. However, these reductions did not achieve statistical signifi cance. The incidence of hypergly-
caemia was lowest in group G/G and the proportion of patients admitted to ICU was also lowest in 
group G/G.

   There was a trend suggesting a lower incidence of infection in patients who received glutamine 
supplementation but this did not achieve statistical signifi cance ( P  = 0.078). Remarkably, the linear 
tendency test showed a linear relationship between glutamine supplementation and wound infection 
( P  = 0.05), hyperglycaemia ( P  = 0.002), ICU stay ( P  = 0.03) and presence of infection ( P  = 0.025). 

 After multivariate analysis (Tables  23.3  and  23.4 ) group G/G was found to reduce ICU admission, 
hyperglycaemia and renal failure, but group −/G did not. This suggests that glutamine supplementa-
tion before and after surgery is not only more effective than no glutamine supplementation but is also 
more effective than postoperative glutamine supplementation.

    The intergroup analyses of the biochemical and haematological data found that on day + 3 there 
were signifi cant differences in the concentrations of glucose (Fig.  23.1 ; −/−: 185.7 ± 86 mg/dL vs. 
−/G: 132.074 ± 31.38 mg/dL vs. G/G: 145.39 ± 62.9 mg/dL;  P  = 0.001), and albumin (−/−: 2.38 g/

     Table 23.2    Morbidity and mortality data   

 Complication  Study groups: no. patients (%)   P  value 
 Linear relationship 
by linear association 

 Group −/−  Group −/G  Group G/G 

 Hyperglycaemia  11 (52.4)  9 (33.3)  1 (5.3)  0.006  0.002 
 Urinary infection  3 (14.3)  1 (3.7)  1 (5.3)  0.350  0.269 
 Wound infection  9 (42.9)  7 (25.9)  3 (15.8)  0.155  0.05 
 Respiratory infection  4 (19)  6 (22.2)  2 (10.5)  0.587  0.501 
 Presence of 1 or more infection  13 (619)  12 (44.4)  5 (26.3)  0.078  0.025 
 Fistula  4 (19)  4 (14.8)  3 (15.8)  0.922  0.776 
 Renal failure  5 (23.8)  5 (18.5)  1 (5.3)  0.266  0.120 
 Intestinal failure  6 (28.6)  5 (18.5)  3 (15.8)  0.565  0.319 
 Mortality  4 (19)  4 (14.8)  3 (15.8)  0.922  0.776 
 6 month mortality  7 (33.3)  5 (18.5)  3 (15.8)  0.340  0.181 
 ICU admission  14 (66.7)  18 (66.7)  6 (31.6)  0.033  0.03 
 Days in ICU (SD)  5.85 (11.41)  6.33 (9)  3.26 (7.4)  0.074 
 Days in hospital (SD)  32.57 (27.3)  28.62 (25.96)  24.78 (11.48)  0.886 
 Days on TPN (SD)  16 (15.32)  13.7 (13.2)  10.1 (4.64)  0.485 

  Data are expressed as number of patients (%) unless expressed otherwise. SD, standard deviation  

   Table 23.3    COX proportional regression models   

 Response variable  Variable in equation  B  SE  E b   1/E b   95 % CI of 1/  E  b  

 Duration of admission (days)  Albumin  0.557  0.166  1.745  0.57  0.8–0.41 
 Fistula  −1.343  0.434  0.261  3.83  8.9–1.63 
 Wound infection  −0.922  0.302  0.398  2.51  4.54–1.39 
 Hyperglycaemia  −0.593  0.3  0.553  1.8  3.26–1 

 ICU admission (days)  Respiratory infection  −1.505  0.498  0.222  4.5  11.9–1.7 
 Parenteral nutrition (days)  Fistula  −1.378  0.508  0.252  3.9  10.7–1.46 

 Renal failure  −1.194  0.39  0.303  3.3  7.08–1.53 
 Respiratory infection  −0.954  0.44  0.385  2.6  6.15–1.095 
 Wound infection  −0.931  0.345  0.394  2.53  4.9–1.28 

  B: explanatory variable constant. SE: standard error of constant B 
 1/E b : inverse exponential function indicative of relative risk  
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dl ± vs. 0.48 g/dl −/G: 2.71 ± 0.55 g/dl vs. G/G: 2.91 ± 0.57 g/dl;  P  = 0.013) between the 3 groups. 
The groups which received glutamine supplementation (−/G and G/G) had lower serum glucose 
concentrations and higher albumin concentrations than group −/−. This trend was also observed in the 
fi nal analysis of the data on glucose and albumin, although these differences were not statistically 
signifi cant.  

 In addition, differences in the white cell counts were seen 7 days after surgery. The leucocyte 
counts of groups −/G and G/G were within the reference range (4–11 × 10 9 /L), i.e. normal while the 
control group −/− had leucocytosis (mean leucocyte count 13.75 × 10 9 /L). 

 Group G/G also had the lowest postoperative fall in plasma albumin (reduction of albumin: −/−: 
0.95 g, −/G = 0.86 g; G/G = 0.7 g). In addition, only the −/− group had a signifi cant increase in blood 
glucose between the preoperative analysis and day + 3 (128.19 ± 40 mg/dL vs. 185.7 ± 86.87 mg/dL; 
 P  = 0.003). Blood glucose did not increase signifi cantly in groups −/G (148.6 ± 200 mg/dL vs. 
132.07 ± 31 mg/dL;  P  > 0.05) or G/G (121.68 vs. ± 39.97 mg/dL vs. 119.12 ± 44.72 mg/dL;  P  > 0.05).   

     Table 23.4    Logistic regression models   

 Complication  Variable in equation  B  SE  E b   95 % CI 

 Fistula  Intestinal failure  2.103  0.866  8.19  3.76–17.533 
 Intestinal failure  Wound infection  2.4  1.04  11.18  3.77–37.21 

 Respiratory infection  2.1  1.02  8.17  2.57–22.94 
 Renal failure  3.3  1.09  27.6  9.68–103.9 
 Fistula  2.4  1.03  11.25  4.45–44.8 

 Respiratory infection  Pre-albumin  −0.328  0.119  0.791  0.67–0.9 
 Renal failure  Group G/G  −1.662  1.12  0.19  0.083–0.74 

 Creatinine  0.972  0.414  2.64  1.17–5.9 
 Wound infection  Intestinal failure  1.87  0.875  6.5  3.4–20.6 

 Hyperglycaemia  1.602  0.738  4.96  1.6–7.33 
 Hyperglycaemia  Group G/G  −2.2  1.1  0.11  0.015–0.286 

 Renal failure  1.65  0.816  5.22  2.722–14.31 
 Wound infection  1.714  0.745  5.5  1.4–5.8 

 Death  Intestinal failure  2.34  0.848  10  5.84–30 
 ICU admission (YES/NO)  Group G/G  −1.24  0.615  0.289  0.135–0.476 

  Albumin   −0.98  0.447  0.375  0.23–0.825 

  B: explanatory variable constant. SE: standard error of constant B 

 E b : exponential function indicative of relative risk (Odds Ratio)  

  Fig. 23.1    Glucose evolution        
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    Discussion 

 Few studies have investigated the effect of perioperative intravenous glutamine supplementation on 
malnourished human patients having GIT surgery. The end-points of these studies have varied from 
biomarkers of immune function to more directly clinically relevant endpoints such as risk of infection, 
length of hospital admission, morbidity and mortality. 

    Immune Function 

 Exner et al. [ 15 ] were among the fi rst to show that perioperative glutamine administration was 
associated with more rapid reconstitution of immune function as demonstrated by the recovery of the 
percentage of TNF-α secretion at 48 h after surgery. Yao et al. [ 16 ] found greater restoration of plasma 
endotoxin inactivation capacity (EIC) and a signifi cant increase in CD4 cell counts on days 1 and 4 
after surgery in patients who received perioperative glutamine supplementation. However, there were 
no differences in infectious complications. 

 Yeh et al. (2008) reported reduction of postoperative albumin levels, protein C reactive (PCR) and 
%CD8 cells in patients who received perioperative glutamine supplementation. Fan et al. [ 18 ] 
reported improved maintenance of glutathione (GSH) concentrations, ratio of reduced glutathione to 
oxidised glutathione (GSH/GSSG ratio), red blood cell counts and albumin concentration, but there 
were no differences in the laboratory blood markers of liver damage or function. 

 Asprer et al. [ 19 ] provided only preoperative glutamine supplementation and found that leucocyte, 
granulocyte and lymphocyte counts were increased before surgery, this increase was not sustained 
after surgery when supplementation was not provided. 

 These observations suggest that glutamine attenuates infl ammation and immunosuppression as 
well as reducing depletion of nutrients. These effects on immune function are relevant to the effects 
of glutamine supplementation on risk of infection.  

    Risk of Infection 

 Several studies have described the association between glutamine supplementation and reduced risk of 
infection. For example, the meta-analysis performed by Zheng et al. [ 12 ] which included fi ve surgical 
studies with a total of 215 patients found that the group treated with glutamine had fewer infectious 
episodes (OR = 0.24, 95 % CI = 0.06, 0.93;  P  = 0.04). Dechelotte et al. [ 21 ] also reported less nosoco-
mial pneumonia in the group who received glutamine (17.24 % vs. 33.9 %;  P  < 0.05). Bonet et al. [ 25 ] 
also found a lower incidence of nosocomial pneumonia (8.04 % vs. 29.25 % episodes), and fewer 
urinary tract infections (2.5 % vs. 16.7 % episodes). 

 In the present study, there were no statistically signifi cant differences between the three groups in 
the incidence of wound, urinary or respiratory infections. We also analysed incidence of infection as 
a combined outcome measure; “Presence of one or more infection (respiratory, urinary and/or lower 
respiratory tract infection)” vs. no infection. Although there was still no statistically signifi cant differ-
ences between the three groups studied, there was a trend towards signifi cance ( P  = 0.078), and the 
relationship between glutamine supplementation and reduced incidence of infection was linear 
( P  = 0.025). Hyperglycaemia is also associated with increased incidence of infections and mortality 
[ 21 ]. The effect of glutamine on glucose metabolism is therefore important and may contribute at least 
in part to the reduction of infectious complications in patients given glutamine supplements.  
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    Glucose Homeostasis 

 The prognosis of patients with insulin resistance and persistent hyperglycaemia is poor. It is therefore 
important to mention note the benefi cial role of glutamine in the control of glucose metabolism, which 
is demonstrated in the results of univariate and multivariate analyses of our present data (Tables  23.2  
and  23.4 ; Fig.  23.1 ). An earlier study from our group has previously highlighted the protective effect 
of glutamine (OR: 0.38, CI: 0.19–0.75) against hyperglycaemia in critically ill patients [ 22 ]. Reduction 
of insulin resistance in critically ill patients with glutamine supplementation was also demonstrated 
by Dechelotte et al. [ 21 ]. Dechelotte et al. found that the incidence of hyperglycaemia was lower and 
less insulin was required in the patients who received glutamine supplements. Bakalar et al. [ 23 ] also 
reported that glycaemic control in patients who had sustained polytrauma was improved when given 
TPN supplemented with glutamine. 

 Glutamine has several potential benefi cial effects and supplementation also reduces the incidence 
of some non-infective complications of surgery [ 22 ,  26 ].  

    Non-infective Complications 

 When the non-infectious postoperative complications were analysed there were no statistically sig-
nifi cant differences between the groups in the incidence of fi stulas. However in the present study, 
supplementation with glutamine before and after GIT surgery was found to protect against intestinal 
failure (OR = 0.19, 95 % CI = 0.083–0.74). This protective effect of glutamine was previously described 
in critically ill patients in a study performed by our research group in 2006 [ 22 ]. 

 Perioperative complications, infective and non-infective, increase the duration of hospital admission. 
The benefi cial effects of glutamine may therefore reduce duration of hospital admission.  

    Duration of Hospital Admission 

 In our study the average length of hospital admission, duration of ICU admission and duration of 
feeding with TPN of the groups who received glutamine were all less than in the group that did not 
receive any glutamine. Although these differences did not achieve statistical signifi cance (Table  23.2 ), 
logistic regression of data from group G/G suggested that perioperative glutamine supplementation 
before and after surgery reduced the need for ICU admission (OR = 0.289, CI 95 % = 0.135–0.476) 
(Table  23.4 ). 

 Our observations are consistent with those of previous studies. For example, Yao et al. [ 16 ] reported 
that length of hospital admission was reduced by glutamine (11.7 ± 2 days vs. 10.6 ± 1.2;  P  = 0.03). 
Yeh et al. [ 17 ] also found that length of hospital admission was reduced by glutamine supplementation 
(16.3 ± 21.3 days vs. 12.2 ± 6.8 days;  P  = 0.299). The meta-analysis by Zheng et al. [ 12 ] which included 
six studies with a total of 291 surgical patients reported that treatment with dipeptides of glutamine in 
PN reduced duration of hospital admission (−3.55, 95 % CI = −5.26, −1.84;  P  < 0.00001). 

 This is obviously clinically signifi cant but is also economically important, as reducing duration of 
admission to hospital and preventing admission to ICU reduces cost. Mertes et al. [ 27 ] calculated the 
potential savings which may be achieved by glutamine supplementation. In the cohort of patients who 
received glutamine supplementation the mean duration of hospital stay was 4.7 days less and the 
potential saving was estimated at $42,075. The benefi cial effects of glutamine which may contribute 
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to earlier discharge from hospital include acceleration of healing, recovery of intestinal mucosal 
integrity, improvement of glycaemic control and immune function resulting in prevention of potential 
infections. Reducing the incidence of postoperative infections improves morbidity and mortality.  

    Morbidity and Mortality 

 Although there were no differences in survival at 6 months, our observations suggest that perioperative 
glutamine supplementation in TPN is associated with less postoperative morbidity in patients at risk 
of malnutrition and is therefore justifi ed in patients at risk of moderate or severe undernourishment 
having GIT surgery. 

 In contrast, Gianotti et al. [ 20 ] found that in well-nourished patients having abdominal surgery, 
perioperative supplementation of glutamine administered in a dextrose carrier solution (rather than 
TPN), did not reduce morbidity or mortality when compared with the control group. However, it is 
important to review the methodology of the studies in question. Importantly the patients in our study 
were at risk of moderate or severe undernourishment before surgery, with rates of weight loss between 
8 and 11 %. In contrast, the cohort described by Gianotti et al. were well nourished with weight loss 
of 1.4 %. Gianotti et al. 2009 also used dextrose 5 % as a carrier solution for dipeptides of glutamine 
whilst our patients received TPN. 

 Glutamine supplementation reduces morbidity and mortality in critically ill patients and those who 
have sustained trauma [ 7 ,  23 ]. These benefi cial effects of glutamine supplementation may be explained 
by increased utilisation of glutamine, increased glutamine metabolism and/or baseline defi cits of 
glutamine in these cohorts of patients. 

 The meta-analysis performed by Jones et al. [ 11 ], which included studies of critically ill patients, 
found that mortality was signifi cantly reduced by enteral or parenteral glutamine supplementation 
(RR 0.75, 95 % CI = 0.59 −0.96;  P  < 0.02). This suggests a benefi cial effect of administration of glu-
tamine to critically ill patients, especially if patients receive more than 10 days of TPN with glutamine 
[ 25 – 27 ]. In our study, there were no signifi cant differences in mortality between the three study groups 
(19 % vs. 14.8 % vs. 15.8 %). Our fi ndings are consistent with those of Mertes et al. [ 27 ] and Jacobi 
et al. [ 31 ] who also investigated the effects of parenteral glutamine in surgical patients. 

 These data demonstrate a greater reduction of mortality in critically ill patients (who have signifi cant 
glutamine defi ciency) who receive glutamine supplementation than in surgical patients. In addition, 
several studies have shown increased survival in patients treated with glutamine. Griffi ths et al. [ 29 ] 
demonstrated greater survival in critically ill patients when glutamine is added to TPN. Those patients 
who lived longer had a hospital cost reduced by 50 %. Goeters et al. [ 32 ] showed increased survival 
in critically ill patients at 6 months, when given more than 9 days of TPN. 

 The risk:benefi t ratio of any intervention must be considered. Whilst glutamine has several benefi cial 
effects these must be balanced against any potential side effects.  

    Side Effects of Glutamine Supplementation 

 On analysis of laboratory blood tests, Yeh et al. [ 17 ] found the lowest fall in serum albumin at day +3 
after surgery in group G/G rather than the control groups (0.9 g/dl vs. 0.86 g/dl vs. 0.7 g/dl;  P  = 0.013). 
However in our present data there were no signifi cant changes in the serum markers of hepatic or renal 
function, suggesting that the use of glutamine dipeptides in TPN is well tolerated. Several other studies 
have also reported that glutamine supplements are well tolerated and free of side effects [ 30 – 33 ].   
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    Conclusions 

 Perioperative immunonutrition improves GIT oxygenation and optimises postoperative metabolism. 
The incidence of postoperative infection and length of admission after elective major GIT surgery are 
signifi cantly reduced [ 4 ]. Perioperative glutamine supplementation should be considered for patients 
undergoing elective major GIT surgery, even if only provided before surgery, but is more effective if 
given before and after surgery.     
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   Key Points 

•     The economic burden of diabetic foot ulcers is remarkable and the source of these wounds is 
multifactorial. Glutamine supplementation in diabetics with and without foot wounds has been 
examined in laboratory and clinical settings.  

•   Glutamine has been implicated in the improvement of diabetic foot wounds and related conditions. 
A handful of studies have evaluated a combination of amino acids including glutamine for supple-
mentation in diabetics with foot ulcers with promising results.  

•   Glutamine has been included in commercially available compounds utilized and studied in surgical 
and diabetic wounds.  

•   Glutamine supplementation has been evaluated with respect to surgical wounds. These studies are 
of particular importance as a basis for evaluating any existing or future literature pertaining to 
glutamine supplementation in diabetic patients with foot ulcers.  

•   There exists much literature relating to glutamine supplementation in surgical wounds in non- 
diabetic patients; however, work still must be done to expand our knowledge regarding glutamine 
supplementation in diabetic foot wounds.    
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    Abbreviations 

    CD4    Alpha (α), beta (β), cluster of differentiation 4   
  CRP    C-Reactive protein   
  DNA    Deoxyribonucleic acid   
  g    Grams   
  HbA1c    Hemoglobin A-1-c   
  HIF-1    Hypoxia-inducible-factor-1   
  IgA    Immunoglobulin A (IgA)   
  IFN    Interferon (IFN)   
  IL-4    Interleukin-1   
  IL-4    Interleukin-4   
  IL-6    Interleukin-6   
  IV    Intravenous   
  kg    Kilograms   
  MHC    Major histocompatibility complex   
  NV    Nevada   
  NADPH    Nicotinamide adenine dinucleotide phosphate   
  PEMF    Pulse electromagnetic fi eld stimulation   
  RNA    Ribonucleic acid (RNA)   
  TPN    Total parenteral nutrition   
  TNF-alpha    Tumor necrosis factor-alpha   

       Introduction 

    The incidence of diabetes is increasing throughout the world. Ulcers affecting the lower limbs of diabet-
ics are among the most frequent and costly clinical complications of the disease. Approximately $6–15 
billion annually is spent on caring for all chronic wounds in the United States [ 1 ]. Among the diabetic 
population, approximately 1–4 % will develop a foot ulcer per year, with up to 25 % developing an ulcer 
during their lifetime. Many of these ulcers result in signifi cant morbidity, leading to amputations, disfi g-
urement, sepsis, and sometimes, even death. On average, diabetic foot ulcers exist for 87 ± 83 days [ 2 ]. 
In approximately 15 % of patients, these slow to heal wounds progress to osteomyelitis. Additionally, 
roughly 16 % of those patients with osteomyelitis progress to amputation [ 3 ]. It is clear that diabetic foot 
ulcers are a highly morbid and costly complication of diabetes mellitus. Despite the fact that many 
diabetics are obese, decreased lean body mass and an overall catabolic state in diabetics complicate the 
care of these chronic wounds (see Figs.  24.1  and  24.2 ). The precise infl ammatory milieu at the cellular 
level in diabetic foot ulcers has yet to be fully elucidated. It is commonly thought that at the macro level, 
a small skin breakdown or injury from any source along with external factors such as abnormal mechani-
cal load and callus formation due to neuropathy, lead to the initial wound. In this manner, potentially 
minor injuries are then worsened by diabetes-related factors [ 4 ].    

    Glutamine and Diabetic Wounds 

 There is in general a paucity of data examining the particular wound healing challenges associated 
with diabetic foot wounds, and how glutamine may possibly affect these wounds. These wounds are 
of particular interest to the authors of this chapter and certainly are a morbid problem (see Fig.  24.3 ). 
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In one paper, published by Tatti et al. in 2012, 22 subjects with type 2 diabetes were evaluated after 
the administration of an amino acid supplement consisting entirely of glutamine, arginine, and cal-
cium beta-hydroxy beta-methylbutyrate (HMB). In these patients, the cost of antibiotic treatment was 
reduced by 50 % with use of this particular formula. Additionally, in this study, time to wound healing 
was shortened, thereby decreasing indirect costs associated with length of stay [ 5 ]. Another study 

  Fig. 24.1    Diabetic wound 
healing concerns. Constraints 
on diabetic wound healing 
include: chronic nutrient 
losses, increased catabolism, 
reduced anabolism, and 
impaired nutritional status       

  Fig. 24.2    Favorable vs. 
unfavorable wounds. 
Physiologic scenarios 
associated with both 
favorable and unfavorable 
wounds       

  Fig. 24.3    Diabetic foot ulcer       
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conducted by Tatti et al. published in 2011 identifi ed a decrease in microalbuminuria to nearly 50 % 
of the initial value in patients with diabetic foot ulcers treated with this same dietary supplement 
containing glutamine (the supplement contained arginine, glutamine, HMB) [ 6 ]. A recent study, also 
identifying nutritional supplementation with the same glutamine-containing compound (glutamine, 
arginine, HMB) published by this same group, identifi ed a decrease in the progression of diabetes- 
associated retinal damage during supplementation. Nine diabetic patients with background retinopa-
thy were treated with arginine, glutamine, and HMB. The number of microaneurysms and exudates 
were counted in these patients. The treatment group exhibited a signifi cant reduction in the number of 
microaneurysms and exudates [ 7 ]. In an ongoing study, conducted by the authors of this chapter 
(University of Nevada School of Medicine, Department of Surgery, Las Vegas, NV, USA), a signifi cant 
increase has been noted in tissue hydroxyproline deposition with an amino acid supplement contain-
ing arginine, glutamine, and HMB in diabetic human subjects (see pilot data in Figs.  24.4  and  24.5  
[ 8 ]). Although the activity of this oral supplement is not identical to the activity of glutamine on its 
own, these data suggest that these amino acids may increase the collagen deposition in human 
wounds. The research conducted by our group is certainly quite promising, especially given the bur-
den of diabetic foot wounds throughout the developed world.     

  Fig. 24.4    Hydroxyproline 
percent change with amino 
acid supplementation. 
An overall decrease in 
catabolism noted with 
arginine, glutamine, and 
beta-hydroxy-beta-methylbu-
tyrate supplementation in 
diabetic foot ulcers. Jones 
MS et al., unpublished data 
2013 [ 8 ]       

  Fig. 24.5    Hydroxyproline 
percent change with placebo. 
Effect of placebo on percent 
change of tissue hydroxypro-
line concentration in patients 
with diabetic foot ulcers. 
Unpublished data, Jones MS, 
et al. 2013 [ 8 ]       

 

 

A.E. Barber et al.



317

    Glutamine Containing Compounds 

 In addition to studies of glutamine in isolation and its effect of surgical and diabetic wounds, researchers 
have investigated commercially available glutamine containing oral supplements given ease of patient 
access to such compounds. There is generally one commercially available amino acid supplement 
mixture, and this is the amino acid cocktail examined in the studies discussed previously in this 
chapter. It is comprised of glutamine, in addition to arginine and HMB. While these cocktails may 
have differing proprietary names based on country of purchase, they have the same basic formulation, 
and are from the same manufacturer (Abbott Laboratories, Abbott Park, IL, USA). This cocktail goes 
by trade names Juven™ and Abound™ (Abbott Laboratories, Abbott Park, IL, USA). They have 
arisen in response not only to the benefi ts of glutamine as discussed in this text, but also in response 
to the benefi ts of arginine and HMB. Nutritional composition of this commercially available supple-
ment is outlined in Fig.  24.6 . HMB is a metabolite of leucine and has been implicated in improved 
protein metabolism [ 9 ]. HMB is presumed to have a benefi cial impact on diabetic wounds, however 
as yet, in isolation that has not been proven. Like glutamine, arginine is a conditionally essential 
amino acid that is a precursor of nitric oxide. Arginine has been shown to improve vasodilation and 
as such has been implicated in improved wound outcomes [ 10 ,  11 ]. Given the microcirculatory com-
promise identifi ed in diabetic wounds, these effects of arginine have been seen as a potential ben-
efi t. As with HMB, however, this has not been proven in isolation. Beyond the possible synergistic 
benefi ts of arginine and HMB in addition to glutamine, the benefi t of studying this commercially 
available compound is that it is a pleasant tasting, powder-based supplement that is easily utilized and 
tolerated by patients with surgical or diabetic foot wounds.   

    Glutamine and Surgical Wounds 

 Platelets, polymorphonuclear leukocytes, macrophages, and fi broblasts are the main cell types 
involved in the immune response at the site of tissue injury. Glutamine, as an important source of fuel 
in these and all rapidly dividing cells, is necessary for DNA and RNA replication before mitosis. 
Fibroblasts, appearing usually on day 3 in acute wound healing, replace the temporary fi bronectin- 
fi brin framework with collagen. Of note, alpha ketoglutarate (a glutamine metabolite) is taken up via 
diffusion by these fi broblasts so essential to collagen deposition. There are few in vivo studies and 

  Fig. 24.6    Commercially 
available glutamine 
containing amino-acid 
cocktail. Known by trade 
names Juven™ and Abound 
(Abbott Laboratories, Abbott 
Park, IL, USA), these 
cocktails contain 7 g each of 
 L -glutamine and  L -arginine, 
and 1.5 g of HMB. They are 
available in fl avored and 
non-fl avored formulations       
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none have shown a causal link between glutamine and increased collagen deposition [ 12 ]. In vitro 
studies, however, have shown a connectedness between gene expression and glutamine on collagen 
synthesis in human fi broblast cultures [ 13 ,  14 ]. One particular study examining glutamine’s utility in 
wound healing comes from Polat et al. In 2007, this group used a rat model to investigate bone healing 
and glutamine supplementation. Glutamine-supplemented rats exhibited more rapid development of 
primary callus in induced tibial fractures [ 15 ]. Kaya et al. in 2007 examined rats with induced colitis to 
determine if glutamine supplementation (oral and rectal) could improve mucosal healing. This group 
determined that mucosal DNA contents of both groups were signifi cantly increased, thereby conclud-
ing that glutamine supplementation, whether oral or rectal, has a benefi cial effect on mucosal regenera-
tion in colitis [ 16 ]. Another group, Güven et al. in 2007, studied 40 rats subjected to colorectal 
anastomoses supplemented with glutamine. Postoperative infl ammation and necrosis scores were 
increased in the rats given delayed feeding (with both normal TPN and glutamine enriched TPN) in 
comparison to the early feeding groups. Additionally, IGF-I immunoreactivity was increased in 
the early standard TPN group, and in both early and delayed glutamine supplemented TPN groups. 
The authors conclude that early feeding plus glutamine supplementation following colorectal anasto-
mosis improves wound healing [ 17 ]. Girgan et al. in 2009 studied the effect of pulse electromagnetic 
fi eld stimulation (PEMF) and glutamine on colorectal anastomoses in rats. Four groups were studied: 
glutamine alone, PEMF alone, both glutamine and PEMF, and no adjunctive treatments. The groups 
receiving both glutamine and PEMF exhibited signifi cantly higher mean anastomotic bursting pres-
sures, collagen deposition, and fi broblast infi ltration than the glutamine alone and normal resection 
groups. The glutamine alone group, however, still exhibited higher mean anastomotic bursting pres-
sures than the group with no adjunctive treatment. It appears that even without the addition of PEMF, 
glutamine aided in the strength of these colorectal anastomoses [ 18 ]. Da costa et al. in 2003 also 
studied the effect of glutamine on colorectal anastomoses. Total anastomotic rupture strength and 
increased percentage of type I (mature) collagen were signifi cantly increased in the glutamine supple-
mentation group whereas the percent area of type III (immature) collagen was signifi cantly smaller 
[ 19 ]. This is an important fi nding as submucosa, rich in collagen, is vital to the mechanical strength 
of the intestinal wall. From these studies in rats we can extrapolate that glutamine-enriched diets have 
the ability to stimulate anastomotic healing via a number of different mechanisms. These preclinical 
animal studies are of vital importance for the use of glutamine supplementation in humans. Many of 
these studies have shown an actual link between glutamine supplementation and increased mature 
collagen deposition, and thus are extremely topical when thinking about enhancing wound healing in 
diabetics. A recent human study, conducted by Blass et al., in 2012, supplemented 20 trauma patients 
with ascorbic acid, α-tocopherol, β-carotene, zinc, selenium and glutamine versus placebo for 2 
weeks. These trauma patients preoperatively exhibited a failure of wound healing (i.e. wounds persist-
ing more than 10 days after trauma or surgery), as demonstrated in microcirculation studies done both 
pre-supplementation and post-supplementation. It was noted that tissue oxygen saturation, which is a 
measure of wound microcirculation and tissue ischemia, was decreased in the placebo group. Wound 
closure was more rapid in the supplemental group as compared to the placebo group [ 20 ]. This study 
identifi es a potential benefi t of glutamine in terms of augmenting factors such as tissue oxygenation 
that may benefi t wound healing.  

    Conclusions 

 The metabolic response to injury, especially in diabetic patients, is multifaceted. Additionally, much is 
still unclear about the continuum of utility of glutamine in health and disease. Looking at the critically 
ill in particular, a recent prospective randomized study demonstrated a statistically signifi cant increase 
in in-hospital mortality in addition to 6-month mortality among glutamine-supplemented patients 
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exhibiting multiorgan failure and requiring mechanical ventilation [ 21 ]. These are groundbreaking 
data in that a potential downside to glutamine supplementation has been identifi ed. There is much to 
be clarifi ed regarding glutamine function not only in non-diabetic patients, but also in the diabetic 
population. Complicating this topic is the role of insulin sensitivity in obese diabetics versus non-obese 
diabetics. Is the infl ammatory milieu evident in obese diabetics with metabolic syndrome analogous to 
that present in lean diabetics? How exactly does the tissue microenvironment in diabetics alter wound 
healing and collagen deposition? These patients appear to exhibit a generally catabolic state, with low 
lean body mass, and likely depletion of key skeletal and peripheral stores of amino acids including 
glutamine. The relationship between these nutrient defi cits and immunity has yet to be fully elucidated. 
In numerous animal and human studies, glutamine has been implicated in assisting wound healing and 
decreasing oxidative stress in the peripheral tissues. More studies looking specifi cally at glutamine 
supplementation in diabetics need to be conducted to identify the mechanism of improved wound 
healing at the cellular level. Hopefully, through this information, we may have a manner of determin-
ing an individual’s glutamine defi cit, so as to precisely replace it. With time and research, the future will 
allow us to target amino acid therapies on an individual basis as a safe, reliable manner of improving 
patient outcomes.     
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   Key Points 

•     Glutamine plays a signifi cant role in the development of gastrointestinal tract.  
•   Glutamine is required for the preservation of gut mucosal mass under physiologic and pathophysi-

ologic conditions.  
•   Disruption of gut barrier function has a global impact on the multiple organ systems.  
•   Glutamine protects intestinal epithelial tight junctions and preserves gut barrier function.  
•   Specifi c cellular mechanisms are involved in glutamine-mediated preservation of tight junction 

integrity.  
•   Clinical signifi cance of glutamine in diseases associated with gut barrier dysfunction is promising, 

yet needs further studies to substantiate.    

mailto: rrao2@uthsc.edu
mailto: Rkrao-uthsc@gmail.com
mailto: kchaudhr@uthsc.edu


324

  Gln-Gln    Glutamine-glutamine dipeptide   
  Gly-Gln    Glycine-glutamine dipeptide   
  IP3    Inositol trisphosphate   
  IBD    Infl ammatory bowel disease   
  IBS    Irritable bowel syndrome   
  JAM    Junction adhesion molecule   
  MAP kinase    Mitogen-activated protein kinase   
  MMP    Metalloproteinase   
  PI3K    Phosphatidylinositol 3-kinase   
  PTEN    Phosphatase and tensin homolog deleted on chromosome 10   
  PKC    Protein kinase C   
  TER    Transepithelial electrical resistance   
  TJ    Tight junction   
  ZO-1, ZO-2 & ZO-3    Zona occludens-1, -2 and -3   

       Introduction 

  L -Glutamine is the most abundant amino acid in blood stream accounting for 30–35 % of the amino 
acid nitrogen in plasma. It was classifi ed as a non-essential amino acid because it can be readily syn-
thesized in the body from glutamate by glutamine synthetase, which is expressed at high levels in 
skeletal muscle, liver, brain and stomach tissue. Intracellular concentration of  L -glutamine ranges 
from 2 to 20 mM, and its concentration in the extracellular fl uid varies from 0.5 to 0.8 mM. Under 
conditions of extreme physical exertion, trauma and severe infections, the rate of utilization of gluta-
mine is more than its rate of synthesis, resulting in a signifi cant decline in plasma glutamine concen-
tration. Glutamine is an essential fuel for the gastrointestinal tract. It is required for the synthesis of 
proteins, nucleic acids and antioxidants, such as glutathione, and involved in the maintenance of 
acid–base balance with the release of ammonia during its metabolism. Under conditions of reduced 
plasma glutamine concentration, body depends on the exogenous glutamine to meet its requirements. 
Therefore,  L -glutamine now is reclassifi ed as a conditionally essential amino acid. 

 If the body requirement of glutamine is not met, the fi rst organ that responds to it is the gastroin-
testinal tract. Enterocytes prefer glutamine as a source of energy, but it lacks the capacity to synthesize 
glutamine. Therefore, dietary supply of glutamine is essential to maintain gastrointestinal structure 
and function. Clinical and experimental studies conducted during the past 25 years have identifi ed 
glutamine as an important nutrient for the growth and maintenance of intestinal mucosal integrity. 
Furthermore, glutamine has been recommended for the treatment of burn injury and critically ill 
patients. Maintenance of gastrointestinal functions, including the barrier function, is not only impor-
tant to ensure normal gastrointestinal functions, but also essential to prevent injury to other organ 
systems. A compromised intestinal barrier function may have a global impact on the body due to 
endotoxemia and bacterial translocation. Therefore, there is a great interest in understanding the role 
of glutamine in the maintenance and preservation of gut mucosal integrity. This chapter addresses the 
current understanding of the role of glutamine in intestinal mucosal homeostasis with a focus on its 
barrier function. Chapter will also make an attempt to distinguish the growth promotional effect of 
glutamine from its cell signaling effect in regulation of the intestinal epithelial tight junctions and 
barrier function. Finally, this chapter addresses the clinical implications of glutamine supplementation 
under health and disease.  
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    Glutamine and the Gastrointestinal Mucosal Homeostasis 

    Gastrointestinal Mucosa 

 A functional gastrointestinal tract rapidly develops during the late gestational and neonatal periods. 
Although a fully functional gut develops at weaning, the epithelial cells continue to proliferate and 
renew themselves with a high rate of turnover. Intestinal epithelial monolayer lines the luminal sur-
face of mucosa and folded into crypts and villi. Progenitor cells at the bottom of crypts proliferate and 
differentiate into enterocytes with multiple phenotypes as they migrate upwards to the tips of villi. 
Due to a continuous renewal of these cells, intestine requires a constant supply of nutrients to maintain 
cell proliferation and differentiation. Food is an important stimulus for the growth of gut as the 
enteral nutrients regulate the structure and morphology of the intestinal mucosa. Glutamine is one of 
the most important components of dietary nutrients that determine the intestinal mucosal integrity. 
Intestinal mucosa is an adapting tissue. Intestinal failure due to malnutrition is referred to as short 
bowel syndrome, where functional gut mass is reduced below the level that fails to meet necessary 
digestive and absorptive functions. But, the intestine bounces back with restoration of enteral nutrition. 
Three important functions of intestine is digestion, absorption and a defense system against toxins, 
allergens and pathogens. Therefore, functioning of other organ systems depends on the fully functional 
gastrointestinal tract.  

    Glutamine in Development of Gastrointestinal Tract 

 Glutamine is a major source of energy for the gastrointestinal tract and therefore has a signifi cant 
infl uence on the regulation of proliferation and differentiation of intestinal epithelial cells. It appears 
that glutamine is required for the development as well as maintenance of the gastrointestinal structure 
and functions. Experimental studies demonstrated that jejunum of developing rats has a greater capac-
ity to oxidize glutamine compared to the jejunum of adults rats [ 1 ]. Greater utilization of glutamine in 
enterocytes of developing intestine was further confi rmed in isolated enterocytes from developing 
pigs [ 2 ]. Glutamine depletion in artifi cially reared rat pups showed that glutamine is essential for the 
development of gastrointestinal tract [ 3 ]. Glutamine supplementation accelerates intestinal growth in 
hatchling broilers [ 4 ] and improves gut development and reduces diarrhea during weaning of piglets 
[ 5 ]. There is an elevated need for glutamine for gastrointestinal growth under challenged conditions. 
Glutamine improves the intestinal growth in malnourished developing rat pups [ 6 ] and prevents 
retardation of intestinal growth in  E. coli -challenged piglets [ 7 ]. Therefore, glutamine appears to 
play a crucial role in the development of gastrointestinal tract under normal physiologic and patho-
physiologic conditions.  

    Glutamine in Maintenance of Intestinal Mass 

 Intestinal epithelial cells continue to proliferate and differentiate even after the development, and 
therefore, the need for glutamine in the gastrointestinal tract continues. Studies have supported the 
conclusion that glutamine is essential to maintain the mucosal integrity and gut functions in adults. 
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Dietary supplementation of glutamine was found to be benefi cial in the maintenance of normal intes-
tinal mucosal morphology in weaned piglets [ 8 ]. Adult gut mucosa is the major site of glutamine 
metabolism. It is an important anaplerotic substrate in the mucosal cells and forms important source 
of energy accounting to about 35 % of the total carbon dioxide produced from various substrates in 
the intestinal mucosa. In addition to its growth-promoting effects, glutamine seems to have regulatory 
functions in the intestine. Glutamine promotes electro-neutral sodium chloride absorption in the jeju-
num of developed pigs, indicating the role of glutamine in functional integrity of the intestine [ 9 ]. 
Glutamine was effective in promoting sodium chloride absorption in animals infected with rotavirus. 
Therefore, glutamine may help in prevention of fl uid loss during diarrhea. In pigs, glutamine supple-
mentation increased the expression of hsp70 in duodenum and jejunum, indicating that it has cyto- 
protective role in the epithelial cell function and structure [ 5 ]. Therefore, in the developed intestine, 
glutamine is not only important for the proliferation and differentiation of mucosal cells, but also 
necessary for the regulation of epithelial functions. Therefore, glutamine may have benefi cial effects 
on the intestine under conditions of diarrheal and infl ammatory diseases. 

 The role of glutamine in enterocyte growth was confi rmed in cell culture studies. Lack of gluta-
mine attenuates the growth of two types of intestinal epithelial cells, IEC-6 and Caco-2 in culture 
in vitro. The growth-promoting effects of glutamine was neutralized by the addition of nucleosides, 
suggesting that glutamine serves as source of amide nitrogen pool for the synthesis of nucleotide and 
glucosamine in intestine [ 10 ]. Glutamine is also necessary during growth factor-mediated enterocyte 
proliferation. It is required for a maximal stimulation of intestinal epithelial cell proliferation by epi-
dermal growth factor (EGF) [ 11 ,  12 ]. EGF activates glutamine transport activity across the intestinal 
epithelial membrane through protein kinase C (PKC) and MAP kinase-mediated cell signaling. 
Therefore, glutamine infl uences gut in multiple aspects and help maintain the mucosal integrity under 
normal physiologic conditions.  

    Gastrointestinal Need for Glutamine Under Pathophysiologic Conditions 

 The gastrointestinal need for glutamine may be increased during pathophysiologic conditions. 
Prolonged stress and trauma or therapeutic treatments such as radiation and drugs may lead to drop in 
body glutamine pool causing mucosal atrophy. Oral glutamine supplementation supports gastrointes-
tinal mucosal growth and prevents mucosal and villous atrophy in patients receiving total parenteral 
nutrition [ 13 ]. Glutamine supplementation in animal models of total parenteral nutrition also showed 
a dose-dependent increase in mucosal weight. Enteral absorption of nutrients and electrolytes in ani-
mals with experimental diarrhea was greatly facilitated by glutamine. It lessens the severity of diar-
rhea by enhancing water and salt intake, and protects the gut epithelium from ammonia-induced cell 
death [ 14 ]. A mechanism associated with intestinal mucosal atrophy by various factors is increased 
cell death of epithelial cells. Glutamine-induced prevention of epithelial cell death is likely one of the 
mechanisms involved in glutamine-mediated mucosal growth. 

 One of the complications of radiation therapy is intestinal mucosal atrophy. Factors that prevent 
this side effect of radiation therapy are in search. Evidence indicates that glutamine prevents the 
radiation-induced gut mucosal injury [ 15 ,  16 ]. Administration of glutamine-rich diet protects gut 
mucosa from irradiation-induced intestinal injury and ulceration by raising the level of mucosal and 
plasma glutathione. Oxidative stress is one of the mechanisms involved in radiation-induced gut 
mucosal injury. Glutamine may promote gut health under such conditions by enhancing the antioxidant 
defense mechanism.   
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    Glutamine and Gut Barrier Function 

    Gut Barrier Function 

 In addition to its important role in digestion, absorption and secretion, the gastrointestinal epithelium 
serves as a barrier to the diffusion of toxins, allergens and pathogens from the luminal contents into 
the interstitial tissue. Barrier disruption and diffusion of noxious substances into submucosal region 
are known to induce infl ammation and mucosal injury. In fact, the disruption of gut barrier function 
plays a crucial role in the pathogenesis of numerous gastrointestinal diseases such as infl ammatory 
bowel disease (IBD), irritable bowel syndrome (IBS), celiac disease, and infectious enterocolitis. Gut 
barrier dysfunction and increased intestinal permeability appears to be an early factor in the pathogen-
esis of gastrointestinal diseases. Elevated intestinal permeability was recorded in fi rst-degree relatives 
of patients with Crohn’s disease and ulcerative colitis, although these relatives showed no symptom 
of IBD. Furthermore, gut barrier dysfunction affects the organs and tissue beyond the gastrointestinal 
tract. As the consequence of gut barrier dysfunction is endotoxemia and bacterial translocation, all 
organs are targets of this pathophysiologic condition. Recent studies have demonstrated the presence 
of increased gut permeability in patients with alcoholic liver disease, diabetes, obesity, and cardiovas-
cular diseases. The specialized junctional complexes called tight junctions provide the intestinal epi-
thelial barrier function. Loss of tight junction integrity and increased intestinal permeability to 
macromolecules are associated with the pathogenesis of IBD, IBS, and celiac disease. Mucosal pro-
tective factors such as growth factors and nutrients preserve the gut barrier integrity and are benefi cial 
in the treatment of various gastrointestinal diseases.  

    Glutamine in Development and Maintenance of Gut Barrier Function 

 Lack of enteral nutrition can lead to mucosal barrier dysfunction [ 17 ,  18 ]. Enterocytes prefer glutamine for 
fuel, and therefore, glutamine is an important dietary component for the maintenance of gut mucosal 
integrity. The fi rst question is whether glutamine is required for the development and maintenance of gut 
barrier function. Experimental data from neonatal animal models indicate that glutamine plays an impor-
tant role in the development of gastrointestinal mucosal barrier function [ 3 ]. The effects of endogenous 
glutamine and the dietary supplementation of glutamine on small intestinal morphology using light and 
transmission electron microscopy were investigated in artifi cially reared rat pups. Transmission elec-
tron microscopy demonstrated that the intestinal epithelial tight junctions are disrupted in the gluta-
mine-deprived and glutamine synthase inhibitor-treated pups. This study provided the initial evidence 
that glutamine is required for the formation of tight junction and development of barrier function in 
the intestinal epithelium. However, the effect of glutamine on the barrier function in this study cannot 
be distinguished from the glutamine-mediated overall development of gut mucosa. A low level of serum 
glutamine correlated with the intestinal barrier disruption, infl ammation and diarrheal diseases among 
children [ 19 ]. Glutamine supplementation, on the other hand, has been shown to increase intestinal bar-
rier function in malnourished children [ 20 ]. These correlative reports do support the role of glutamine in 
maintenance of normal physiologic barrier function. More direct support to this possibility was provided 
by studies using Caco-2 cell monolayers. Glutamine depletion by inhibition of glutamine synthetase in 
cultured Caco-2 cell monolayers increases epithelial permeability and bacterial translocation, indicating 
that at least the endogenously produced glutamine is essential for the maintenance of barrier function in 
the intestinal epithelium [ 21 ,  22 ]. Therefore, the current information is convincing that glutamine is 
necessary for the maintenance of intestinal epithelial barrier function.  
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    Glutamine in Preservation of Gut Barrier Function 

 Another important question is whether glutamine is required for the maintenance of gut barrier function 
under physiologic or pathophysiologic conditions. Evidence from clinical studies indicates that gluta-
mine supplementation improves gut barrier function under conditions of total parenteral nutrition 
[ 13 ], burn injury [ 23 – 25 ], gastrointestinal complications in acquired immune defi ciency syndrome 
(AIDS) [ 26 ], and malnutrition [ 27 ]. These studies are summarized in Table  25.1 . The effect of gluta-
mine dipeptide supplementation on intestinal permeability was investigated in critically ill patients 
who were on support of total parenteral nutrition [ 13 ]. Excretion of  D -xylose was used as a marker of 
intestinal permeability. Glutamine dipeptide prevented intestinal atrophy and reduced intestinal per-
meability. In severe burn injury patients, glutamine supplementation improved plasma glutamine level 
and reduced intestinal permeability as measured by lactulose-mannitol assay [ 24 ]. Intestinal perme-
ability was also measured by lactulose-mannitol assay in malnourished children who were fed enteral 
formula. Supplementation of formula with glutamine signifi cantly reduced intestinal permeability 
[ 27 ]. Although the clinical studies in support of glutamine response in the gut barrier preservation is 
handful, these are powerful data in support of the role of glutamine in preservation of gut barrier func-
tion at least under challenged conditions.

   The role of glutamine in preservation of gut barrier function has been strongly supported by a wide 
spectrum of experimental studies using mice, guinea pigs, rats, cats and pigs, and applying experi-
mental models of total parenteral nutrition, burn injury, trauma, surgical stress, malnutrition, isch-
emia–reperfusion injury and biliary obstruction. Glutamine or dipeptides (Gln-Gln, Ala-Gln or 
Gly-Gln) were used for treatment in different studies. Intestinal permeability and barrier function 
were evaluated by determining bacterial translocation, endotoxemia, and absorption of fl uorescein 

   Table 25.1    Glutamine-mediated preservation of gut barrier function   

 Species  Experimental condition  Treatment  Response to  L -glutamine supplementation  Reference 

 Rat  Total parental nutrition  Ala-Gln  Improves intestinal barrier function measured by 
xylose and FITC-dextran absorption and reduced 
bacterial translocation 

 [ 29 ,  30 ,  32 ] 

 Pig  Total parenteral nutrition  Gln-Gln  Prevents bacterial translocation  [ 22 ] 
 Human  Total parenteral nutrition 

(critically ill patients) 
 Ala-Gln  Reduced gut permeability as measured by  D -xylose 

absorption 
 [ 13 ] 

 Human  Severe bum injury  Gln  Improvement of gut mucosal barrier function  [ 23 – 25 ] 
 Guinea pig  TNBS-induced colitis  Gln  Reduced endotoxemia  [ 33 ] 
 Mice  Intestinal obstruction  Gln  Preserves mucosal integrity, barrier disruption, and 

bacterial translocation 
 [ 38 ] 

 Rat  Intestinal resection  Gln-Gln  Prevents bacterial translocation  [ 36 ,  37 ] 
 Ala-Gln 

 Rat  Experimental pancreatitis  Gln  Prevents gut barrier disruption  [ 34 ] 
 Rat  Ischemia–reperfusion  Ala-Gln  Restores small bowel barrier function by increasing 

the level of intestinal glutathione 
 [ 40 ,  41 ] 

 Gln 
 Mice  Ischemia–reperfusion  Gln  No protection; rather worsens condition  [ 42 ,  43 ] 
 Rat  Experimental biliary 

obstruction 
 Gln  Reduced gut permeability and prevents bacterial 

translocation 
 [ 35 ] 

 Human  Abdominal radiation- 
induced toxicity 

 Gln  Protects systemic immune and gut barrier function 
by decreasing oxidative stress and increasing 
mucosal lymphocyte count 

 [ 15 ] 

 Human  Diarrheal diseases in 
children 

 Ala-Gln  Reduces intestinal permeability, endotoxemia, and 
infl ammatory responses 

 [ 20 ,  27 ] 

 Human  Surgical stress  Gln  Decreases mucosal atrophy and improves gut barrier 
function 

 [ 36 ,  37 ,  39 ] 
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(FITC)-conjugated dextran. Total parenteral nutrition in rats increased gut permeability and induced 
bacterial translocation [ 28 – 32 ]. Administration of glutamine, Ala-Gln or Gly-Gln signifi cantly 
reduced intestinal permeability and attenuated bacterial translocation. Glutamine supplementation 
reduced endotoxemia in trinitrobenzoyl sulfonic acid-induced colitis in guinea pigs [ 33 ], reduced gut 
permeability caused by experimental pancreatitis in rats [ 34 ], and attenuated bacterial translocation 
induced by biliary obstruction in rats [ 35 ]. Gut barrier function and bacterial translocation caused by 
surgical stress, such as intestinal resection [ 36 ,  37 ], intestinal obstruction [ 38 ], and liver transplanta-
tion [ 39 ] were also signifi cantly ameliorated by enteral feeding of glutamine or glutamine dipeptide. 

 Ischemia–reperfusion is a clinically relevant condition that disrupts gut barrier function and 
increases permeability. However, there are confl icting information present regarding the potential 
benefi cial effect of glutamine in ischemia–reperfusion-induced gut permeability. Two studies showed 
that administration of glutamine or Ala-Gln dipeptide ameliorates ischemia–reperfusion-induced gut 
permeability in rats [ 40 ,  41 ]. On the other hand, two other studies showed that intraluminal adminis-
tration of glutamine worsens the condition and found to be detrimental to gut barrier function during 
ischemia–reperfusion in mice [ 42 ,  43 ]. It is unclear if this discrepancy was due to the different species 
used in these studies or some other differences in experimental conditions. Overall, the experimental 
studies are fairly convincing that glutamine preserves the gut barrier function under conditions of 
clinically relevant surgical stress, total parenteral nutrition, burn injury, trauma and sepsis. 

 As glutamine is the preferred fuel for enterocytes it stimulates cell proliferation, differentiation, 
and mucosal growth. Therefore, the question is whether the glutamine-mediated gut barrier protection 
seen in all clinical and experimental studies is due to a direct infl uence on the barrier function, or if it 
is an indirect effect as a result of improved cell proliferation and mucosal growth. At this time, there 
are no clear data available to answer this question with confi dence. There are no experimental studies 
reported that directly addressed the regulation of epithelial barrier function by glutamine that is inde-
pendent of an effect on mucosal growth. However, there are few in vitro studies, using cell lines, 
indicate that glutamine may have a direct impact on the regulation of epithelial barrier function. 
Glutamine depletion disrupts epithelial barrier function in Caco-2 cells [ 21 ]. Furthermore, glutamine 
prevents barrier disruption by acetaldehyde in Caco-2 cell monolayers [ 47 ]. Figure  25.1  shows the 
dose-dependent effect of glutamine in preservation of barrier function.    

    Glutamine and Epithelial Tight Junctions 

    Epithelial Tight Junctions 

 The gut barrier function is provided by the epithelial monolayer due to the formation of specialized 
intercellular junctional complex called tight junctions. Located at the apical end of the lateral mem-
brane, tight junctions seal the intercellular space for a selective barrier to the diffusion of macromol-
ecules across the epithelium. Epithelial tight junctions are size selective and charge selective in 
allowing diffusion of molecules across the epithelium. Information on the molecular structure of tight 
junctions in recent studies lead to propose a combination of “leak pathway” and “pore pathway” for 
the movement of molecules across the tight junctions [ 44 ]. Leak pathway represents the impedance to 
movement of molecules based on the size of the molecule. Diffusion of molecules with a spatial diam-
eter of greater than 4 Å is impeded by the tight junctions. The permeability to larger molecules 
through the leak pathway is independent of the charge it carries [ 44 ]. On the other hand, the pore 
pathway refers to channel-like pores formed by specifi c proteins such as claudins that allow diffusion 
of specifi c ions. Therefore, tight junctions appear to be a complex structure with specifi city of 
 composition varying from epithelium to epithelium. 
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 Recent studies have shed light into the molecular structure of tight junctions and the regulation of 
assembly and disassembly at a greater depth. Tight junction is a multiprotein complex consisting of 
transmembrane and intracellular plaque proteins. Transmembrane proteins include occludin, claudin, 
junctional adhesion molecule (JAM), and tricellulin [ 44 ]. Several isoforms of occludin, claudin and 
JAM have been identifi ed that are differentially expressed in different epithelia and contribute to dis-
tinct barrier properties of tight junctions in different epithelia. The plaque proteins include the adapter 
proteins such as ZO-1, ZO-2, and ZO-3. These adapter proteins interact with many other proteins such 
as 7H6, cingulin, symplekin, ZONAB, etc. The multiprotein complex of tight junction is anchored to the 
perijunctional actin-myosin belt. The protein–protein and tight junction–actin interactions are essential 
for the assembly and maintenance of tight junctions. Disruption of interaction between occludin and 
ZO-1 leads to disruption of tight junctions and barrier dysfunction. Similarly, disruption of actin cyto-
skeleton results in loss of tight junction integrity and increased paracellular permeability. The protein–
protein interactions in the tight junctions are regulated by intracellular signaling elements. 

 Many signaling molecules either directly interact with the tight junction proteins or localized adja-
cent to tight junctions [ 45 ]. Heterotrimeric G-proteins such as Rab3a and Rab13 interact with ZO-1 
and ZO-2 and participate in regulation of tight junction integrity and epithelial barrier function. 
Tyrosine kinases such as c-Src and c-Yes associate with tight junction protein complex, and induce 

  Fig. 25.1    Glutamine 
prevents acetaldehyde- 
induced barrier disruption in 
Caco-2 cell monolayers [ 47 ]. 
In this study, Caco-2 cell 
monolayers were incubated 
with varying doses of 
glutamine prior to exposure 
to 400 μM acetaldehyde for 
4 h. Transepithelial electrical 
resistance ( a ) and 
permeability to inulin ( b ) and 
lipopolysaccharide (LPS) ( c ) 
were measured. Mean ± SEM 
are presented and  asterisk  
indicates the values are 
signifi cantly different from 
the value for acetaldehyde 
without glutamine       
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tyrosine phosphorylation of tight junction proteins. Phosphotidylinositol 3-kinase (PI3-kinase) interacts 
with occludin and PTEN (phosphatase and tensin homolog deleted on chromosome 10) interacts with 
ZO-2 and ZO-3. PKCλ interacts with Par3 and Par6, while PKCζ and PKCη interact with the 
C-terminal domain of occludin. Protein phosphatases, such as PP2A and PP1, also bind to C-terminal 
domain of occludin and regulate phosphorylation of tight junction proteins on serine and threonine 
residues. Numerous pharmacologic and molecular studies have demonstrated that these signaling 
molecules do regulate the tight junction integrity. PKC isoforms such as PKCλ, PKCζ and PKCη are 
required for the assembly and maintenance of tight junctions. On the other hand, activation of PKCδ 
leads to disruption of tight junctions. Other PKC isoforms such as PKCβI and PKCε are involved in 
preservation of tight junction integrity in the intestinal epithelium from toxic effects of acetaldehyde 
and hydrogen peroxide. Oxidative stress disrupts tight junctions involving multiple signaling mole-
cules such as PI3-kinase, c-Src and PP2A. Prevention of hydrogen peroxide-induced tight junction 
disruption by EGF involves MAP kinases and PKC. Therefore, multiple signaling pathways are 
involved in the regulation of tight junctions of different epithelia, including intestinal epithelium.  

    Infl uence of Glutamine on Tight Junctions 

 In vitro studies using Caco-2 cell monolayers demonstrated a direct infl uence of glutamine on tight 
junction integrity in the intestinal epithelium. Caco-2 cells were derived from colon adenocarcinoma 
tissue. In cell culture, these cells differentiate into polarized enterocyte monolayer with well- developed 
tight junctions. Therefore, this cell line has been extensively used as a model of the intestinal epithe-
lium, especially for the study of gut barrier function. About a decade ago it was fi rst demonstrated that 
glutamine is essential for the development of barrier function and prevent bacterial translocation in 
caco-2 cells [ 46 ]. Treatment of Caco-2 cells with methionine sulfoximine, an inhibitor of glutamine 
synthase, caused reduction in transepithelial electrical resistance and increase in permeability to man-
nitol and FITC-dextran [ 46 ]. This effect of methionine sulfoximine was prevented by glutamine sup-
plementation. The extent of the effect of methionine sulfoximine on barrier function was somewhat 
similar to its effect on overall protein synthesis. Therefore, it is unclear whether the effect was due to 
its infl uence on the general protein synthesis or if glutamine had a more specifi c effect on tight junc-
tions. Another study used Caco-2 cell monolayers to model the luminal starvation to mimic depletion of 
enteral nutrition. A 24-h apical nutrient deprivation resulted in depletion of intracellular glutamine, glu-
tamate and glutathione, and increased transepithelial permeability to FITC-dextran [ 21 ]. Glutamine 
supplementation restored the barrier function. In this study, the effect of glutamine was attributed to 
glutamate formation as inhibition of glutaminase by 6-diazo-oxo- L -norLeucine blocked glutamine- 
mediated restoration of barrier function. Once again, the barrier preservation by glutamine was associ-
ated with similar modulation of protein synthesis as well as reduction in glutathione levels. Therefore, it 
is unclear whether the barrier protective effect of glutamine was related to overall protein synthesis. 

 Few studies indicated that glutamine has a more specifi c infl uence on the integrity of intestinal 
epithelial tight junctions. Treatment of Caco-2 cell monolayers with methionine sulfoximine resulted 
in reduced levels of tight junction proteins such as claudin-1, occludin and ZO-1 [ 22 ]. This effect of 
methionine sulfoximine was prevented by glutamine supplementation. The changes in barrier func-
tion were associated with corresponding changes in junctional organization of occludin and claudin-1. 
Disruption of tight junctions and its prevention by glutamine was confi rmed by transmission electron 
microscopy. A direct infl uence of glutamine on regulation of tight junction integrity was observed in 
Caco-2 cell monolayers [ 47 ]. Glutamine treatment signifi cantly attenuated acetaldehyde-induced 
disruption of tight junctions and barrier dysfunction. A subsequent study demonstrated that glutamine 
has a similar protective effect in acetaldehyde-treated human colonic mucosa in vitro [ 48 ]. Therefore, 
glutamine appears to have a specifi c infl uence on the intestinal epithelial tight junction integrity that 
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likely involves specifi c cellular mechanisms. Figure  25.2  shows glutamine-mediated protection of 
tight junctions from acetaldehyde in Caco-2 cell monolayers, while Fig.  25.3  shows tight junction 
protection by glutamine in human colonic mucosal tissue.    

    Mechanisms of Glutamine-Induced Tight Junction Regulation 

 Limited information is available regarding the mechanisms involved in glutamine-mediated regulation 
of intestinal epithelial tight junctions. Treatment of caco-2 cell monolayers with 0.02–2.0 mM 
glutamine dose-dependently suppressed acetaldehyde-induced decrease in transepithelial electrical 

  Fig. 25.2    Glutamine 
prevents acetaldehyde-
induced tight junction 
disruption in Caco-2 cell 
monolayers [ 47 ]. In this 
study, Caco-2 cell monolay-
ers were incubated with 
2 mM glutamine prior to 
exposure to 400 μM 
acetaldehyde for 4 h. Fixed 
cell monolayers were stained 
for occludin and ZO-1 by 
immunofl uorescence method       

  Fig. 25.3    Glutamine prevents acetaldehyde-induced tight junction disruption in human colonic mucosa [ 50 ]. In this 
study, freshly collected human colonic mucosal biopsy tissues were incubated with 2 mM glutamine or 30 μM EGF 
prior to exposure to 400 μM acetaldehyde for 2 h. Cryosections were stained for occludin and ZO-1 by immunofl uores-
cence method       
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resistance and increase in epithelial permeability to inulin and  E. coli  lipopolysaccharide [ 47 ].  D - GLUTAMINE  
was ineffective, and inhibition of glutaminase by 6-diazo-oxo- L -norLeucine did not alter the protec-
tive effect of  L -glutamine, indicating that  L -glutamine rather than glutamate was responsible for this 
barrier protective effect. This study showed that glutamine rapidly activates EGF receptor in Caco-2 
cells, and that activation of EGF receptor is involved in glutamine-mediated protection of tight junc-
tions [ 47 ]. EGF has been previously shown to protect tight junctions in Caco-2 cell monolayers from 
acetaldehyde [ 49 ] and hydrogen peroxide [ 50 ]. Inhibition of EGF receptor tyrosine kinase activity by 
AG1478 signifi cantly blocked glutamine-mediated prevention of acetaldehyde-induced tight junction 
disruption (Fig.  25.4 ). This observation suggests that glutamine activates cell to induce a rapid trans-
activation of EGF receptor, which in turn is involved in the protection of tight junctions in acetalde-
hyde-treated cell monolayers. EGF-mediated protection of tight junctions involves ERK1/2 and PKC 
isoforms [ 49 ,  50 ]. Glutamine-mediated protection of tight junctions of human colonic epithelium 
from acetaldehyde also involves EGF receptor activation. Glutamine reduced acetaldehyde-induced 
protein tyrosine phosphorylation and attenuated depletion of detergent- insoluble fractions of tight 
junction and adherens junction proteins [ 48 ]. Confocal microscopy indicated that glutamine prevents 
acetaldehyde-induced disruption of tight junctions and adherens junctions. Pretreatment of colonic 
mucosal tissues with AG1478 attenuated glutamine-mediated prevention of acetaldehyde-induced 
depletion of detergent-insoluble fraction of tight junction proteins. These studies indicate that one of 
the mechanisms by which glutamine may induce barrier protective effect is transactivation of EGF 
receptor. The mechanism of glutamine-mediated EGF receptor transactivation remains to be uncov-
ered. The potential mechanism is illustrated in Fig.  25.5 .   

  Fig. 25.4    EGF receptor 
tyrosine kinase is involved in 
glutamine-mediated 
prevention of acetaldehyde- 
induced barrier disruption in 
Caco-2 cell monolayers [ 47 ]. 
Caco-2 cell monolayers were 
pretreated with AG1478 prior 
to glutamine treatment 
followed by 400 μM 
acetaldehyde for 4 h. 
Transepithelial electrical 
resistance ( a ) and inulin 
permeability ( b ). 
Mean ± SEM are presented. 
 Asterisk  indicates the values 
are signifi cantly different 
from the value for 
acetaldehyde without 
glutamine and symbol  hash  
indicates values that are 
different from values for 
acetaldehyde with glutamine       
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 A recent study provided some insight into the mechanism involved in tight junction disruption 
caused by glutamine deprivation (Fig.  25.5 ). Tight junction disruption and barrier dysfunction induced 
by glutamine depletion in Caco-2 cell monolayers was blocked by wortmanin and LY294002, 
selective inhibitors of PI3-kinase [ 51 ]. The role of PI3-kinase in glutamine-mediated tight junction 
disruption was confi rmed by knockdown of p85 subunit of PI3-kinase by RNA interference method. 
This study showed that glutamine induced phosphorylation of Akt, a signaling protein downstream to 
PI3-kinase. Therefore, tight junction disruption by glutamine depletion involves PI3-kinase-Akt 
signaling pathway. The current understanding of the mechanisms involved in glutamine-mediated 
tight junction regulation is illustrated in Fig.  25.5 .   

    Clinical Signifi cance 

 Most experimental studies have provided positive insight into the potential therapeutic benefi t of 
glutamine in various diseases associated with gut barrier dysfunction. However, clinical studies have 
not always been encouraging. Improvement of gut barrier function by glutamine or dipeptides in criti-
cally ill [ 13 ], AIDS [ 26 ] and burn injury [ 23 – 25 ] patients, and malnourished children [ 20 ] is encour-
aging. However, lack of an effect of glutamine on barrier function in patients with Crohn’s disease, 
and malnourished Gambian children raised doubt on the potential benefi cial effect at the bedside. 
The information available indicates that glutamine certainly has a benefi cial effect in the treatment of 
critically ill and burn injury patients [ 13 ,  23 – 25 ]. Additional benefi t of glutamine would be in malnour-
ished children and total parenteral nutrition. Therefore, the benefi t of glutamine may depend on the 
type of illness. The high consistency in animal studies and discrepancies in clinical studies begs the 
question, what is the difference between these two model systems. It is likely that the high consistency 
in animal studies is due to the fact that experimental animals are maintained under controlled standard 
conditions, whereas conditions in patients are much more complex with multiple variables. 

  Fig. 25.5    Schematic 
representation of mechanisms 
involved in tight junction 
regulation by glutamine. Part 
of the scheme with  broken 
arrows  represents author’s 
speculation.  MMP  metallo-
proteinase,  EGFR  epidermal 
growth factor receptor,  PLCγ  
phospholipase Cγ,  IP3  
inositol trisphosphate,  DAG  
diacylglycerol,  PKCβI  
protein kinase βI,  [Ca   2+   ]   i   
intracellular calcium,  TJ  tight 
junction,  PI3K  phosphati-
dylinositol 3-kinase       
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 High turnover of glutamine in the body requires it to be administered at a high dose. The glutamine 
turnover may further vary in different types and state of illness, and even individualized. Therefore, 
different doses may be required on an individualized basis. The benefi cial effect of glutamine may be 
improved by optimizing the dosage on an individual basis. The bright side is that so far there is no 
indication of any harmful effect of glutamine, and therefore is a good candidate to be labeled as a 
“neutraceutical.”  

    Conclusions 

 Thus far, it is clear that glutamine is benefi cial in maintenance and recovery of gut barrier function. 
Experimental studies are compelling, and the clinical studies are encouraging. The information that is 
lacking in this fi eld is the specifi c effect of glutamine on the development, maintenance, and protection 
of intestinal epithelial tight junctions. In vivo studies that focus on determining the glutamine effect 
on tight junctions that separate them from glutamine-induced mucosal growth and in vitro studies that 
address the cellular and molecular mechanisms involved in tight junction regulation by glutamine 
are warranted. Such studies are likely to advance our knowledge in the molecular mechanisms of 
glutamine effect on gut barrier function and help formulate glutamine regimen in therapy of multiple 
diseases on individualized basis.     
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            Key Points 

•     A complex interplay between genetic, enteric microbiota, environmental, and immunological 
 factors has been believed to contribute to disease initiation and progression.  

•   Glutamine defi ciency has been found in active IBD lesions of human biopsies, providing theoreti-
cal niche for glutamine supplementation in IBD.  

•   Preclinical data are generally supportive of a positive role of glutamine to prevent or attenuate 
intestinal infl ammatory in the experimental IBD models.  

•   Glutamine is shown to modulate multiple interrelated mechanistic factors, e.g., intestinal barrier 
integrity, tissue oxidative burden/stress, cytokine network, and innate cytoprotective mechanisms.  

•   A limited body of clinical trials examining therapeutic potential of glutamine in IBD patients, 
however, produced considerably mixed results.  

•   A gap still remains between experimental fi ndings and a practical clinical strategy for glutamine 
use, and basic questions on how to administer this nutrient in a clinically relevant and effective 
paradigm still remain poorly answered in IBD settings.     
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    Abbreviations 

    B reg     Regulatory B cells   
  CD    Crohn’s disease   
  DSS    Dextran sulfate sodium   
  GI    Gastrointestinal   
  HCl    Hydrochloric acid   
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  HSR    Heat shock response   
  HSP    Heat shock protein   
  HO    Heme oxygenase   
  IBD    Infl ammatory bowel disease   
  IFN    Interferon   
  IKK    IκB kinase   
  IL    Interleukin   
  iNOS    Inducible nitric oxide synthase   
  IP    Intestinal permeability   
  MCP    Monocyte chemoattractant protein   
  MIP    Macrophage infl ammatory protein   
  MPO    Myeloperoxidase   
  MyD88    Myeloid differentiation primary response gene 88   
  NFκB    Nuclear factor (NF)-κB   
  LPS    Lipopolysaccharides   
  NSAID    Nonsteroid anti-infl ammatory drugs   
  T H     T-Helper lymphocyte   
  TJ    Tight junction   
  TLR    Toll-like receptor   
  TNBS    trinitrobenzene sulfonic acid   
  TNF    Tumor necrosis factors   
  TPN    Total parental nutrition   
  TRAIL    Tumor necrosis factor-alpha-related apoptosis-inducing ligand   
  T reg     Regulatory T cells   
  UC    Ulcerative colitis   
  YAMC    Young adult mouse colonic epithelial cells   
  ZO    Zonula occludens   

       Introduction 

 Infl ammatory bowel disease (IBD) is an idiopathic chronic condition of the gastrointestinal (GI) tract 
characterized by intermittent periods of infl ammation and remission. It comprises two major forms, 
i.e., Crohn’s disease (CD) and ulcerative colitis (UC), with distinct clinical and histopathological 
features. Although the etiology and pathogenesis of IBD is not fully understood, a complex interplay 
between genetic, enteric microbiota, environmental, and immunological factors has been believed to 
contribute to disease initiation and progression (Fig.  26.1 ) [ 43 ]. In genetically susceptible individuals, 
an exaggerated host immune response toward commensal bacteria is crucially essential to the patho-
genesis of IBD [ 43 ]. This belief lays the framework for the current paradigm for IBD treatment, which 
is aimed to correct the disrupted intestinal immune-microbial axis or the imbalance between infl am-
matory insults/environmental injurious factors and the cytoprotective response. Growing evidence 
suggests that a variety of dietary elements may extensively infl uence immune-microbial axis and/or 
favor the host cytoprotection against infl ammatory injury. This creates a unique niche for potential use 
of these nutrients as therapeutics for IBD.  

 Glutamine fi gures very prominently in the literature on nutritional modulation of the GI tract and 
appears to be among the most functionally versatile immunonutrients for regulating intestinal immu-
nity and promoting GI protective mechanisms in a variety of settings of infl ammatory stress and 
injury [ 8 ]. The aim of this review is to investigate the therapeutic potential of glutamine in in vitro cell 
cultures and in vivo animal IBD models.  
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    Pathogenesis of IBD 

 It is widely hypothesized that the intestinal infl ammation and mucosal damage characterized of IBD 
is triggered and perpetuated by excessive host immune responses to a subset of commensal enteric 
bacteria in genetically susceptible hosts. 

 Growing evidence indicates that IBD are, at least in part, the result of a genetic predisposition [ 54 ]. 
A number of susceptibility genes important to regulation of immune response, mucosal barrier func-
tion and microbial clearance are suggested to be implicated in the pathogenesis of IBD [ 54 ]. Mutations 
or variants of these genes (e.g.,  NOD2/CARD15 ,  DLG5 ,  MDR1 ,  IBD5 ,  IL23R , and  ATG16L1 ) are 
found to be associated with CD and/or UC and may cause defi cient downregulation of the innate 
intestinal immune response and altered microbial homeostasis [ 43 ,  54 ]. 

 A variety of studies using murine models show that the development of spontaneous chronic colitis 
are directly dependent on the presence of a luminal fl ora, which supports a pivotal role of enteric fl ora 
in the pathogenesis of IBD [ 45 ]. The intestinal immune-microbial axis, characterized by a dynamic 
balance between enteric microbes, particularly commensal fl ora, and host mucosal defense is key to 
the initiation and development of chronic IBD. 

 One hand, a disrupted compositional balance between benefi cial and aggressive species of the 
enteric fl ora could render a pro-infl ammatory milieu in the intestinal lumen of a susceptible host [ 44 ]. 
Accumulating evidence shows dysbiosis, an unfavorable alteration in the microbial composition of 
microbial commensal fl ora, is present in patients with IBD (11). Certain probiotics such as 
 Lactobacillus  and  Bifi dobacterium  species are protective against a variety of experimental colitis [ 44 ], 

  Fig. 26.1    Schematized interaction of contributing etiological factors involved in the infl ammatory bowel disease 
pathogenesis       
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whereas organisms such as  E. coli ,  Enterococcus  and  Klebsiella  species have been implicated in the 
pathogenesis of human IBD and experimental colitis [ 44 ]. 

 Nonetheless, colitis can be induced in a genetically susceptible host with normal commensal bac-
teria species [ 44 ]. These fi ndings indicate that the nature of the host defensive response, rather than 
the biological properties of an enteric bacterial species per se, may more crucially determine the role 
of microbe × host interaction in the initiation of IBD. The sophisticated interplay of genetic, micro-
bial, and other environmental factors culminates in an excessive host immune response against anti-
gens of the enteric commensal fl ora (Fig.  26.1 ). The sustained and exaggerated mucosal immune 
response serves as primary trigger of chronic intestinal infl ammation and tissue damage that are mani-
fest in IBD patients [ 43 ]. 

 An excessive innate and adaptive immune response is a more common feature in human IBD [ 43 ]. 
Sustained immune activation is arguably the driver of tissue damage and has been a primary target that 
a large body of therapeutic endeavors has been focusing on [ 43 ,  54 ]. Compromised intestinal barrier 
function may lead to increased uptake of antigens, thus constantly prime the immune activation and 
tune the mucosal immune homeostasis toward a pro-immune milieu. Increased gut permeability has 
been found in families with CD, indicating a role of gut barrier function in IBD predisposition. Genetic 
mutation or polymorphism in key genes (e.g.,  NOD2/CARD15    ) involved in epithelial function may 
result in altered intestinal barrier integrity. 

 The innate immune system constitutes the fi rst line of immune defense and provides immediate 
defense against infection. Recruitment of activated innate immune cells (i.e., neutrophils, macro-
phages, and dendritic cells) into the target site generally favors a pro-immune milieu, as these cells 
produce key effectors such as reactive oxygen species that result in infl ammation and increased 
IP. Macrophages and dendritic cells in the lamina propria are activated and increased in quantities in 
human and experimental IBD. Functionally, monocyte and polymorphonuclear cell-derived produc-
tion of pro-infl ammatory cytokines is also augmented in IBD. Although most pro-infl ammatory cyto-
kines and chemokines are upregulated in both CD and ulcerative colitis, cytokines induce type 1 
T-helper lymphocyte (T H 1) and T H 17 responses (e.g., interleukin (IL)-12, IL-23, and IL-27) are only 
selectively upregulated in CD but not in UC [ 39 ] (Table  26.1 ).

   Table 26.1    Cytokine profi le in Crohn’s disease and ulcerative colitis   

  Innate immune response  
 Cytokine/chemokine  CD  UC 
 IL-1β  I  I 
 IL-6  I  I 
 IL-8 (CXCL8)  I  I 
 IL-12  I  N 
 IL-18  I  I 
 IL-23 (p40/p19)  I  N 
 IL-27  I  N 
 TNF-α  I  I 
 Monocyte chemoattractant protein (MCP)-1  I  I 
 MCP-2  I  I 
 Macrophage infl ammatory protein (MIP)-1α  I  I 
 (MIP)-1β  I  I 

  Adaptive immune response  
 Cytokine  CD  UC 
 IL-5  N  I 
 IL-13  N  I 
 IL-17  I  N 
 IL-21  I  N 
 IFN-γ  I  N 

   I  increase,  N  normal,  CD  Crohn’s disease,  UC  ulcerative colitis  
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   NFκB pathway is the converging point for the signals initiated by these receptors when binding to 
their specifi c bacterial adjuvants [ 44 ]. Enhanced expression and activation of NFκB is strongly 
induced in the infl amed mucosal tissue of IBD patients [ 42 ]. NFκB is the master transcriptional regu-
lator of a variety of pro-infl ammatory mediators including cytokines (e.g., IL-1β, tumor necrosis fac-
tors (TNF), IL-6, and IL-8), adhesion molecules (e.g., Intercellular Adhesion Molecule 1) and 
co-stimulatory molecules (e.g., CD40, CD80, CD86). Biological and pharmacological targeting ther-
apeutics to block NFκB activation has been shown to ameliorate the spontaneous colitis in IL-10- 
defi cient mice [ 12 ]. Of note, NFκB signaling in the intestinal epithelium also has a key role in 
sustaining normal mucosal homeostasis via its anti-apoptotic action. Given the divergent functions of 
NFκB pathway in different cell types, downregulation of NFκB-controlled infl ammatory cytokines 
via blocking NFκB in immune cells may not be suffi cient to counteract the compromised epithelial 
barrier integrity due to the loss of pro-survival NFκB action in the epithelial cells [ 40 ]. 

 The mucosal tissue damage characterized in IBD is more attributable to the excessive activation of 
adaptive immunity, which is primed by the innate immune responses [ 39 ]. The effectors of adaptive 
immune responses include a variety of lymphocyte populations, i.e., T cells polarized with a T H 1, 
T H 17 or T H 2 phenotype, immunoglobulin-secreting B cells, regulatory T (T reg)  and B (B reg ) cells. CD 
and UC have distinct T-cell cytokine profi les with former exhibiting a T H 1polarization and the latter 
dominated by a T H 2 phenotype [ 39 ]. 

 As the key mediator for T H 1 response, interferon (IFN)-γ increases the production of IL-12 pro-
duced by antigen-presenting cells (i.e., dendritic cells and macrophages), and via positive feedback, 
IL-12 stimulates the production of IFN-γ in helper T cells, thereby promoting the T H 1 profi le. The T H 2 
response promotes its own profi le primarily via cytokine IL-4, which acts on T H  cells to promote the 
production of T H 2 cytokines (i.e., IL-4, IL-5, IL-10, and IL-13). The T-cell profi le of UC has been 
generally believed to have a T H 2 polarization, although levels of key T H 2 mediators (e.g., IL-4 and 
IL-5) are not necessarily elevated in UC as reported in some studies [ 21 ]. In addition to T H 1/ T H 2 
polarization paradigm, the T H 17 response has recently been identifi ed to play a role in IBD [ 1 ]. The 
T H 17 cells are maintained by the IL-12 family member IL-23. Both IL-23 and IL-17 levels are upregu-
lated in mucosal tissue of CD patients [ 47 ]. 

 In addition to activated innate and acquired immune responses, loss of tolerance to commensals is a 
common feature to both CD and UC. It is a vital task for the intestinal immune system to mount protective 
immune responses against harmful intestinal pathogens while preventing excessive responses to innocu-
ous commensal microbiome. Tolerance is an active physiological mechanism to sustain immune “unre-
sponsiveness” to commensal bacterial antigens and is crucial for preventing harmful hypersensitivity 
responses in the intestine. Regulatory T cells (T reg ) are the primary executors for maintaining tolerance to 
commensal microbes. Recent research has shown that these T reg  cells are crucial in preventing intestinal 
infl ammation and even have a key role in reverse established colitis [ 37 ]. In addition to T reg  cells, regula-
tory B cells (B reg ) have also been reported. By contrast to T reg  cells, B reg  cells are only observed in condi-
tions of infl ammation and suppress progression rather than initiation of experimental colitis [ 36 ]. 

 Given the genetic heterogeneity of human IBD and the multi-factorial nature of IBD pathogenesis, 
much of our current understanding of IBD pathogenesis has come from the studies of various animal 
and cell models which resemble several key immunological and histopathological aspects of human 
IBD. Examples of animal IBD models are listed in Table  26.2  representing a multifold of targeting 
mechanistic points of pathobiology.

       Evidence for Nutritional Modulation of IBD by Glutamine 

 Glutamine is proposed to become conditionally essential during stress states where demand for gluta-
mine outstrips its synthesis from endogenous precursors. In patients with CD at the remission stage, 
the splanchnic glutamine utilization does not seem to be altered, and there is no glutamine defi ciency 
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at the whole-body level as refl ected by the plasma level of glutamine [ 7 ]. However, local intestinal 
glutamine defi ciency has been consistently reported in active CD and UC lesions of human biopsies 
[ 4 ]. The latter fi ndings also furnish a theoretical niche for glutamine supplementation in IBD, which 
may potentially improve the outcomes by correcting the local intestinal glutamine defi ciency. 

    Clinical Evidence 

 Clinical research has emerged exploring the therapeutic use of glutamine in IBD patients. Results 
from this limited body of clinical trials are, however, considerably mixed (Table  26.3 ). Topical 
administration of glutamine and butyrate was compared on pouchitis secondary to ileal pouch-anal 
anastomosis in a pilot study. During the 21-day treatment, 6 of the 10 patients receiving glutamine 
suppository had no recurrence of pouchitis, whereas only 3 of the 9 patients receiving butyrate sup-
pository had no recurrence [ 52 ]. Compromised gut barrier function is a common feature of IBD. In 
a randomized controlled trial, patients with CD in the remission phase with an abnormal intestinal 
permeability (IP) received oral glutamine treatment at 0.5 g/kg/day. At the end of the 2-month study, 
glutamine treatment signifi cantly improved IP and intestinal morphometry assessed by villous crypt 
ratio [ 5 ]. Another uncontrolled pilot study investigated effects of oral glutamine treatment at 6 g/day 
on patients with inactive or moderate CD. Glutamine treatment signifi cantly improved IP and overall 
nutritional status compared to pretreatment values [ 58 ]. In terms of glutamine’s effect on IP, an ear-
lier clinical trial also reported that total parental nutrition (TPN) enriched with glycyl-glutamine 
maintained the normal LMR which was otherwise abnormally increased with standard TPN treat-
ment not containing glutamine [ 49 ].

   Nonetheless, a number of clinical trials also show an absence of clear benefi ts by glutamine 
supplementation in outcomes of IBD. A glutamine-enriched polymeric diet (42 % of amino acid 
composition, ~8.5 g/day glutamine delivered) given to pediatric patients with active CD for 4 weeks 
offered no benefi ts in disease activity index, weight and acute-phase reactants, compared to a stan-
dard polymeric diet with a low glutamine content (4 % of amino acid composition) [ 2 ]. In another 

   Table 26.2    Examples of experimental animal infl ammatory bowel disease models   

  Chemically-induced colitis  
 Trinitrobenzene sulfonic acid-induced colitis 
 Dextran sulfate sodium-induced colitis 
 Iodoacetamide-induced colitis 
 Acetic-acid-induced colitis 

  Spontaneously occurring  
 C3H/HeJBir mice 
 SAMP1/Yit mice 

  Compromised intestinal barrier function  
 Mutated multidrug-resistant gene mice 
 Intestinal trefoil factor knockout mice 

  Altered cytokine balance  
 IL-10 knockout mice 
 Interleukin-2 knockout/IL-2 receptor (R)α knockout mice 
 TNF-3’ untranslated region knockout mice 
 STAT-4 transgenic mice 

  Altered T-cell function  
 T0cell receptor mutant mice 
 HLA-B27 transgenic rat 
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study, oral glutamine in single form at 21 g/day (7 g, three times a day) was not able to improve the 
IP or other endpoints such as CD activity index and C-reactive protein in patients with CD. Of note, 
plasma levels of glutamine and glutamate were not changed after glutamine treatment, which may 
suggest that glutamine administration as factored by dose, administration schedule and duration, 
could be insuffi cient [ 14 ]. Compared to glutamine-free standard TPN, glutamine-enriched (0.2 g/kg/
day) TPN was also found unable to improve the IP or other outcomes examined in patients with 
active IBD. Parental glutamine in this administration paradigm was also found unable to change 
glutamine plasma levels [ 38 ].  

    Preclinical Evidence from Experimental IBD Models 

 A relatively small number of preclinical studies have explored the therapeutic potential of glutamine 
in a variety of experimental IBD models. Although limited, these preclinical data are generally sup-
portive of a positive role of glutamine in the experimental settings of IBD (Table  26.4 ). Multiple inter-
related key players in IBD pathogenesis could be potentially modulated by glutamine treatments. In 
these preclinical models, glutamine treatments exert direct or indirect effects on these mechanistic 
factors, such as improving intestinal barrier integrity, reducing tissue oxidative burden/stress, correct-
ing cytokine imbalance, modulating immune-microbial axis and promoting inherent cytoprotective 
mechanisms (i.e., heat shock response (HSR)), and overall favors an ameliorated functional, structural 
and immune homeostasis in the intestinal mucosa (Fig.  26.2 ).

       Improving Intestinal Barrier Integrity 

 Compromised gut barrier function has a vital role in the initiation and progression of intestinal infl am-
mation characteristic of IBD [ 44 ]. In a guinea-pig model of carrageenan-induced UC-like colitis, 
glutamine-enriched elemental diet at 2 % (w/v) was shown to reduce gut-derived endotoxin transloca-
tion compared to a standard elemental diet with low glutamine content (0.64 % (w/v)) [ 20 ]. In an 
ex vivo study using isolated rat colonic mucosa, glutamine supplied from only serosal side diminished 
mannitol permeability of the colonic mucosa injured by hydrochloric acid (HCl). Even though gluta-
mine added to both luminal and serosal sides seems to be superior to supplementation from the serosal 
side alone, a benefi cial effect with glutamine-supplemented parental nutrition is still indicated [ 46 ]. 
Dugan et al. [ 15 ] studied effects of luminal glutamine on IP using isolated ileum loops perfused with 
or without glutamine. Ileal perfusion with a glutamine solution effectively prevents endotoxin-induced 
increases in mucosal permeability [ 15 ]. 

 Mechanistically, glutamine’s modulation on gut barrier function may stem from a multiplicity of 
action on factors vital in upholding intestinal epithelial homeostasis. Splanchnic perfusion and intes-
tinal microcirculation is essential to preservation of mucosal structural integrity. Compromised intes-
tinal microcirculation has been observed in intestinal segments in colitis models. Glutamine, either 
administered enterally or parentally, can affect intestinal microcirculation [ 18 ,  19 ,  29 ]. Glutamine 
luminal perfusions helped to reestablish microvascular circulation after hemorrhagic shock in a rat 
model [ 18 ]. In a trinitrobenzene sulfonic acid (TNBS) colitis model, glutamine-supplemented TPN 
increased colonic capillary blood fl ow [ 29 ,  19 ], indicating a protection in the intestinal microcircula-
tion, though the glutamine treatment in a 48-h duration was not able to translate these benefi ts in 
intestinal microcirculation into improved gut barrier function at large [ 19 ]. 

 Tight junctions (TJ), which are multi-protein complexes composed of integral membrane proteins 
including occludin, claudins, and zonula occludens (ZO)-1, ZO-2, and ZO-3 that are in turn bound to 
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the perijunctional ring of cytoskeletal actin, form the paracellular apical junctions of intestinal epithelia. 
They serve as a vital cellular component of mucosal barrier and are the principal determinant of 
mucosal permeability. TJ alterations are found to contribute to the barrier defects in IBD. TJs appear 
to be abnormal with a substantial loss of occluding and other TJ proteins such as ZO-1, JAM-A, and 
claudin-1 [ 30 ]. Disrupted integrity of TJ may result in paracellular transport of bacterial lipopolysac-
charides (LPS) and luminal antigens, which may culminate in a constantly stimulated pro- infl ammatory 
milieu in the intestinal mucosal tissue [ 45 ]. Li et al. show that glutamine is essential to TJ protein 
expression and cellular localization in cultured Caco-2 cell monolayers [ 32 ,  33 ]. Deprivation of glu-
tamine from cell culture medium and inhibition of glutamine synthetase (GS) using methionine sulf-
oximine led to increased permeability of Caco-2 cell monolayers [ 13 ]. This was associated with 
reduced expression of claudin-1, occludin, and ZO-1 and abnormal subcellular re-localization of 
claudin- 1 and irregular junctional complexes formation [ 32 ]. We lack an understanding of how gluta-
mine potentially affects TJ functional and structural integrity during intestinal infl ammation. Given 
the glutamine defi ciency commonly found in the local intestinal mucosal tissue of IBD patients, 
which may jeopardize the mucosal tissue into a condition that renders an altered TJ protein expression 
and/or localization, exogenous glutamine supplementation may conceivably help to preserve TJ integ-
rity and thus maintain mucosal homeostasis. 

 On the other hand, gut barrier is also dependent on epithelial homeostasis determined by the bal-
ance between epithelial proliferation and death. Epithelial apoptosis is a prominent feature of the 
epithelial barrier disturbance in intestinal infl ammation. Glutamine has long been proposed as a gut- 
trophic factor which stimulates enterocyte proliferation, prevents excessive apoptosis and thus pro-
motes epithelial homeostasis recovery during a variety of acute and chronic stresses/injuries [ 41 ]. In 
Scheppach et al.’s ex vivo study using isolated rat colonic mucosa injured by HCl, glutamine exposure 
at the serosal side with and without luminal glutamine exposure, improved IP, which was also associ-
ated with an increase in crypt cell proliferation [ 46 ]. In a rat model with dextran sulfate sodium 
(DSS)-induced colitis, we report that pharmacologic-dose, oral bolus glutamine (0.75 g/kg/day) 

  Fig. 26.2    Glutamine modulates multiple interrelated key players in infl ammatory bowel disease pathogenesis, which 
may overall favor an ameliorated functional, structural and immune homeostasis in the intestinal mucosa. HSP: heat 
shock protein; MyD88: myeloid differentiation primary response gene 88; T H : T-helper lymphocyte; TLR: toll-like 
receptor       
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attenuated colitis disease activity [ 55 ]. This was associated with decreased apoptosis in colonic 
mucosa (unpublished data). In cultured non-transformed young adult mouse colonic epithelial cells 
(YAMC) exposed to concurrent cytokine (IFN-γ + TNF-α) and glutamine treatment, glutamine depri-
vation or insuffi cient glutamine supply (glutamine supplanted at 0 or 0.25 mM) renders the cells more 
vulnerable to cytokine injury with increased apoptosis and diminished cell proliferation, whereas this 
effect can be blunted with adequate glutamine supply at 0.5 mM or higher [ 55 ]. Likewise, in cultured 
human colon carcinoma HT-29 cells injured with a combination of IFN-γ + TNF-α or a single cyto-
kine, tumor necrosis factor-alpha-related apoptosis-inducing ligand (TRAIL), cytokine-induced 
apoptosis was attenuated by glutamine treatment in a dose-dependent manner and was completely 
blocked when glutamine was supplied at 0.5 mM [ 16 ].  

    Reducing Tissue Oxidative Burden/Stress 

 Of note, amongst the immunoregulatory factors, reactive oxygen molecules are produced in abnor-
mally high levels in IBD. A role of these reactive oxygen species and enhanced oxidative stress in the 
initiation and/or propagation of the disease has been identifi ed [ 56 ]. The notion that oxidative stress 
has a key role in triggering and propagating and/or propagation of IBD leads to theoretical basis for 
using antioxidants or compounds that can evoke or boost antioxidant defense during IBD conditions. 
Glutamine (via glutamate) is a precursor for glutathione synthesis and has been suggested to be rate 
limiting for glutathione synthesis during stress [ 51 ]. Enteral or topical glutamine supplementation has 
been consistently shown to preserve the glutathione store in models of TNBS and acetic acid-induced 
colitis [ 17 ,  22 ,  28 ]. In addition to GSH, glutamine treatment has been shown to increase other players 
of host antioxidant defense. Topical use of glutamine enemas which was initiated 2 days before induc-
tion of colitis by TNBS instillation reduced tissue oxidative damage and increased tissue ascorbic acid 
levels in colonic mucosa [ 26 ]. 

 NFκB pathway, primarily via activating pro-infl ammatory mediator expression, is intimately 
involved in the pathogenesis of IBD. It is noteworthy that activation of NFκB pathway is sensitive to 
the intracellular redox state. The activation of NFκB by most of the extracellular inducers is depen-
dent on the phosphorylation and subsequent degradation of IκB, inhibitor of NFκB, which results in 
release of p65/p50 complex and its rapid nuclear translocation where it activates the target gene tran-
scription. The increase in intracellular GSH by glutamine can reduce the activity of the redox- sensitive 
IκB kinases (IKK) which subsequently stabilizes IκB and downregulates activation of NFκB [ 48 ]. 
This pinpoints a mechanistic target point by which glutamine may potentially affect infl ammatory 
mediator network. In TNBS or acetic acid-induced colitis, glutamine administered via a rectal route 
was shown to reduce oxidative stress associated with inhibited NFκB signaling [ 17 ,  28 ]. Giriş et al. 
also demonstrated that glutamine treatment at 1 g/kg/day via intragastric gavage could reduce tissue 
oxidative stress, increase GSH store and reduce colonic p50 expression in rats with TNBS-induced 
colitis [ 22 ]. We also show that in cultured YAMC cells, exogenous glutamine could reduce cytokine- 
induced nuclear translocation of NFκB p65 subunit and inducible nitric oxide synthase (iNOS) 
expression [ 55 ].  

   Regulating Intestinal Innate Immunity 

 A defective suppression of innate immunity is implicated in IBD initiation and progression [ 54 ]. Toll- 
like receptors (TLRs) have emerged as a central point in innate immunity [ 35 ]. Activation of these 
receptors via binding to their microbial ligands, such as LPS or double-stranded RNA, initiates an 
infl ammatory cascade that attempts to clear the offending pathogen and further helps shaping specifi c 
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adaptive immune response [ 35 ]. Expression of TLRs, especially TLR4 and TLR2, is upregulated on 
intestinal epithelial cells and the intestinal macrophages of patients with IBD [ 23 ]. Kessel et al. dem-
onstrated that oral glutamine treatment protected endotoxemia-induced intestinal mucosal injury, 
associated with downregulation of expression of TLR4 and myeloid differentiation primary response 
gene 88 (MyD88), a key adaptor protein recruiting downstream kinase which leads to NFκB activa-
tion [ 27 ]. In a DSS-induced colitis model, intraperitoneal administration of alanyl-glutamine was also 
shown to attenuate colitis associated with reduced colonic TLR4 expression [ 24 ].  

   Modulating Cytokine Balance and T-Cell Polarization 

 The immune homeostasis of intestinal mucosa is regulated by a delicate balance of pro-infl ammatory 
and anti-infl ammatory cytokines. It has been well recognized that modulation of the gut cytokine 
milieu profoundly affects the nature of the response by effector immune cells to luminal microbes and 
their products [ 9 ]. In both entities of IBD (CD and ulcerative colitis) this intricate balance between 
pro-infl ammatory and anti-infl ammatory mediators is severely impaired and shifted toward the pro- 
infl ammatory side [ 39 ]. This belief constitutes a foundation for targeting pro-infl ammatory cytokines, 
such as using the neutralizing TNF antibodies in the clinic [ 6 ]. 

 Coeffi er et al. investigated how glutamine affected the cytokine network in cultured biopsies from 
human duodenum or colon ex vivo [ 11 ,  31 ]. Glutamine treatment at a physiological dose of 0.5 mM 
could effectively decrease the basal production of IL-6 and IL-8 of cultured biopsies as compared to 
isonitrogenous amino acid mixture [ 11 ]. These authors showed that supra-physiological doses up to 
10 mM compared to physiological dose at 0.5 mM further suppressed IL-1β induced production of 
IL-6 and IL-8 and at the same time increased production of the anti-infl ammatory cytokine IL-10 [ 10 ]. 
Further, glutamine at the pharmacological dose decreased IL-6 and IL-8 spontaneous production and 
NFκB p65 subunit expression, as compared to the physiological dose at 0.6 mM, in cultured infl amed 
colonic biopsies from patients with active CD [ 31 ]. These ex vivo models enable an in-depth mecha-
nistic pursue of glutamine’s regulations on related signaling pathways in human gut tissue [ 31 ]. In a 
TNBS-induced colitis model, pretreatment with semi-purifi ed diet enriched with 2 and 4 % glutamine 
(w/w) for 2 weeks before TNBS instillation attenuated the disease activity associated with suppressed 
levels of pro-infl ammatory cytokines IL-8 and TNF-α in infl amed tissue [ 3 ]. The same authors also 
show that IL-17A expression in the colonic tissue could be reduced by glutamine treatment in the 
same model [ 24 ].  

   Enhancing Intestinal Cytoprotective Heat Shock Response 

 During the course of evolution, cells have developed inherent stress-responsive mechanisms to 
dampen the many physiological and environmental insults they encounter. These are largely accom-
plished by a class of stress proteins, also termed as heat shock proteins (HSP). Induction of HSPs is a 
key innate mechanism to protect cells against stress/injury, and adequate expression of HSPs (e.g., 
HSP25, HSP70, heme oxygenase (HO)-1). Multiple lines of evidence reveal a key protective role of 
HSPs against infl ammatory injury in IBD. Chang et al. [ 25 ] have shown that the HSP expression is 
markedly suppressed in human IBD lesions, which may contribute to the dysregulated pro- 
infl ammatory response seen in IBD patients. HSPs could potentially modulate a gamut of interrelated 
processes or factors contributing to IBD pathogenesis, suggesting a multiplicity of HSPs’ action. 
During a variety of stress conditions, HSPs preserve intestinal epithelial cytoskeletal integrity, main-
tain integrity of intestinal TJ [ 34 ] and preventing permeability changes [ 34 ], which ultimately leads to 
better preserved intestinal barrier function. Further, activation of intestinal HSP expression has been 
shown to be a potent anti-infl ammatory signal through downregulation of NFκB pathway [ 50 ]. 
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 Mucosal injury associated with IBD is in nature a result from the unbalanced interplays between 
cytotoxic factors/conditions and cell inherent defense capacity. Promoting HSP expression appears 
to be a promising therapeutic target for preventing intestinal infl ammatory injury. However, labora-
tory approaches using chemical or hyperthermia are not practical for clinical application due to 
their inherent toxicities. We demonstrated for the fi rst time that oral bolus glutamine administration 
in pharmacological dose (0.75 g/kg/day) enhanced colonic epithelial expression of inducible HSPs 
in DSS-induced colitis model associated with mitigated disease activity and decreased colonic epi-
thelial apoptosis [ 55 ]. Further, in cultured YAMC cells, glutamine increased cellular HSP 25 and 
HSP 70 in a dose-dependent manner and attenuated cytokine-induced injury [ 55 ]. Echoed with our 
study, Hou et al. also showed that parental administration (intraperitoneal) of glutamine at 0.5 g/kg/
day also enhanced colonic epithelial HSP70 expression and attenuated DSS-induced colitis [ 24 ]. 
Thus, given the safe profi le of its clinical use, glutamine has the potential to be developed as the fi rst 
clinically relevant enhancer of heat shock response and may further elicit benefi ts in improving 
outcomes in IBD.    

    Conclusions 

 In experimental IBD models, glutamine seems to be a promising pharmaco-nutrient therapeutic to 
modulate a multifold of interrelated mechanistic factors, e.g., intestinal barrier integrity, tissue oxida-
tive burden/stress, cytokine network, and innate cytoprotective mechanisms (i.e., HSP), and thus over-
all to prevent or attenuate intestinal infl ammatory injury related to IBD. Despite signifi cant clinical 
data supporting its use in conditions such as trauma, sepsis, burns and cancer chemotherapies, its 
therapeutic use in the setting of IBD has been inadequately explored because the importance of basic 
pharmacological principles (i.e., route, dose, and schedule) have not been considered. Basic questions 
on how to administer this nutrient in a clinically relevant and effective paradigm, which have been 
defi ned in conditions such as critical illness, still remain poorly answered in IBD settings. 

 Topical administration of glutamine, which conceivably ensures a great bioavailability of gluta-
mine to local infl amed tissue, is associated with relatively consistent positive results in both clinical 
and experimental settings [ 17 ,  26 ,  28 ,  52 ]. Considerable debate has taken place regarding whether 
enteral or parental administration of glutamine provides a greater benefi ts. Direct communication 
between gut mucosa and enteral glutamine has irreplaceable benefi ts to the GI tract as a whole via 
preferential use as fuel source or precursors of important biomolecules via direct luminal absorption 
of upper small intestine, modifying mucosal immunity, and stimulating splanchnic blood perfusion 
and intestinal blood microcirculation. Compared to the enteral route, parenteral administration of 
glutamine would presumably result in a greater bioavailability to lower small intestine and large intes-
tine, which are most frequently involved in IBD, as enteral glutamine supply is subject to a great deal 
of fi rst-pass metabolism in the upper small bowel. Available evidence is not adequate to support one 
route as opposed to the other. 

 In in vitro cytokine-induced injury models, we and others demonstrated that insuffi cient glutamine 
supply at concentrations less than 0.5 mM in the media, which mimics tissue glutamine defi ciency 
in vivo, renders the cells more sensitive to cytokine-induced cell death [ 16 ,  55 ]. In light of this, large 
pharmacological doses of glutamine (at or approaching 0.5 g/kg/day), when supplied enterally in vivo, 
may thus pharmacokinetically lead to an adequate and sustained elevation of tissue glutamine level in 
lower small intestine and large intestine, which is likely essential for correcting glutamine defi ciency 
and overcoming the threshold to elicit benefi ts (e.g., HSR). Markedly insuffi cient (or non- 
pharmacologic) doses of glutamine used in some of these clinical trials, which is evidenced by the 
failure to increase plasma glutamine concentrations, may thus not able to result in an adequate increase 
in tissue-free glutamine pool size. Of note, in conditions such as critical illness or bone marrow 
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transplant, “pharmacological” glutamine doses which exceed the usual physiological requirements 
consistently produce positive results in terms of clinical and mechanistic outcomes [ 53 ,  57 ]. The 
newly emerged conception of administering glutamine in “pharmaco-nutrition” paradigm thus war-
rants more experimental and clinical trials in the settings of IBD.     
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        Key Points 

•     Supplemental glutamine is a potent gastroprotective agent. It protects nearly fully against stress 
ulceration and mucosal lesions caused by a number of injurious substances.  

•   Supplemental glutamine protects against ulceration by buffering gastric acid and by transcription-
ally regulating protective proteins in gastric epithelial cells.  

•   Supplemental glutamine has been evaluated in animal models as a potential alternative therapy in 
 H. pylori  infection. This work had mixed results.  

•   Supplemental glutamine in  H. pylori  infection blocks some of the important mucosal changes and 
reduces infl ammation.  

•   Supplemental glutamine is also utilized by  H. pylori  for growth, colonization, and survival and as 
such, supports the persistence of infection.  

•   Ammonia/ammonium is one important product of glutamine metabolism by  H. pylori.  This prod-
uct is cytotoxic to gastric epithelial cells.  

•   Long-term, mucosal pathogenesis during  H. pylori  infection (atrophy, metaplasia, dysplasia) 
occurs at about the same rate with or without supplemental glutamine.     

    Chapter 27   
 Glutamine Supplementation and  Helicobacter pylori  
Infection 
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   H. pylori      Helicobacter pylori    
  HP-Glts     H. pylori -specifi c glutamate transporter   
  HP-GTT     H. pylori -specifi c g-glutamyltranspeptidase   
  NH 4 Cl    Ammonium chloride   
  NMDA     N -Methyl  D -aspartate   
  RGM1    Rat gastric mucosal 1 cells   
  wkPI    Weeks post infection   

       Introduction 

     Helicobacter pylori  ( H. pylori ) infection of the stomach is associated with mucosal injury and 
ulceration, infl ammation that increases over time with concomitant pro-infl ammatory cytokine pro-
duction, defects in tight junction barrier function, abnormal repair mechanisms, and an increase in 
epithelial cell death and proliferation. Due to the potent gastroprotective properties of  L -glutamine 
(Gln), this amino acid has been proposed as a potential therapeutic agent during  H. pylori  infection. 
Gln may also be an attractive alternative therapy because of increasingly antibiotic-resistant bacte-
ria and the adverse effects of eradication regimes on esophageal homeostasis. Animal studies done 
to test this idea, however, suggest that supplemental Gln affects, both positively and negatively, 
mucosal pathogenesis and disease outcome. Further confounding the use of supplemental Gln in 
 H. pylori  infection is Gln metabolism by  H. pylori  itself, which is robust and is utilized to support 
cell survival mechanisms, colonization, and growth of the organism. Constitutive Gln metabolism 
by  H. pylori  contributes to the production of ammonia/ammonium (AA), which is one of the cel-
lular cytotoxins liberated during infection. Long-term exposure to AA in the absence of infection 
induces cell injury and mucosal atrophy, and increases infl ammation in vivo. In this review, we 
focus on the balance of processes that utilize supplemental Gln in a benefi cial and detrimental way 
(see Fig.  27.1 ) to infl uence the course of  H. pylori  infection.   

  Fig. 27.1    Effects of supplemental  L -glutamine on gastric mucosal protection versus injury during  H. pylori  infection. 
The positive and negative features of  L -glutamine shift the balance of protection and injury such that the later predomi-
nates during infection, resulting in mucosal pathogenesis and cancer progression       
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    Glutamine and Mucosal Protection in the Stomach:  A Historical Perspective  

 It has been known for some time that Gln is a potent mucosal protective compound in the stomach. The 
pioneering work of Takagi and Okabe [ 1 ], who developed the stress-induced ulcer model in rats, 
showed that Gln was the most effective amino acid at curing existing stress-induced ulcers (61.8 % 
curative), while Gln had no effect on the severity of ulcers if given prior to the experimental stress. This 
same group reported the curative effects of Gln on ulcers formed by other mechanisms as well, for 
instance on ulcers induced by indomethacin [ 2 ,  3 ]. Further work with aspirin-, acetic acid-, or tauro-
cholate-induced gastric lesions demonstrated that (1) high doses of Gln (750–1,500 mg/kg) resulted in 
nearly full protection from injury and ulceration [ 4 – 8 ]; (2) ulceration occurred in these different mod-
els by a common mechanism that involves the back-diffusion of gastric acid due to barrier defects. Gln 
protected against ulceration by buffering gastric acid so that acid back-diffusion and thus mucosal 
injury was attenuated [ 5 ]; (3) protection occurred when Gln remained in the stomach for the duration 
of injury and repair rather than being provided as an oral gavage once or twice daily [ 3 ,  4 ]; and (4) the 
protective effects of Gln on ulceration and mucosal lesions did not seem to be a specifi c effect on cell 
function because both  L - and  D -Gln provided similar protection [ 9 ]. These studies suggested that oral 
dietary supplementation with Gln would protect against ulceration and mucosal injury that were the 
result of acid hypersecretion in patients with ulcer disease or other similar gastric disorders. In fact, 
Kotobuki Pharmaceutical Co. Ltd. launched the therapeutic drug Marzulene-S in 1969, which is an oral 
agent containing 99 %  L -glutamine and 1 % sodium azulene sulfonate (azulene) and is prescribed to 
combat gastric and duodenal ulcers, and acute and chronic gastritis. Marzulene-S and new generation 
drugs in this class are also thought to attenuate chronic gastritis, ulceration, and mucosal injury that 
occur during  H. pylori  infection due to the potent protective properties of Gln and anti- infl ammatory 
properties of sodium azulene sulfonate. One study supports this premise experimentally in gerbils 
infected with  H. pylori  [ 10 ], although the Gln concentration given as a dietary supplement (20 % 
dietary Gln or Marzulene-S supplementation, approximately 45 % dietary protein) was not controlled 
so it is unclear whether the protective effects of Gln with or without azulene are specifi c for Gln and 
azulene or are due to high protein levels, changes in energy balance, or changes in food consumption. 

     H. pylori  Infection of the Stomach 

 Numerous review articles have outlined aspects of the pathogenesis of  H. pylori  infection [ 11 ,  12 ] and 
will not be covered in this review. It should be noted, however, that infection with  H. pylori  occurs in 
50 % of the world’s population and is a major risk factor for gastric cancer development, which is the 
fourth most common cancer and the second most common cause of cancer deaths worldwide [ 13 – 15 ]. 
 H. pylori  infection is associated with increasing levels of infl ammation and pro-infl ammatory cyto-
kine production, along with the liberation of a number of cytotoxins including members of the  cag  
pathogenicity island,  vacA  producing vacuolating cytotoxin, lipopolysaccharide, and AA, which indi-
vidually or together are thought to facilitate cancer development. The  ure  genes from  H. pylori  are 
required for the expression of urease, which facilitates the production of AA from the metabolism of 
urea in the gastric juice [ 16 ].  H. pylori  also express enzymes that hydrolyze asparagine and Gln, fur-
ther increasing AA production [ 17 ,  18 ]. AA production is essential for  H. pylori  colonization and the 
persistence of infection [ 19 ], but is cytotoxic to gastric epithelial cells. Although other  H. pylori  viru-
lence factors are essential components of mucosal pathogenesis and cancer development, Gln 
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specifi cally affects the production of AA by  H. pylori . Luminal AA in the absence of infection causes 
gastritis, superfi cial erosions, enterochromaffi n-like cell hyperplasia, mucosal thickening, increased 
levels of gastrin, mucosal atrophy, and accelerated cell migration in vivo [ 20 ,  21 ]. Increased produc-
tion of AA by  H. pylori  is thus likely to be an important factor in shifting the balance of protection 
versus injury and cancer development (see Fig.  27.1 ) with supplemental Gln administration.  

    Glutamine Protects Against AA Cytotoxicity in Gastric Epithelial Cells 

 The concentration of AA is normally about 0.5–0.7 mM in the gastric juice but can increase to more 
than 20 mM in patients infected with  H. pylori  [ 22 ,  23 ]. When cultured human gastric cells were incu-
bated with  ure  +   H. pylori  in the presence of urea, about 20 mM AA was generated in 2 h and 40 mM in 
24 h and the viability of cells was reduced as the AA concentration increased [ 24 ]. In vivo [ 21 ,  20 ] and 
in vitro [ 25 – 27 ] studies confi rmed that AA also reduced the viability of gastric epithelial cells. 

 Using ammonium chloride (NH 4 Cl) as the source of AA and rat gastric mucosal (RGM)1 cells 
in vitro, it was recently shown that NH 4 Cl caused a dose-dependent increase in cell death and vacuola-
tion, which were both inhibited by Gln [ 26 ]. RGM1 cells metabolize ammonia to urea via arginase 
(see Fig.  27.2 ), a process that is stimulated by Gln and results in reduced AA cytotoxicity [ 26 ]. Gln 
also protects mitochondria directly (see Fig.  27.2 ), by preventing the loss of membrane potential and 
maintaining cellular ATP levels [ 28 ]. Further mechanistic work using RGM1 cells to study AA cyto-
toxicity (see Fig.  27.3 ), with AA that was generated from NH 4 Cl or from  ure  +  H. pylori , showed that 
AA kills gastric epithelial cells by activating Ca 2+  uptake via  N -methyl- D -aspartate (NMDA) channels, 
resulting in Ca 2+ -mediated mitochondrial injury and ATP depletion, calpain and cathepsin D activa-
tion, and endoplasmic reticulum (ER) stress/injury [ 29 ]. Although not tested experimentally, Gln 
administration must protect against injury from one or more of these Ca 2+ -mediated pathways or it 
blocks NMDA channel activation by AA altogether.    

  Fig. 27.2    Glutamine protects 
against ammonia (NH 3 )/
ammonium (NH 4  + )-induced 
injury in gastric epithelial 
cells. Ammonia/ammonium, 
generated by  H. pylori  (or 
chemically by exposure to 
NH 4 Cl) is detoxifi ed in the 
urea cycle by the enzyme 
arginase, which converts 
 L -arginine plus ammonia to 
 L -ornithine and urea. 
 L -Glutamine also protects 
against the loss of 
mitochondrial membrane 
potential in mitochondria 
(Mito) and the concomitant 
reduction in cellular ATP 
levels that occur in the 
presence of ammonia/
ammonium       
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    Glutamine Supplementation as an Alternative Therapy for H. pylori  Infection 

 The protective effects of Gln against stomach ulceration in vivo and against AA-induced injury to 
gastric epithelial cells in vitro, suggested that Gln supplementation may be effective as an alternative 
therapy for reducing mucosal pathogenesis during  H. pylori  infection. To show feasibility for this 
idea, it would be important to limit the supplemental Gln concentration to 5 % or less and the study 
must use a Gln-containing diet with purifi ed components that maintains an energy balance. To this 
end, a mouse model of  H. pylori  infection was used to demonstrate that 5 % supplemental Gln (6.9 % 
total Gln) had both a positive and negative impact on gastric histopathology over time [ 30 ]. 

 One unexpected result in  H. pylori -infected mice was that supplemental dietary Gln signifi cantly 
increased infl ammation early in infection (see Fig.  27.4 ) that was correlated with high levels of IL-1β 
expression [ 30 ]. Because dietary Gln alone was insuffi cient to produce gastric infl ammation, the com-
bination of Gln and  H. pylori  was responsible for this negative effect of Gln [ 30 ]. Gln increases 
MAPK signaling as does  H. pylori , suggesting that Gln, in combination with  H. pylori , increases IL-8/
CXC chemokine expression early in infection resulting in greater infl ammation than occurs with  
H. pylori  alone. Although it is unclear what long-term effects the high initial IL-1β expression causes 
early in infection, IL-1β  affects gastric epithelial cells by disrupting tight junction integrity [ 31 ,  32 ], 
and it induces IL-6 and TNF-α mRNA expression, facilitates the development of atrophy, metaplasia, 
and dysplasia, and enhances neutrophil chemotaxis [ 33 ,  34 ]. Additionally, IL-1β  inhibits gastric acid 
secretion by parietal cells [ 35 ]. Correlated with the increase in infl ammation was a signifi cant increase 
in anti-infl ammatory cytokine expression, particularly IL-4, IL-10, and TGF-β [ 30 ]. Anti-infl ammatory 
cytokine expression in  H. pylori  infection may modulate the immune response to  H. pylori  and addi-
tionally have protective effects on currently unidentifi ed downstream targets.  

  Fig. 27.3    Ammonia (NH 3 )/ammonium (NH 4  + ) generated by  H. pylori  damages cells by  N -methyl- D -aspartate (NMDA)-
mediated calcium (Ca 2+ ) cytotoxicity. Ammonia/ammonium generated by  H. pylori  activates NMDA-channel- mediated Ca 2+  
permeation in gastric epithelial cells. This intracellular Ca 2+  damages mitochondria (Mito), activates calpain and cathepsin D, 
reduces mitochondrial membrane potential resulting in the leakage of cytochrome c and apoptosis induction, and causes stress 
of the endoplasmic reticulum (ER) followed by the transfer of Ca 2+  from ER to mitochondria. Overall,  L -glutamine inhibits 
one or more of these pathways in vitro to confer protection against ammonia/ammonium-induced injury       
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 In contrast to the early effects of Gln supplementation in  H. pylori -infected mice, the course of 
infl ammation and foveolar hyperplasia later in infection remained constant rather than increasing over 
time (see Fig.  27.4 ), suggesting that mucosal injury and immune cell recruitment are positively 
impacted by Gln supplementation long-term [ 30 ]. Although not tested experimentally, important 

  Fig. 27.4    Infl ammation and hyperplasia histopathology scores in  H. pylori -infected mice with or without supplemental 
 L -glutamine. ( a ) Infl ammation was signifi cantly greater at 6 weeks post-infection (wkPI) and was signifi cantly lower at 
20 wkPI in  H. pylori -infected mice fed supplemental  L -glutamine compared to  H. pylori -infected mice fed a control diet. 
Furthermore, the high level of infl ammation at 6 wkPI did not increase signifi cantly at 12 wkPI or from 12–20 wkPI in 
 H. pylori -infected mice fed supplemental  L -glutamine. This result was in contrast to  H. pylori -infected mice fed a control 
diet, who showed a signifi cant increase in infl ammation from 6–12 wkPI and from 12–20 wkPI. There was multifocal-to-
coalescing leukocyte infi ltration by 20 wkPI in contrast to the diffuse pattern of infl ammation found in  H. pylori -infected 
mice fed supplemental  L -glutamine at all time points. ( b ) Hyperplasia in  H. pylori -infected mice fed supplemental  L -gluta-
mine was reduced at 12 wkPI and was reduced signifi cantly at 20 wkPI compared to  H. pylori - infected  mice fed a control 
diet. The hyperplastic glands were signifi cantly longer in  H. pylori -infected mice fed a control diet compared to  H. pylori -
infected mice fed supplemental  L -glutamine. * P  < 0.05 compared to control, comparisons as indicated by brackets after 
2-way analysis of variance; ND, not signifi cantly different. Reproduced from Table 3 [ 30 ]       
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protective mechanisms in epithelial cells may be induced by Gln supplementation during  H. pylori  
infection including arginase and ammonia detoxifi cation pathways [ 26 ] and heat shock protein expres-
sion [ 36 ]. Pathways that utilize Gln to regulate proliferation (SIRT4) and cell cycle progression 
(p27 kip1  protein) may also be affected by supplemental Gln [ 37 ,  38 ]. Gln also modulates infl ammation 
by inhibiting the expression of ICAM-1, VCAM-1, and E-selectin on vascular endothelial cells, and 
may reduce IL-8 expression as it does in intestine [ 39 ]. 

 Other unexpected results with the supplemental Gln diet were (1) a signifi cant increase in  H. pylori  
colonization later in infection, and (2) continued mucosal injury, atrophy, and metaplasia development 
despite having adequate supplemental Gln to elicit a protective response in the mucosa [ 30 ]. Although 
infl ammation, per se, can transcriptionally silence protective pathways initially supported by Gln 
[ 40 ], the changes may also be explained on the basis of Gln metabolism by  H. pylori. H. pylori  utilize 
Gln dose-dependently to generate AA, which induces protein nitration and inactivation of key 
enzymes that may be protective for gastric epithelial cells [ 41 ]. One example is that glutamine synthe-
tase undergoes protein nitration and enzyme inactivation in the presence of AA [ 41 ]. Thus, Gln 
metabolism by  H. pylori  is likely to be an additional factor in shifting the balance of protection versus 
injury and cancer development (see Fig.  27.1 ) with supplemental Gln administration.  

    Glutamine Utilization by  H. pylori  

  H. pylori  have the unique capability, compared to other  Campylobacter -like bacteria, to metabolize 
glucose by the pentose phosphate and Entner-Doudoroff pathways [ 42 – 44 ]. However,  H. pylori  pref-
erentially metabolize a subset of amino acids as an energy source, particularly Glu/Gln [ 17 ,  18 ]. In 
fact,  H. pylori  consume Glu/Gln at a rate of 0.483 mM/h in liquid culture [ 18 ]. When glutamine is 
provided as the sole amino acid source in culture, glutamate and its products of metabolism (succi-
nate, acetate, and formate) are derived from this amino acid [ 18 ]. Additionally, in the presence of Gln 
and low levels of urea,  H. pylori  produce approximately 2 mM of AA per day [ 17 ]. This level of AA 
production cannot be explained on the basis of urease activity alone, and is thus amplifi ed by amino 
acid metabolism including that of Gln [ 17 ]. Gln serves, at the least, two important metabolic functions 
in  H. pylori . First, Gln catabolism and synthesis are linked to energy production and nitrogen assimi-
lation and second, Gln is essential for nucleotide synthesis, particularly pyrimidine synthesis.  

    Glutamine Transport by  H. pylori  

 Although genomic analysis of the  H. pylori  genome contains annotation of a putative Gln transporter, 
they are unable to transport this amino acid directly [ 45 ]. Rather, Gln in the extracellular environment 
(see Fig.  27.5 ) is transported for use by indirect means after deamidation to Glu by an  H. pylori - specifi c  
γ-glutamyltranspeptidase (HP-GTT) [ 45 ]. HP-GTT is an enzyme with conserved function throughout 
the  Helicobacter  genus [ 46 ] and an enzyme that is active in the bacterial periplasm [ 47 ]. Once Gln is 
deaminated to Glu, the  H. pylori -specifi c glutamate transporter (HP-Glts) that is localized to the bacte-
rial inner membrane (see Fig.  27.5 ) transports Glu into the cytoplasm [ 19 ]. HP-GGT and HP-GltS 
activity are responsible for the high level of Gln consumption from the environment (for instance from 
the culture media, as described above) and may be responsible for maintaining a constant level of 
ammonia when the  H. pylori  urease is inactivated. Gln acts as a positive transcriptional regulator of 
HP-GGT expression [ 48 ], suggesting that Gln supplementation would support the expression of high 
levels of this protein. Furthermore, at acidic pH (pH 4–5) when HP-GTT is inactive, the addition 
of ammonium and other cations like K +  and Na +  dramatically increases HP-GTT activity [ 48 ]. 
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Gln deamidation followed by Glu transport, and the expression of HP-GTT and HP-GltS are essential 
for colonization of  H. pylori  in the gastric mucosa [ 19 ,  49 ]. Gln supplementation would thus support 
 H. pylori  colonization of the gastric mucosa by providing an essential substrate for these important 
metabolic functions to occur. Recent data in mice support this conclusion because the mean coloniza-
tion of  H. pylori  was signifi cantly greater in infected mice that received supplemental Gln compared to 
mice receiving a control diet [ 30 ].   

    The Importance of Gln as a Nitrogen Source for  H. pylori  

 Nitrogen is essential for the growth of  H. pylori  and it derives this essential component from only a few 
sources (see Fig.  27.6 ); from ammonium (produced from urea/urease) and Gln/Glu [ 45 ]. Because 
 H. pylori  have no ability to transport Gln (previous section), they must utilize the deaminated Gln that is 
transported into the cytoplasm as Glu and then synthesize Gln by assimilating ammonia in the presence 
of glutamine synthetase (see Fig.  27.6 ). Annotation of the  H. pylori  genome identifi ed HP0512 as the 
gene similar to  glnA  in  E. coli  with a putative role similar to GS in mammals [ 45 ]. This reaction requires 
ATP and as such, must occur in an energy-rich environment [ 45 ]. Glu that was produced from Gln and 
then transported into the cytoplasm can also be converted to a-ketoglutarate by glutamate dehydrogenase 
(GLDH). Annotation of the  H. pylori  genome identifi ed HP0380 as a gene similar to  gdhA  in 
 E. coli , with a putative role similar to GLDH in mammals [ 45 ]. The conversion of Glu to a-ketoglutarate 
also assimilates ammonia (see Fig.  27.6 ) and can occur in an energy-depleted environment [ 45 ]. 
Together, these two pathways derived from extracellular Gln are important for the assimilation of 

  Fig. 27.5    Glutamine transport by  H. pylori. H. pylori  are gram-negative bacteria with fl agella. They have an outer 
membrane (OM) and an inner membrane (IM), between which is the periplasm (P). The cytoplasm/cytosol (C) consti-
 tutes the interior of the bacterium. Glutamine (Gln) diffuses across the OM and in the periplasm is deamidated to glu-
 tamate (Glu) and ammonia/ammonium (AA) by the  H. pylori -specifi c γ-glutamyltranspeptidase (HP-GGT). Glutamate 
is transported into the cytoplasm across the IM by an  H. pylori -specifi c glutamate transporter, HP-GltS. This transporter 
is a Na + /Glu symporter and as such, co-transports Na +  into the cytosol. AA produced from the deamidation of glutamine 
diffuses across the OM into the environment and contributes further to the AA produced by  H. pylori  urease activity       
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ammonia as a nitrogen source for  H. pylori . It is likely that supplemental Gln increases use of these 
nitrogen assimilation pathways, resulting in improved growth characteristics of this pathogen.   

    Essential Role of Gln in Nucleotide Synthesis 

  H. pylori  have no orthologous pyrimidine salvage genes and thus are thought to exclusively use de 
novo synthetic pathways that require Gln to produce pyrimidines, resulting in UTP and CTP synthesis 
[ 45 ]. Annotation of the  H. pylori  genome identifi ed HP1237 and HP0919 as the genes similar to 
 pyrAa  in  Salmonella cholerasius  and  pyrAb  in  Bacillus caldolyticus  that encode carbamoyl-phosphate 
synthetases, which with Gln and bicarbonate, produce the fi rst intermediate in the pyrimidine syn-
thetic pathway [ 45 ]. Using a set of nine  pyr  genes,  H. pylori  then synthesizes CTP and UTP [ 45 ]. 
Deletion mutants of  pyrB , another gene in the pyrimidine synthetic pathway, were lethal for  H. pylori , 
demonstrating that this pathway is essential for survival of the organism [ 50 ]. It is likely that supple-
mental Gln supports nucleotide synthesis in the de novo synthetic pathway, additionally contributing 
to improved survival and the persistence of infection.   

    Conclusion 

 Supplemental Gln signifi cantly decreases the risk of ulcer formation by protecting against acid- 
induced mucosal injury. Supplemental Gln, particularly when combined with sodium azulene sulfo-
nate (azulene), also reduces acute and chronic gastritis that is associated with ulcer disease. Although 
supplemental Gln has been proposed to limit mucosal injury and gastritis during  H. pylori  infection, 
the use of supplemental Gln during infection is complicated by the positive effects of Gln on mucosal 
protection and the negative effects of Gln on growth, colonization, and survival by  H. pylori . 
Additionally, Gln is an important amino acid that regulates the rate of ammonia production by 
 H. pylori , which suggests that increasing dietary Gln increases ammonia production and cytotoxicity 
during infection. Overall, the available data suggest that the course of mucosal pathogenesis is unaf-
fected by the use of supplemental Gln during  H. pylori  infection because the balance of these positive 
and negative factors favor mucosal injury and continued cancer development.     

  Fig. 27.6    Assimilation of ammonia as a nitrogen source for  H. pylori . Glutamate (Glu) that is transported into the 
cytoplasm (Fig.  27.5 ) is converted to glutamine (Gln) by glutamine synthetase (GS), which is encoded by the gene  glnA . 
Glutamate can also be converted to a-ketoglutarate, in the presence of ammonia (NH 3 ) that is generated from urease 
activity in the presence of urea, and enter the TCA cycle where it is used for energy production       
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   Key Points 

•     Hypoxia-associated small intestinal injury may occur in a variety of severe pathophysiologic con-
ditions in pediatric patients such as perinatal asphyxia, shock, or other hypoxic–ischemic states.  

•   Hypoxic/ischemic injury of the bowel has been thought to be one of the main risk factors in term 
infants with necrotizing enterocolitis, which is one of the most common and devastating diseases 
in newborn infants.  

•   Pathogenesis of small intestinal hypoxic injury may include toxic oxygen-derived free radicals, 
infl ammatory mediators, intestinal barrier damage, and vascular dysfunction.  

•   Glutamine and arginine defi ciency may occur in very preterm and critically ill infants.  
•   Supplementation of glutamine and arginine has been shown to be helpful in reducing hypoxic 

small intestinal injury in animal and clinical studies.  
•   Arginyl-glutamine dipeptide combines theoretical benefi ts of both amino acids and has been shown 

safe and effective in a rodent model of hyperoxia-induced retinopathy, lung, and intestinal damage. 
It may have similar effects on hypoxic small intestinal injury. With the positive animal studies, it 
would be tempting to carry out control clinical studies in the future.    
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  IL    Interleukin   
  LDH    Lactate dehydrogenase   
  NEC    Necrotizing enterocolitis   
  NICU    Neonatal intensive care units   
  NO    Nitric oxide   
  PAF    Platelet-activating factor   
  SIRS    Systemic infl ammatory response syndrome   
  TNF    Tumor necrosis factor   
  TPN    Total parenteral nutrition   
  VLBW    Very low birth weight   

              Introduction 

 Premature infants are exposed to various perinatal stresses, including hypotension, hypoxia, hyperoxia, 
hypothermia, feeding, anemia, and umbilical vessel catheterization. Hypoxia-associated small intestinal 
injury may occur in a variety of severe pathophysiologic conditions in pediatric patients such as perinatal 
asphyxia, shock, or other hypoxic–ischemic states. It has been speculated that when such events occur, 
intestinal blood fl ow will diminish [ 1 ] via the diving seal refl ex (refl ex with circulatory shunting to selec-
tively perfuse the brain, heart, and kidneys at the expense of other “nonvital” organs such as intestine and 
extremities), which can result in intestinal injury, systemic infl ammatory response syndrome (SIRS), 
bacterial translocation, distal organ injury, and even multiple organ failure. Hypoxic intestinal injury-
related diseases can have a profound impact on children’s health. For example, necrotizing enterocolitis 
(NEC) is one of the most common and devastating diseases found in premature infants in neonatal 
intensive care units (NICU) with high mortality, long hospitalization, and high fi nancial cost [ 2 ]. It can 
also affect distant organs such as the brain and place affected infants at substantially increased risk for 
neurodevelopmental delays. Although evidence shows that the most common form of NEC seen in pre-
term infants is not triggered by a primary hypoxic–ischemic event [ 3 ], hypoxic/ischemic injury of the 
bowel has been thought to be one of the main risk factors in term infants, especially those with congeni-
tal heart disease who have low blood fl ows to the gastrointestinal tract. 

 The possible mechanisms involved in hypoxia-mediated gut injury include inadequate tissue and 
cellular oxygen delivery, oxygen-derived toxic free radicals generating after reoxygenation/reperfu-
sion, and the production of infl ammatory mediators. Interventions to prevent hypoxic intestinal injury 
in animal and clinical researches include cytoprotective agent such as sucralfate [ 4 ], antiapoptotic 
factor such as insulin-like growth factor [ 5 ], antioxidants such as Ginkgo biloba extract [ 6 ], and so on. 
In this review, we will focus on the potential use of arginine, glutamine, and arginyl-glutamine (Arg- 
Gln) dipeptide to prevent and treat small intestinal hypoxic injury in pediatric patients especially in 
neonates.  

    Pathogenesis of Small Intestinal Hypoxic Injury (Fig.  28.1 ) 

       Hypoxia/Reoxygenation (H/R): The Role of Oxidative Stress 

 Oxidative stress plays an important role in the pathogenesis of small intestinal hypoxic injury [ 7 ]. 
Upon reoxygenation/reperfusion of ischemic intestine, reactive oxygen metabolites are gener-
ated and are responsible for both intestinal cell apoptosis (programmed cell death) and necrosis. 
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The involvement of oxidative stress or free radicals in gastrointestinal injury observed after H/R has 
been widely reported [ 7 ]. Previous study has demonstrated that the oxidant formation signifi cantly 
increased right after 2–5 min of reperfusion of the ischemic intestine by using electron spin resonance 
spectrometry and low-level chemiluminescence [ 8 ]. Intestinal tissue malondialdehyde level, a product 
of lipid peroxidation, was increased after H/R-induced intestinal injury in a mice model [ 9 ]. 

 Evidence that apoptosis is involved in this process includes an increase in intestinal apoptotic cells 
and products after H/R exposure and antiapoptosis interventions attenuating intestinal injury [ 5 ].  

    Intestinal Barrier Damage 

 Multiple defense layers against bacterial invasion comprise the whole intestinal barrier, including the 
mucus layer, the epithelium, and the underlying mucosal immune system. Intestinal epithelial cells 
produce pro-infl ammatory cytokines and other mediators when stimulated, acting as both antigen 
processing and immune effector cells. Several factors related to H/R that may affect gut barrier integ-
rity include enterocyte apoptosis, necrosis, and disruption of tight junctions. H/R itself can also 
directly impair intestinal cellular function by increasing monolayer permeability and decreasing trans 
epithelial electrical resistance values [ 10 ].  

  Fig. 28.1    Small intestinal injury induced by oxidative stress. Under oxidative or other stress conditions   , disruption of 
epithelial integrity causes the pathogenic bacteria or toxin translocate through the epithelial barrier and activates TLRs. 
Activation of TLRs interact with adaptors to induce a cascade of signaling transduction, including activations of IRAKs, 
IκB/NFκB, and caspases-associated apoptosis. A translocation of NFκB from cytoplasm into nuclear    may result in 
cytokine and chemokine production. In addition, hypoxia/reperfusion, low-fl ow perfusion, or pro-infl ammatory media-
tors alter the ET-1–NO balance in favor of vasoconstriction, generating a cascade wherein ischemia rapidly extends into 
larger portions of the intestine. These changes may cause systematic infl ammatory response syndrome, including nec-
rotizing enterocolitis, chronic lung disease, and neurodevelopmental disorders       
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    Infl ammation 

 Animals exposed to hypoxia followed by hyperoxia resuscitation develop small intestinal edema, 
localized hemorrhagic necrosis, and extensive infl ammation in intestinal tissue manifested by inva-
sion of polymorphonuclear neutrophils and production of infl ammatory mediators such as tumor 
necrosis factor (TNF), platelet-activating factor (PAF), leukotriene, and nitric oxide (NO) [ 11 ]. Anti- 
infl ammatory agents can reduce intestinal injury induced by H/R in animal models [ 12 ]. Clinical 
studies have also shown that infl ammatory mediators, such as TNF-α, interleukin(IL)-1, IL-6, IL-8, 
IL-12 and 18, PAF produced by enterocytes and infl ammatory cells, contribute to the pathogenesis of 
NEC [ 13 ].  

    Intestinal Vascular Dysfunction 

 Regulation of vascular resistance is determined by a balance between the vasoconstrictor peptide 
endothelin-1 (ET-1) and the vasodilatory free radical NO produced by endothelial cells. In the new-
born, this balance heavily favors vasodilation and thus blood and oxygen can be delivered to the rap-
idly growing intestine. However, factors disrupting endothelial cell function, such as hypoxia–ischemia/
reperfusion, sustained low-fl ow perfusion, or pro-infl ammatory mediators, alter the ET-1–NO balance 
in favor of vasoconstriction. The ET-1–NO interaction thereafter might facilitate rapid extension of 
this constriction, generating a cascade wherein ischemia rapidly extends into larger portions of the 
intestine. Evidence obtained from animal models and infant tissue with NEC implicates NO and ET-1 
dysregulation in the pathogenesis of H/R injury, and a diminished NO production may be involved in 
the pathophysiology of NEC [ 14 ,  15 ]. It may be helpful to use approaches focused on maintaining the 
delicate balance favoring vasodilation in the newborn intestinal circulation in the prevention and treat-
ment of H/R injury diseases like NEC.   

    Protective Effects of Glutamine or Arginine on Small 
Intestinal Hypoxic Injury 

    Glutamine in Early Life and Effects on Small Intestinal Injury 

 Glutamine is    the predominant amino acid providing to the fetus through the placenta. For the healthy 
term newborn infant breastfed ad libitum, plasma glutamine concentrations normally increase during 
the fi rst days of life and glutamine defi ciency rarely occurs. For the very preterm and critically ill 
infants especially for those with intestinal injury, glutamine defi ciency may become a signifi cant 
issue. While normally present in the enteral diet, free glutamine is not a component of parenteral 
amino acid solutions because of low solubility and instability. Premature infants in the fi rst weeks of 
life and infants with gut problems will receive most of their nutrients from glutamine-free parenteral 
nutrition solution [ 16 ], making them vulnerable to glutamine defi ciency and related diseases. During 
catabolic stress, glutamine consumption rate would exceed the supply, and both plasma and skeletal 
muscle pools of free glutamine are severely reduced. Under catabolic conditions, premature and ill 
infants are not able to synthesize suffi cient glutamine to meet demand, and glutamine becomes a con-
ditionally essential amino acid. Low plasma concentrations of glutamine have been associated with a 
higher incidence of NEC [ 17 ]. 
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 As demonstrated by previous studies, mechanisms of glutamine action related to preventing H/R 
intestinal injury may include tissue protection [ 18 ], preservation of glutathione and antioxidant capac-
ity [ 18 ], preservation of mucosal integrity [ 19 ] and intestinal barrier functions [ 20 ], anti-infl ammation 
[ 12 ], decreased intestinal apoptosis [ 21 ], and enhancement of heat shock proteins [ 22 ]. Glutamine 
protects intestinal epithelial cells against H/R-induced apoptosis through increasing Bcl-2 expression 
[ 23 ]. In an infant rat pup-in-the-cup model, glutamine signifi cantly decreased lipopolysaccharide- 
induced infl ammatory mediators in the intestine, liver, and lung [ 24 ]. Therefore, there appears to be a 
strong relationship between gut-derived systemic infl ammation and glutamine. The ability of gluta-
mine to decrease gut-derived systemic infl ammation has especially signifi cant implications for pre-
mature infants.  

    Arginine in Early Life and Effects on Small Intestine Injury 

 Arginine is the substrate for NO synthesis, a potent    vasodilator and anti-infl ammatory. Arginine also 
serves as a precursor for the synthesis of other amino acids, including glutamine, and vice versa 
(Fig.  28.2 ). The hospitalized premature newborn experiences various stresses which increase the utili-
zation of critical amino acids while simultaneously exceeding endogenous biosynthetic pathways [ 25 ].  

 Free arginine is provided in parenteral amino acid solutions. However, the amount administered 
may be inadequate to meet the needs of the critically ill premature or very low birth weight (VLBW) 
infants. In preterm infant formula, the recommended minimum and maximum concentrations of argi-
nine are 72 mg/100 kcal and 104 mg/100 kcal, respectively [ 26 ]. These requirements are higher in 
stressed infants with higher utilization conditions such as NEC or pulmonary hypertension. The con-
centration of arginine found in the current formulas is 47–51 mg/100 kcal according to the manufac-
turer’s specifi cations. Thus, preterm infants have low arginine intakes and levels. Low plasma arginine 
concentrations are associated with NEC [ 15 ,  17 ]. 

  Fig. 28.2    Glutamine and arginine synthesis       
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 Although there are confl icting data about increase of NO production in the presence of intestinal 
injury [ 27 ], NO has been known to be able to infl uence mucosal integrity, gut healing and blood pres-
sure regulation, and intestinal blood fl ow regulation. Endogenous NO also plays a role in protection 
of the intestine from hypoxia-induced infl ammation and injury [ 11 ]. Different from    other organs, 
inhibition of NO synthesis increased intestinal lipid peroxidation in hypoxia-induced changes in new-
born rats [ 28 ]. Arginine can protect intestinal epithelial integrity via a mechanism dependent on NO 
donation [ 28 ].  

    Animal Studies of Glutamine and Arginine on Hypoxic Intestinal Injury 

 NEC-like intestinal injury induced by H/R has been widely studied in animal models. In a H/R- -
induced experimental NEC model, glutamine oral supplementation reduced the histologic evidence of 
intestinal injury in young mice by inhibiting intestinal cytokine release [ 11 ]. Glutamine also has pro-
tective effects on ischemia/reperfusion-induced intestinal injury in animal models through attenuating 
neutrophil infi ltration, P-selectin and ICAM-1 upregulation in the ileum, tyrosine residues nitration, 
PARP activation, NF-κB expression, apoptosis, and Bax and Bcl-2 expression [ 30 ]. 

 As previously mentioned, arginine can protect intestinal hypoxic injury through NO donation. In a 
newborn mice model, supply of  L -arginine increased tissue NO levels and reduced morphologic intes-
tinal injury in mice with H/R [ 31 ]. Other animal studies also supported the protective effects of argi-
nine on hypoxic intestinal injury [ 9 ]. 

 Enteral glutamine supplementation alone or with arginine has favorable effects on oxidative stress 
in both experimental models of H/R and healthy newborn rats [ 32 ], suggesting that in premature neo-
nates with inadequate oxidative resistance, glutamine and arginine supplementation may help prevent 
hypoxia-related diseases including NEC.  

    Clinical Studies of Glutamine and Arginine 

    Glutamine Supplementation Studies 

 Clinical studies in premature infants have proved the safety of both enteral and parenteral glutamine 
supplementation (Table  28.1 ). Because the majority VLBW infants receive most of their nutrition 
parenterally with poor feeding tolerance during the fi rst several weeks of life, supplementation of 
glutamine parenterally in premature infants has been studied. One of the fi rst studies was in 44 ran-
domized low birth weight infants (birth weight 530–1,250 g) with or without glutamine supplementa-
tion via total parenteral nutrition (TPN) [ 33 ]. The results show that glutamine supplementation 
reduced days of TPN, shortened length of time to full enteral feedings, and decreased periods of 
ventilator support in the infants less than 800 g. The length of stay in the NICU also tends to be 
shorter. This study suggests that glutamine was safe and probably conditionally essential in extremely 
low birth weights (ELBW) premature infants. Another study was conducted to evaluate the safety and 
effi cacy of early PN supplemented with glutamine in decreasing the risk of death or late-onset sepsis 
in a large multicenter, randomized, double-masked clinical trial in ELBW infants. Within 72 h of 
birth, infants between 401 and 1,000 g were randomized into either Troph Amine (control) group or 
20 % glutamine isonitrogenous study amino acid solution group to receive PN up to 120 days of age, 
death, or discharge from the hospital. No signifi cant adverse events were observed with glutamine 
supplementation. Glutamine had no effect on tolerance of enteral feeds, NEC, or growth [ 34 ]. 
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The methods used in this study have been questioned [ 16 ], but because of the largely negative results, 
it will be unlikely that a similar study with more appropriate controls will be repeated.

   Since the fetus comes from an environment where approximately 450 mL of amniotic fl uid is swal-
lowed daily, postnatally even the premature infant is capable of tolerating at least small volumes of 
enteral intake. Based on this rationale, studies have been done to investigate the effi cacy of glutamine 
using the enteral route to deliver glutamine to preterm. In premature or VLBW infants, glutamine 
supplementation enterally administered has been reported to reduce hospital costs [ 35 ], decrease mor-
bidity [ 36 ], be well tolerated in critically ill infants, and tended to be associated with less infectious 
morbidity and mortality in this high-risk population [ 37 ]. Other studies have suggested long-term 
benefi ts of enteral glutamine supplementation in neonatal period including improvements in growth 
[ 38 ], decrease in the risk of atopic dermatitis and gastrointestinal tract infections at childhood [ 39 ], 
and improvements in brain development at school age mediated by a decrease in serious neonatal 
infections [ 40 ]. In a multicenter clinical trial, with 649 VLBW infants less than 7 days old involved, 
neonates supplied with glutamine at a dose of 0.3 g/kg/day enterally for the fi rst 28 days less often had 
gastrointestinal dysfunction, indicating gut protective effect of glutamine [ 41 ]. Recently Sevastiadou 
and coworkers reported a placebo-controlled randomized trial about the impact of oral glutamine 
supplementation on the intestinal permeability and incidence of NEC/septicemia in premature neo-
nates. One hundred and one preterm neonates with gestational age <34 weeks and birth weight 
<2,000 g were recruited. Oral glutamine supplementation with 0.3 g/kg/day for no more than 30 days 
results in decreased intestinal permeability and less NEC/septicemia [ 42 ]. 

 The benefi t of using the enteral route is that more glutamine can be delivered directly to the intes-
tine when exposed to hypoxia, where it may reach a concentration of >20 mM and can be rapidly used 
by the intestinal epithelium. Intravenous infusions rarely result in plasma (basolateral) concentration 
of more than 1 mM, which is also proved by study in which no differences were shown between 
groups for plasma concentrations of glutamine during the enteral supplementation of glutamine [ 43 ]. 
Panigrahi et al. reported that glutamine decreased bacterial translocation when supplied by the apical 
versus the basolateral route (mucosal and arterial supplies, respectively) using Caco-2 monolayers 
[ 44 ]. It is not clear if the enteral route offers a greater capability to modulate infl ammation. However, 
enteral supplementation could reduce the amount taken up from the arterial supply by the intestine, 
therefore leaving more substrates, including essential amino acids for nonsplanchnic organs. 

 A recent Cochrane review    identifi ed 11 randomized and a total of 2,771 preterm infants partici-
pated controlled trials [ 45 ]. Five of them evaluated enteral glutamine supplementation and six of them 
evaluated parenteral glutamine supplementation. Glutamine supplementation did not show a signifi -
cant effect on mortality [typical relative risk 0.98 (95 % confi dence interval 0.80–1.18); risk differ-
ence 0.00 (95 % confi dence interval −0.03–0.02)] or major neonatal morbidities including the 
incidence of invasive infection or NEC by meta-analysis. It is concluded that the available trial data 
do not provide evidence that glutamine supplementation provides signifi cant benefi ts for preterm 
infants. In another review related to glutamine randomized studies in early life, the author also con-
cluded that “although apparently safe in animal models (pups), premature infants, and critically ill 
children, glutamine supplementation does not reduce mortality or late-onset sepsis, and its routine use 
cannot be recommended in these sensitive populations. Large prospectively stratifi ed trials are 
needed” [ 46 ]. Based on the controversial results, some investigators suggest that further study in this 
area is no longer necessary. However, in van Zwol’s review, more recent research in the area of gluta-
mine supplementation is described and the authors suggest additional studies are still warranted [ 47 ], 
especially with a suggestion for neurodevelopmental benefi ts. 

 In summary, studies done so far have suggested that in infants glutamine supplementation is safe 
both enterally and parenterally. However, the results for effi cacy on a limited number of outcomes 
have been controversial. The use of glutamine alone has not become routine. In infants and critically 
ill children, the effects are unknown since less data is available during childhood.  
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    Arginine Supplementation Studies 

 Arginine supplementation has been reported to decrease the incidence of NEC in several studies 
(Table  28.2 ). In an earlier randomized, double-blind, placebo-controlled study reported in 2002 with 
152 premature neonates <32 weeks and <1,250 g involved, supplementation of  L -arginine (1.5 mmol/
kg per day) with oral feeds/parenteral nutrition during the fi rst 28 days of life increased blood level of 
arginine at 14 and 28 days of age and reduced the incidence of all stages of NEC [ 48 ]. This study is 
also regarded as the only eligible one by   Shah     et al. in the Cochrane reviews in both 2004 and 2007 
[ 49 ,  50 ]. The reviewers concluded that multicenter randomized controlled studies of arginine supple-
mentation in preterm neonates are needed, focusing on the incidence of NEC, stage 2 or 3. A long- 
term study was done in this same group of patients at 36 months adjusted age by the same group of 
investigators. They demonstrated that  L -arginine supplementation for prevention of NEC in premature 
infants did not increase neurodevelopmental disability in later life [ 51 ]. Recently   Polycarpou     et al. 
[ 52 ] conducted a parallel blind randomized pilot study, comprising VLBW infants with birth weight 
≤1,500 g and gestational age ≤34 weeks. In this study, 40 neonates received enteral  L -arginine sup-
plementation (1.5 mmol/kg per day, bid) and 43 neonates received placebo between the 3rd and 28th 
day of life. No adverse effects were reported in infants receiving  L -arginine supplementation. Arginine 
supplementation signifi cantly reduced the incidence of NEC stage III (2.5 % vs. 18.6 %).

   In conclusion, available data indicates that arginine supplementation in premature neonates is safe 
and appears to decrease the incidence of NEC in VLBW infants. However, larger multicenter studies are 
needed to further access the effect of arginine supplementation in preventing NEC in VLBW infants.    

    Use of Arg-Gln Dipeptide to Protect Small Intestine from Hypoxic 
or Hyperoxic Injury 

 Glutamine or arginine as an individual amino acid each has its own advantages in the prevention of 
intestinal injury; however, they both also have limitations. Low solubility (35 g/L at 20 °C) and insta-
bility during heat sterilization and prolonged storage limit the use of free glutamine in the routine 
clinical setting. Thus it would be desirable to search for alternative substrates to overcome the draw-
backs of free glutamine and integrate the advantages of both amino acids. Arg-Gln dipeptide is such 
an agent. Glutamine-containing dipeptide is an aqueous stable source of glutamine with greater 

   Table 28.2    Randomized and controlled prospective arginine clinical studies in infants and other pediatric patients   

 Participants   n   Amino acid  Dose and duration  Route  Outcome 

 Preterm infants  152   L -arginine  1.5 mmol/kg/day  Enteral or 
parenteral 

 Reduced the incidence of 
all stages of NEC  Birth weight ≤1,250 g 

and gestational age 
≤32 week [ 48 ] 

 First 28 days of life 

 Preterm infants  132   L -arginine  1.5 mmol/kg/day  Enteral or 
parenteral 

 A long-term evaluation for 
about study at 
36 months adjusted 
age.  L -arginine did not 
increase 
neurodevelopmental 
disability 

 Birth weight ≤1,250 g at 
36 months adjusted 
age [ 51 ] 

 First 28 days of life 

 VLBW infants  83   L -arginine  1.5 mmol/kg/day bid  Enteral  Safe for VLBW neonates 
 Birth weight ≤1,500 g 

and gestational age 
≤34 week [ 52 ] 

 Between 3rd and 28th 
day of life 

 Reduced the incidence of 
stage III NEC 
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solubility compared with individual amino acid [ 53 ]. It is stable under heat sterilization. There is a 
theoretical advantage of improved absorption of the dipeptide compared with single amino acids by 
virtue of oligopeptide transporters located in the intestinal brush border membrane in both the small 
and large intestine [ 54 ]. 

 As the glutamine carrier, several glutamine dipeptides such as alanyl-glutamine [ 55 ] and glycyl- 
glutamine [ 56 ] have been used to study various diseases in animal models and in human trials that 
supported its safety and effi cacy. In a pilot study, standard amino acid solution with an addition of 
glutamine dipeptide (20 % of total amount of amino acids) from day 4 to day 14 among VLBW neo-
nates increased blood levels of glutamine and decreased the incidence of NEC compared with control 
group [ 57 ]. In other clinical studies, nitrogen balance was shown to be more positive in catabolic 
patients receiving a glutamine-containing dipeptide,  L -alanyl- L -glutamine solution than in control 
patients receiving isonitrogenous, isoenergetic TPN [ 58 ]. 

 Arg-Gln dipeptide, containing both glutamine and arginine (Structure  28.1 ), should be able to exert 
the effects of both amino acids. Several animal studies have shown that intraperitoneal or oral admin-
istration of Arg-Gln dipeptide reduced abnormal retinal neovascularization and vascular leakage, pul-
monary or intestinal injury induced by hyperoxia in neonatal mice model [ 59 – 61 ].  

 Premature newborns often need high concentrations of oxygen. However, hyperoxia could be con-
sidered as an oxidative stress condition that affects the development of the intestine [ 62 ]. By using a 
hyperoxia-induced retinopathy mouse model, a study was conducted to evaluate the effect of the 
dipeptide Arg-Gln on levels of vascular endothelial cell growth factor (VEGF) in primary human reti-
nal pigment epithelial cell cultures and on retinal neovascularization in mice [ 59 ]. Arg-Gln signifi -
cantly reduced retinal neovascularization in the oxygen-induced retinopathy mouse model. This effect 
was associated with a decreased retinal VEGF mRNA levels. Similarly, Arg-Gln decreased VEGF 
expression in human retinal pigment epithelial cells, a retinal cell type likely to respond to retinal 
hypoxia by expressing VEGF. Dipeptide Arg-Gln appears to be safe and may prove benefi cial in the 
prevention of retinopathy of prematurity with future human infants studies [ 59 ]. In the same mouse 
hyperoxia model, which produces hyperoxia-induced lung injury, Arg-Gln prevented the develop-
ment of important indicator of lung injury, including histologic changes, myeloperoxidase, lactate 
dehydrogenase (LDH), and infl ammatory cytokines IL-6 and C-X-C motif ligand 1/keratinocyte- 
derived chemokine. This benefi cial effect of Arg-Gln on the reversal of oxygen-induced lung injury 
was associated with restoration of levels of nuclear factor-kappaB inhibitor. These results suggested 
that Arg-Gln is a promising nutritional adjunct that may prevent lung damage due to oxygen toxicity 
in infants [ 61 ]. In a similar hyperoxic intestinal injury study, mice exposed to hyperoxia then room air 

  Structure 28.1    Arginyl-glutamine dipeptide       
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showed a greater distortion of overall villus structure with higher injury scores. Arg-Gln supplementa-
tion groups were more similar to the room air control group. Arg-Gln inhibited hyperoxia-induced 
myeloperoxidase activity and returned LDH activity to levels of control. In addition, Arg-Gln reversed 
hyperoxia-induced apoptotic cell death in distal small intestine, suggesting that supplementation of 
Arg-Gln may limit certain infl ammatory and apoptotic processes involved in hyperoxic-induced intes-
tinal injury in neonatal mice [ 60 ]. It may have similar effects on hypoxic small intestinal injury. With 
the positive animal studies, it would be tempting to carry out control clinical studies in the future. 
Figure  28.3  illustrates effects of glutamine, arginine, and dipeptide Arg-Gln on small intestinal injury.   

    Conclusions 

 Supplementation of glutamine or arginine may protect small intestinal hypoxic injury through preser-
vation of glutathione and antioxidant capacity, preservation of mucosal integrity and intestinal barrier 
functions, anti-infl ammation, decreased intestinal apoptosis, and decreasing vascular dysfunction 
(Fig.  28.3 ). 

 Glutamine and arginine have been shown to provide benefi t in several models of intestinal injury 
and both are safe in infants. However, the use of each amino acid alone has not become routine since 
the results for effi cacy on a limited number of outcomes have been controversial. The long-term 
effects of glutamine on neurodevelopment in preterm infants should prompt additional scrutiny. 

 Combining these two amino acids as a dipeptide has several theoretical benefi ts, and preliminary 
studies support that it is safe and effective in a rodent model of hyperoxia-induced retinopathy, lung, 
and intestinal damage. It may have similar effects on hypoxic small intestinal injury. With the positive 
animal studies, it would be tempting to carry out control clinical studies in the future.     

  Fig. 28.3    Effects of glutamine, arginine, and Arg-Gln dipeptide on small intestinal injury. Glutamine, arginine, or Arg- 
Gln dipeptide supplementations show benefi cial effects in small intestinal injury by maintaining mucosal integrity, 
anti-infl ammation, antiapoptosis, and vasodilatation       
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            Key Points 

•     Glutamine is a conditionally essential amino acid for critically ill patients.  
•   Intestinal microcirculatory dysfunction is a key factor in the development of sepsis.  
•   Proposed mechanisms by which glutamine affects intestinal microcirculation include effects on 

functional capillary density, microvascular integrity, leukocyte rolling, and adherence to intestinal 
microcirculation.  

•   Glutamine also infl uences the expression of adhesion molecules, and production of cytokines, 
oxidation stress and nitric oxide-related mechanisms, heat shock proteins and other effectors.  

•   Glutamine should be examined in the future as a therapeutic strategy for patients with sepsis.   
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  AlaGln     L -alanyl- L -glutamine dipeptide   
  CAM    Cell adhesion molecules   
  CASP    Colon ascendens stent peritonitis   
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  DIP     L -alanyl- L -glutamine dipeptide   
  DSS    Dextran sodium sulfate   
  FCD    Functional capillary density   
  GLN or Gln    Glutamine   
  HSP    Heat shock proteins   
  HUVECs    Human umbilical vein endothelial cells   
  ICAM-1    Intracellular adhesion molecule-1   
  ICU    Intensive care unit   
  IL    Interleukin   
  iNOS    Inducible nitric oxide synthase   
  LPS    Lipopolysaccharide   
  MAdCam-1    Mucosal addressin cell adhesion molecule-1   
  MOF    Multiorgan failure   
  NO    Nitric oxide   
  PMNs    Polymorphonuclear neutrophils   
  TNBS    Trinitrobenezene sulfonic acid   
  TNF    Tumor necrosis factor   

       Introduction: Glutamine in Sepsis 

 Glutamine is made from glutamine and ammonia through a biochemical reaction, catalyzed by 
enzyme glutamine synthetase [ 1 ]. In fact, GLN is crucial in the regulation of amino acid homeostasis. 
GLN provides the amide-group required for the synthesis of metabolites, such as the amino-sugars, 
purines, pyrimidines and nucleotides. In addition, Gln is an important nutrient for rapidly proliferating 
cells, including enterocytes and lymphocytes [ 2 ]. The relevance of GLN is also related to enhancing 
the availability of these metabolites, e.g. the synthesis of the antioxidant glutathione, and the synthesis 
of citrulline and arginine [ 3 ], and the resultant production of the vasodilator nitric oxide. 

 Depletion of endogenous GLN stores has been reported. During    clinical sepsis, intracellular levels 
of GLN are reduced by ~50 % and plasma levels by ~20 % [ 4 ]. During endotoxemia, glutamine utili-
zation is reduced in mucosal cells [ 5 ]. Similarly in rats treated with interleukin-1, the uptake of GLN 
is reduced and the metabolism of GLN is lowered by 25 % [ 6 ]. Consequently, the metabolism of GLN 
metabolites, namely glutathione, and cysteine, is affected in patients with sepsis [ 7 ,  8 ]. This leads to 
a number of events including a decreased radical defense, suppressed immune response, a delayed 
wound healing, intestinal hyperpermeability and enhanced bacterial translocation. Because of the 
insuffi cient metabolism of GLN, the depletion of its endogenous stores and the increased demand 
during tissue injury, GLN becomes “conditionally essential” for critically ill patients [ 2 ,  9 ]. 

 Therefore, the use of GLN supplementation by the parenteral route has been suggested in order 
to counteract the demand for GLN and its metabolites in patients [ 10 ], and in rats [ 11 ]. GLN admin-
istration is recommended (grade A) whenever ICU patients require parenteral nutrition [ 12 ]. The 
administration of GLN has been reported to improve intestinal barrier, reduce the frequency of infec-
tions, control the infl ammatory response, and result in better prognosis for patients with critical 
 illnesses [ 13 ,  14 ]. Studies have considered the administration of  L -alanyl- L -glutamine (AlaGln) for 
improved stability of GLN in ready-to-use solutions to replace GLN in tissues, as shown in rats [ 11 ]. 
The administration of AlaGln with total parenteral nutrition was shown to provide Gln in a stable 
form and replenish the decline in Gln that was induced in skeletal muscles after surgical trauma [ 15 ]. 
The use of this form of GLN,  L -alanyl- L -glutamine dipeptide, in total parenteral nutrition was shown 
to reduce infectious morbidities and glucose intolerance in critically ill patients [ 16 ,  17 ].  
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    Importance of Intestinal Microcirculation in Sepsis 

 Sepsis, and the systemic infl ammation associated with septic shock represent the most frequent 
cause of mortality among patients of the surgical intensive care units [ 18 ]. During sepsis, the func-
tional and structural microvascular changes present in the intestine are reported in the early stages 
and are more prominent in most severely ill patients [ 19 – 23 ]. These disturbances in the microcircu-
lation are known to contribute to the pathogenesis of intestinal infl ammation. The intestinal micro-
circulation participates in several processes such as hypoperfusion/ischemia, increased leukocyte 
recruitment, platelet adhesion, edema, remodeling of the vascular bed, and ulceration/tissue necrosis 
[ 24 ,  25 ]. Earlier studies illustrated the reduced microvascular volume as an indication of ischemia in 
patients with segmental Crohn’s disease, by assessing the microvasculature using microradiography 
after barium perfusion [ 26 ]. 

 An association between leukocyte recruitment and endothelial changes has been made by 
Goddard and colleagues, who showed a prolonged capillary transit time and a retention of leuko-
cytes in the coronary capillaries in endotoxemia models of sepsis [ 27 ]. Thus, the structural changes 
of the coronary endothelial cells might contribute to the infl ammatory process [ 28 ]. In fact, one of 
the signifi cant sequelaes in intestinal infl ammation is tissue hypoxia, which leads to a breakdown 
of the mucosal barrier function and increased bacterial translocation (via transcellular and/or para-
cellular route) [ 29 ]. Because the loss of mucosal integrity induces a multitude of events, including 
bacterial translocation and leukocyte activation, it is considered the driving force in the pathogen-
esis of sepsis [ 30 ]. The immune response triggered by the presence of the bacteria from the gut 
involves the recruitment of leukocytes, through a process of tethering, rolling, adhesion and trans-
migration [ 31 ]. 

 In addition, the increased adhesion and transmigration of leukocytes induced by intestinal infl am-
mation is associated with changes in the blood fl ow in the microcirculation, such as slowing of the 
velocity of fl ow and an increase in volumetric fl ow, as assessed by intravital microscopy investigations 
in mice with TNBS-induced colitis [ 32 ]. In fact, changes in the microcirculation, such as the impaired 
colonic capillary blood fl ow, were shown to precede histological changes in TNBS-induced colitis in 
mice. This explains why the improvement in the capillary blood fl ow in these mice was followed by 
an enhancement in the gut barrier function [ 33 ]. 

 During sepsis, the increased interaction of leukocytes and the endothelium and the leukocyte 
transmigration across the intestinal microvessels coincides with the release of infl ammatory media-
tors, e.g. cytokines and chemokines. Using intravital microscopy, the role of microcirculation in 
promoting the infl ammatory response was illustrated; the inhibition of leukocyte–endothelial cell 
interactions by blocking either adhesion molecules like ICAM-1 [ 34 ] and MAdCam-1, or chemo-
kines like CCL20 [ 35 ], was found to inhibit leukocyte adhesion and recruitment in DSS-induced 
colitis. 

 In addition, the increased rolling and adherence of leukocytes with endothelium in intestinal 
microvessels during the infl ammatory response leads to a reduction in capillary perfusion, assessed as 
functional capillary density (i.e. the length of capillaries with observable perfusion) in animals with 
colon ascendens stent peritonitis (CASP) [ 36 ]. The induction of TNF in the intestine after ischemia/
reperfusion injury was suggested to contribute to remote organ dysfunction [ 37 ]. 

 Therefore, the changes in the intestinal microcirculation have been suggested to affect the 
systemic immune response and contribute to the development of multiorgan failure (MOF) in sepsis 
[ 37 – 43 ].  
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    Proposed Mechanisms by Which Glutamine Affects Intestinal 
Microcirculation 

    Glutamine Improves Functional Capillary Density (FCD) 
in Gut Microcirculation 

 The administration of Gln and AlaGln in rats with endotoxemia improved the capillary perfusion in 
the intestine as shown by our studies in the rats [ 44 ]. Endotoxemia induced after LPS administration 
in rats lead to an impaired microperfusion of the intestine, with a reduced FCD and an increased num-
ber of non-functional capillaries in the muscular sublayers and the mucosal layers of the intestine 
(Fig.  29.1 ) [ 44 ]. When Gln and AlaGln were administered prior to the induction of endotoxemia, the 
FCD was increased and the number of non-functional capillaries was reduced. The endotoxin-induced 
FCD decreases was completely reversed in the longitudinal muscle layer, and was signifi cantly 
improved in the circular muscle layer and the mucosa (Fig.  29.1 ) [ 44 ]. This improvement of intestinal 
microperfusion was similarly observed when Gln or AlaGln were administered after the induction of 
endotoxemia (administered as a post-treatment after LPS challenge) (Fig.  29.1 ) [ 44 ]. It is interesting 
to note that the benefi cial effect of AlaGln on the intestinal microperfusion was similar to that of Gln 
for both regimens (pre-treatment or post-treatment).   

    Glutamine Protects Microvascular Integrity 

 Signifi cant changes to the microvascular integrity occur during sepsis [ 42 ,  45 ]. The administration of 
glutamine has been shown to improve the intestinal hyperpermeability and protect structural changes 
in the small intestine, as shown in rats with turpentine-induced tissue injury [ 46 ]. The ability of Gln 
to improve the histopathological changes, like villus heights, was associated with a restored concen-
tration of glutathione in the jejunum [ 47 ]. The intestinal structural changes and enterocyte apoptosis 
that is induced by endotoxemia were shown to be reversed, when animals were provided with Gln in 
the drinking water [ 48 ]. The histopathological changes in the intestinal structure was improved even 
when Gln was administered intravenously in a rat model of endotoxemia [ 49 ]. 

 The ability of Gln supplementation to protect the microvascular integrity was also refl ected in stud-
ies where the gut barrier function, and bacterial translocation was examined. Gut permeability was 
improved by Gln administration in rats with pancreatitis, as assessed by electrophysiological mea-
surements. This was demonstrated as an increase in the colonic transmucosal resistance and a signifi -
cant reduction in mannitol fl ux through the epithelium [ 50 ]. In our own studies, we have observed that 
the treatment of Gln or AlaGln had completely reversed the LPS-induced increase in plasma extrava-
sation in endotoxemic animals compared to control animals. AlaGln (DIP) was shown to have similar 
effect in that it signifi cantly reduced the plasma extavasation across intestinal microvessels in endo-
toxemic animals. It should be noted that this effect can be observed as early as 2 h after administration 
of Gln or AlaGln (Fig.  29.2 ) [ 51 ].  

 The enhanced gut barrier function after Gln administration resulted in a reduction in bacterial 
infections and mortality rates. Prevalence of pancreatic infections was lower in animals that received 
Gln-enriched diet by ~33 % and this corresponded to a reduction in mortality by ~32 % [ 50 ]. However, 
it should be noted that in other models, namely turpentine-induced tissue injury, the benefi cial 
effects of Gln supplementation of microvascular integrity did not translate into any effect on bacterial 
translocation [ 47 ].  
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    Glutamine Reduces Leukocyte Rolling and Adherence to Intestinal 
Microcirculation 

 Leukocyte recruitment is one of the factors that infl uence intestinal microvasculature [ 42 ,  45 ]. 
The rolling and adherence of leukocyte are known to increase during intestinal infl ammation. The 
administration of Gln by oral gavage over a period of 14 days prior to and/or after the administration 

  Fig. 29.1    Functional 
capillary density. ( a ) Circular 
muscular layer (cm/cm 2 ). 
( b ) Longitudinal muscular 
layer (cm/cm 2 ). ( c ) Mucosal 
layer (cm/cm 2 ).  o  P  < 0.05 
versus LPS group; * p  < 0.05 
versus control group.  AlaGln  
 L -ALANYL - L    -glutamine,  FCD  
functional capillary  density, 
 Gln  glutamine,  LPS  
 lipopolysaccharide (Reprinted 
from ref. [ 44 ] with permission 
from Elsevier)       
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of indomethacin was    performed to determine the effects of leukocyte–endothelial interactions. In this 
study,  Gln- treated rats had 35–55 % reduction in the number of rolling and adhesion of leukocytes on 
mesenteric venules during indomethacin-induced ileitis compared to nontreated animals [ 52 ]. 

 In our studies, endotoxemia induced increases in leukocyte rolling and adhesion in 6–8-fold in 
mesenteric venules after 1 h (Fig.  29.3 ). The administration of Gln before LPS challenge inhibited 
the increase in leukocyte rolling and adherence to mesenteric venules (Fig.  29.3 ). Similar to Gln, the 
administration of AlaGln (DIP) prior to LPS challenge prevented the LPS-induced increase in leuko-
cyte rolling and adhesion (Fig.  29.3 ) [ 51 ]. Thus, the prior administration of either Gln or AlaGln (DIP) 
had inhibitory effects on leukocyte recruitment in intestinal infl ammation, an effect observed as early 
as 1 h post-administration.  

 In addition, the effect of Gln or AlaGln administration on leukocyte adhesion to intestinal venules 
was observed in endotoxemic rats. The number of leukocytes adhering submucosal collecting venules 
(V1 venules) and the smaller, postcapillary venules (V3 venules) is increased by threefold after 2 h of 
LPS administration (Fig.  29.4 ). As we had observed in mesenteric venules (Fig.  29.3 ), the administra-
tion of Gln or AlaGln prior to LPS challenge reduced the number of adherent leukocytes (Fig.  29.4 ). 
In addition, the administration of these compounds after LPS challenge halved the LPS- induced 
increases in leukocyte adherence to V1 and V3 intestinal venules (Fig.  29.4 ). Thus, our studies have 
clearly demonstrated the benefi cial effects of Gln and AlaGln (DIP) whether they are administered 
before or after endotoxemia, in both cases the increase in leukocyte adherence to mesenteric and 
intestinal microvasculature is signifi cantly inhibited.  

 Impaired capillary blood fl ow in intestinal infl ammation was shown to be reversed after Gln admin-
istration in several animal studies. In a study where intestinal disturbances were assessed Gln- 
administered animals with pancreatitis using intravital microscopy, it was found that Gln improved 
colonic capillary blood fl ow (by ~25 % in the colonic mucosa) [ 50 ]. Similarly, in animals with 
indomethacin- induced long-lasting ileitis in rats, the blood fl ow, shear rate and the velocity of rolling 
leukocytes was normalized after oral administration of Gln [ 52 ]. The benefi cial effects of Gln admin-
istration on the intestinal microcirculatory disturbances lead to an improved macroscopic damage in 
intestine [ 52 ].  

  Fig. 29.2    Plasma 
extravasation. Fluorescence 
activity in the venule under 
the study (Iv) and in 
contiguous areas of the 
perivenular interstitium (Ip), 
expressed as the ratio Ip/Iv; 
Signifi cances: *  p  < 0.05 for 
LPS group vs. other groups; 
#  p  < 0.05 for DIP + LPS 
group vs. LPS group or 
control group. Median, 10th, 
25th, 75th, 90th percentiles 
(Reprinted from ref. [ 51 ] with 
permission)       
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    Glutamine Modulates the Expression of Adhesion Molecules 

 One of the mechanisms by which leukocytes adhere involves the cell adhesion molecules (CAM) [ 35 ,  53 ]. 
While a reduced Gln concentration enhances the transendothelial migration of neutrophils, it also 
increases the expression of cell adhesion molecules. This has been demonstrated in vitro using 
arsenic- activated human umbilical vein endothelial cells (HUVECs) and polymorphonuclear neutro-
phils (PMNs). When cells were treated at higher concentration of Gln (1,000 μM), PMNs were shown 

  Fig. 29.3    Leukocyte–
endothelial interactions. 
( a ) Leu ko cyte adhesion 
( n /mm 2 ); ( b ) Roller fl ow 
( n /min); Signi fi cances: * 
 p  < 0.05 for LPS group vs. 
other groups. Median, 10th, 
25th, 75th, 90th percentiles 
(Reprinted from ref. [ 51 ] with 
permission)       
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to express lower levels of certain cell adhesion molecules (e.g. CD11b) and the endothelial cells 
expressed lower levels of Vascular CAM-1, and this may explain the ability of those Gln-treated cells 
to have reduced transmigration across the endothelium [ 54 ]. The inhibitory effect of higher Gln con-
centrations on the endothelial expression of CAMs and on the transendothelial migration of PMNs 
was also confi rmed when a different infl ammatory stimuli was used to activate the endothelial cells 
in vitro (namely plasma or peritoneal drain fl uid from a surgical patient) [ 55 ]. These results was also 
confi rmed in mouse model of sepsis, whereby Gln supplementation reduced expression of CAMs and 
reduced the infi ltration of neutrophils (refl ected by a decrease in the myeloperoxidase activity) after 
tissue injury [ 56 ].  

    Glutamine Infl uences Cytokine Production 

 Additional infl ammatory signals, such as cytokine production, are induced during sepsis in concur-
rence with the increased leukocyte–endothelial interaction in the intestinal microcirculation. 

 In vitro studies examined the effect of Gln on cytokine production by adding high concentrations of Gln 
(1,000 μM) to cells. The production of the pro-infl ammatory cytokine, IL-8, was found to be reduced by 
GLn-treated HUVECs and this corresponded to a reduced expression of IL-8 receptor on PMNs [ 54 ,  55 ]. 

  Fig. 29.4    Leukocyte 
adhesion. ( a ) Submucosal 
collecting (V1) venules 
( n /mm 3 ). ( b ) Submu cosal 
postcapillary (V3) ven ules 
( n /mm 3 ).  o  P  < 0.05 versus LPS 
group; * p  < 0.05 versus control 
group.  AlaGln   L -alanyl- L - 
GLUTAMINE ,  CON  control,  Gln  
glutamine,  LPS  
lipopolysaccharide (Reprinted 
from ref [ 44 ] with permission 
from Elsevier)       
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As an in vivo model of sepsis, endotoxemia enhances the circulating levels of infl ammatory cytokines, 
inducing a 8-fold increase in TNF-alpha, 12-fold increase in IL-1β and 15-fold increase in IL-6 (Fig.  29.5 ) 
[ 51 ]. When animals received Gln or AlaGln (DIP), prior to the induction of endotoxemia, there was a 
signifi cant reduction in the level of systemic TNF-alpha (Fig.  29.5 ). This effect did not extend to the other 
cytokines (e.g. IL-1β, IL-6, or IL-10) within the observation time of the study [ 51 ].  

 The observed reduction in pro-infl ammatory cytokine level after Gln supplementation is crucial, as 
it has been shown to correlate with improved survival of animals with endotoxemia. Intravenous 
supplementation of Gln reduced the release of TNF and IL-6 within 2–4 h and reduced mortality of 
the animals with endotoxemia within 72 h [ 49 ]. It should be noted that these benefi cial effects were 
reported when Gln was provided at onset of endotoxemia, rather than after the induction of endotox-
emia (i.e. as a treatment) [ 49 ]. This effect is likely related to the inhibitory effect of Gln on NF-kappaB 
pathway, an important transcription factor for infl ammatory mediators, as was shown in Gln-treated 
rats with experimental colitis [ 57 ]. Interestingly, the inhibitory effect of Gln on the mechanisms 
related to the cytokine release (e.g. TNF, IL-6, and IL-18) was linked to its role in preventing the 
development of lung injury following cecal ligation peritonitis in rats [ 58 ]. Therefore, these Gln- 
treated septic animals had attenuated mortality rates [ 58 ]. It should be noted that Gln supplementation 
did not appear to infl uence the cytokine profi le of lymphocytes isolated from peyer’s patches in ani-
mals with CLP [ 59 ], suggesting that other cell types may be responsible for the anti-infl ammatory 
effect of Gln administration.  

    Glutamine Activates T-Cell and B-Cell Immune Response 

 Gln can act on multiple mechanisms related to leukocyte–endothelial cell interaction, and therefore it 
is reasonable to consider that it can infl uence immune response induced by T and B cells. Although 
the topic of immunomodulatory effects of Gln is beyond the scope of this chapter, it is important to 
consider a study by Lai et al., where the effect of Gln supplementation (both in diets before the induc-
tion of CLP model of sepsis, and in total parenteral nutrition after the induction of CLP model of 
sepsis) was examined. In this study, Gln-supplemented rats with sepsis were shown to have a higher 
number of lymphocytes in the peyer’s patches and this effect appeared to be primarily restricted to 
CD4 T cells [ 59 ], which may indicate their proliferation in the gut-associated lymphoid tissue. In 
addition, Gln- supplemented septic rats were shown to have higher levels of plasma immunoglobulin 
A than the control group [ 59 ], refl ecting yet another way by which Gln can improve the immunologic 
response and reduce mortality in rodents with sepsis.  

  Fig. 29.5    Cytokine levels in serum of animals after Gln treatment (Reprinted from ref. [ 51 ] with permission)       
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    Glutamine Regulate Oxidation Stress and Nitric Oxide-Related Mechanisms 

 Glutamine is known to upregulate the amino acid transport, and the synthesis of intracellular glutathione 
in human intestinal epithelial cells during ischemia–reperfusion in human intestinal epithelial cells [ 60 ]. 
In addition to being a precursor for the cellular antioxidant glutathione, glutamine is known to partici-
pate in the regulation of the cellular redox potential, and the production of reactive oxygen species 
[ 61 – 63 ]. The increased availability of glutamine and therefore increased ratio of intracellular content of 
reduced glutamine to oxidized glutathione is important to reducing oxidative stress in the cell. It is 
shown that the oxidative stress is associated with the induction of some infl ammatory pathways: the 
activation of transcription factor Nuclear factor-kappa B (NF-kappaB), and the production of several 
pro-infl ammatory cytokines, including TNF in animals with endotoxemia [ 64 ]. As a result, the partici-
pation of glutathione in a multitude of cellular effects is reported during many clinical conditions [ 65 ]. 
Several studies have demonstrated that the administration of glutamine was shown to downregulate 
NF-kappaB and inhibit the pro-infl ammatory response in animals with colitis [ 57 ]. Treatment of Gln 
was shown to reduce the degree of oxidative stress in the mucosa of small intestine, corresponding 
increases in free radical scavenging enzymes in rats with indomethacin- induced ileitis [ 66 ]. 

 The nitric oxide (NO) system is another central component in the autoregulatory control of micro-
circulatory patency. This is severely disturbed in sepsis by the increased expression of inducible nitric 
oxide synthase (iNOS), thus resulting in pathological shunting of fl ow [ 42 ] and the development of 
the infl ammatory reaction [ 67 ]. Several studies demonstrated the ability of glutamine treatment to 
reduce the oxidative stress via a partial reduction in protein levels of iNOS, as demonstrated in rats 
with experimental colitis [ 57 ], and in rats with CLP [ 58 ]. In both studies, the anti-infl ammatory effect 
of Gln treatment also occurred in conjunction with Gln-inhibition of the NF-kappaB pathway [ 57 ,  58 ]. 

 In addition to its ability to activate glutathione and inhibit NF-kappaB pathway and the NOS 
 systems, the gut-protective effects of enteral glutamine have been explained by other mechanisms, 
e.g. the activation of anti-infl ammatory transcription factor named peroxisome proliferator-activated 
receptor-γ [ 68 ].  

    Glutamine Induces Heat Shock Proteins (HSPs) 

 Heat shock response is one of the defense mechanisms against stress conditions, as occurs in intestinal 
infl ammation, and is involved in restoring intestinal homeostasis. The increase of HSP response can 
attenuate the oxidative stress pathway and the release of pro-infl ammatory cytokines, like TNF and 
IL-1β [ 69 ]. One of the mechanisms that have been suggested for the gut-protective role of Gln involves 
its ability to induce heat shock proteins. 

 In rats with endotoxin shock, Gln supplementation was shown to induce the increased expression 
of HSP25 and HSP72 in different organs, and thus control the tissue damage and limit the mortality 
rates. It should be noted that these protective effects were induced when Gln was used at the initiation 
of sepsis, rather than later after sepsis [ 70 ]. Gln treatment of mice with sepsis was shown to specifi cally 
increase the level of HSP72 and reduce the level of TNF-alpha in peritoneal macrophages in vivo [ 71 ]. 
In addition to HSP72, the induction of HSP 70 after Gln treatment may explain why it can  protect from 
sepsis and lung injury. In fact, Gln-treated HSP70 −/−  mice were not protected from lung injury, or 
infl ammatory cytokine response induced after CLP-induced sepsis [ 72 ]. This is not limited to intestinal 
microenvironment, as it has been also demonstrated in rats after cardiopulmonary bypass [ 73 ]. 

 In vitro studies have examined the increase in the expression of HSPs induced by Gln in different 
cell types. An increased expression of HSP70 was demonstrated after the addition of Gln to intestinal 
endothelial cell lines in vitro and protected them from cell lethal heat and oxidant-induced injury [ 74 ]. 
Gln-induced expression of HSP70 was also reported in fi broblasts [ 75 ]. The induction of HSPs was 
also shown in Gln-treated circulating cells. For instance, polymorphonuclear cells had an increased 
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expression of HSP 72 and a reduced production of TNF [ 76 ]. This observation was also made when 
LPS-activated macrophage cell lines were treated with Gln in vitro [ 71 ]. 

 In addition, it was reported that Gln treatment can enhance the expression of heat shock factor-1, 
which is required for the attenuation of iNOS expression [ 77 ], and is involved in the inhibition of 
LPS-induced transcription of IL-1β and IL-6 [ 78 ].  

    Glutamine Induces Other Effectors 

 When Gln was added to intestinal epithelial cells that underwent hypoxia-reoxygenation, these cells had 
a reduced permeability and enhanced cell growth, which was associated with increased expression of 
Syndecan, a predominant heparan sulfate proteoglycan. In vivo studies confi rmed that the ability of Gln 
treatment to reverse the gut ischemia–reperfusion-induced intestinal infl ammation and hyperpermeabil-
ity is dependent on Syndecan-1, as observed using Syndecan −/−  mice [ 79 ]. In addition, Gln treatment 
induces other effectors in epithelial cells. For instance, in our studies, we observed that Gln-treated rat 
aortic endothelial cells did not infl uence dose response of phenylephrine and of 5-HAT (Fig.  29.6 ) [ 51 ].    

    Future Direction for the Effect of Glutamine on Intestinal Microcirculation 

 Studies have examined the kinetics of Gln administration in patients and rats. For instance, when Gln 
excretion was studied in patients of ICU after peripheral administration of Gln, rapid hydrolysis of the 
dipeptide was reported, with the half-life of the dipeptide being 0.26 h [ 80 ], and the rate of appearance 

  Fig.  29.6    Dose–response 
curves. The responses to 
phenylephrine ( a ) and 5-HT 
( b ) were obtained following 
30 min preincubation of rat 
aorta in vitro with glutamine 
preparations. Signifi cances: 
phenylephrine, controls vs. 
glutamine with endothelium, 
 p  < 0.05; for 5-HT differences 
were not signifi cant; mean ± 
SEM (Reprinted from ref. 
[ 51 ] with permission)       
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of Gln was 54 g/h [ 81 ]. Kinetics of Gln uptake was also measured in rats with LPS-induced sepsis. 
It was found that dipeptide constituents of alanine and Gln increased at 20 min and approached base-
line at 120 min [ 44 ]. Other studies also examined the kinetics in rats with CLP within the fi rst 5 h of 
administration [ 82 ]. 

 Several studies indicated the benefi cial effects of Gln administration for patients with intestinal 
diseases, including Crohn’s disease, as reviewed elsewhere [ 83 ]. ICU patients were shown to have 
improved long-term survival after Gln treatment, making this strategy of great interest [ 83 ,  84 ]. The 
use of dipeptide as therapeutic strategy is likely useful for patients with AIDS and celiac disease, 
due to the ability of Gln to restore AIDs-associated increased intestinal permeability [ 85 ]. 
Therapeutic applications of Gln with other patients, e.g. those receiving cancer chemotherapy, are 
discussed elsewhere [ 83 ,  86 ]. In the future, it is necessary to examine the impact of Gln supplemen-
tation in patients with sepsis in clinical trials. Although    we have discussed that the effect of Gln or 
dipeptide supplementation on intestinal microcirculation can occur via a number of mechanisms, it 
is important to note that other factors can affect the intestinal microcirculation in sepsis, but are not 
well described.  

    Conclusions 

 Glutamine (Gln) is an important nutrient for rapidly proliferating cells, and is critically required dur-
ing sepsis. Since dysfunctional intestinal microcirculation is considered a driving force in the patho-
genesis of sepsis, we and others have examined the impact of Gln and/or dipeptide administration on 
intestinal microcirculation [ 44 ,  51 ]. As reviewed in this chapter, several mechanisms are shown to 
explain the benefi cial effects of Gln on intestinal microcirculation (summarized in Fig.  29.7 ): 
Glutamine (1) Improves the functional capillary density (FCD) in gut microcirculation, (2) Protects 

  Fig. 29.7    Schematic summary of major effects of glutamine, including dipeptide-bound glutamine, on the endothelial 
cell and leukocytes. Proposed therapeutic benefi ts are based on changes in intestinal microcirculation and leukocyte–
endothelial cell interaction. Not depicted here are the effects on T- and B-cell responses       
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microvascular integrity, (3) Reduces leukocyte rolling and adherence to intestinal microcirculation, 
(4) Affects the expression of adhesion molecules, (5) Modulates cytokine production, (6) Activates 
T-cell and B-cell immune response, (7) Regulates oxidation stress and nitric oxide-related mecha-
nisms, (8) Induces heat shock proteins (HSPs), and (9) Induces other effectors.  

 Since Gln improved the status of gut microcirculation, there was signifi cant interest in identifying 
Gln kinetics in patients and in animal models of sepsis. Several studies suggested that benefi cial 
impact of Gln on intestinal microcirculation could extend to several populations of patients. It is there-
fore necessary to assess the microcirculatory changes in the intestine in clinical trials for glutamine 
use in patients with sepsis. Future studies should determine how to utilize the benefi ts of Gln supple-
mentation on maintaining intestinal integrity in these critically ill patients.     
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            Key Points 

•     Manganese is required for the proper maintenance and function of many biochemical and cellular 
reactions.  

•   Overdose and excessive Mn accumulation may be toxic to the CNS and cause a neurological 
 disorder, referred to as manganism.  

•   Mn toxicity is associated with dyshomeostasis in glutamine (Gln) metabolism and with the disrup-
tion of the Gln/glutamate (Glu) GABA cycle (GGC) between astrocytes and neurons, leading to 
changes in Glu-ergic or GABA-ergic neurotransmission.  

•   The effects of Mn on astrocytes may culminate in pathology, affect their protective properties and 
resulting in impaired astrocyte–neuronal integrity.  

•   In this chapter, we discuss the mechanistic commonalities inherent to Mn-neurotoxicity related to 
the astrocyte pathology and GGC impairment.   

  Abbreviations 

  ASP    Aspartate   
  BBB    Blood–brain barrier   
  BIS II    Bisindolylmaleimide II   
  CNS    Central nervous system   
  CSF    Cerebrospinal fl uid   

    Chapter 30   
 Manganese Toxicity and the Glutamine–Glutamate Cycle  

              Marta     Sidoryk-Wegrzynowicz       and     Michael     Aschner     

        M.   Sidoryk-Wegrzynowicz ,  Ph.D.      (*) 
  Department of Pediatrics ,  Vanderbilt University School of Medicine , 
  11415 MRB IV, 2215-B Garland Avenue ,  Nashville ,  TN   37232 ,  USA   
 e-mail: martasidoryk@gmail.com   

    M.   Aschner ,  Ph.D.      
  Department of Molecular Pharmacology ,  Albert Einstein College of  Medicine ,
  Forchheimer 209, 1300 Morris Park Avenue ,  Bronx ,  NY    10461 ,  USA   
 e-mail: michael.aschner@einstein.yu.edu  

 Keywords     Manganese   •   Neurotoxicity   •   Glutamine   •   Glutamate   •   Transporter   •   PKC signaling   • 
  Ubiquitination 

mailto: martasidoryk@gmail.com
mailto: michael.aschner@einstein.yu.edu


402

  DAT    Dopamine transporter   
  ECF    Extracellular fl uid   
  GABA    γ-Amino butyric acid   
  GAD    Glutamic acid decarboxylase   
  GFAP    Glial fi brillary acidic protein   
  GGC    The glutamate–glutamine γ-amino butyric acid cycling   
  GLAST    Glutamate–aspartate transporter   
  Glc    Glucose   
  GLN    Glutamine   
  GLT1    Glutamate transporter   
  GLU    Glutamate   
  GS    Gln synthetase   
  GSH    Glutathione   
  HECT    Homology to the E6-associated protein C terminus   
  iNOS    Nitric oxide synthase   
  MeAIB    Methyl-amino-iso-butyric acid   
  MMT    Methylcyclopentadienyl manganese tricarbonyl   
  Mn    Manganese   
  Nedd4-2    Neuronal precursor cell expressed developmentally downregulated 4-2 activity   
  NO    Nitric oxide   
  PAG    Phosphate-activated glutaminase   
  PC    Pyruvate carboxylase   
  PKC    Protein kinase C   
  PKCδ CF    PKCδ catalytic fragment   
  PMA    Activator α-phorbol 12-myristate 13-acetate   
  ROS    Reactive oxygen species   
  SGK1    Serum- and glucocorticoid-regulated kinase 1   
  TCA    Tricarboxylic acid cycle   

       Introduction 

 Glutamine (Gln) is abundantly expressed in the central nervous system (CNS), where it participates 
in a variety of metabolic pathways. Gln metabolism proceeds via the glutamine/glutamate (Glu)-γ- 
aminobutyric acid (GABA) cycle (GGC), and the reactions within this cycle are carried out both in 
astrocytic and neuronal compartments. The GGC appears to have an important, albeit not exclusive 
role, in the recycling of Glu and GABA. Disruption of GGC between astrocytes and neurons contrib-
utes to changes in Glu-ergic and/or GABA-ergic transmission, and is associated with several neuro-
pathological conditions, including manganese (Mn) toxicity. 

 Mn exposure and accumulation causes dysfunction of carriers transporting Gln and Glu, which 
may impact on neurotransmitter generation and have profound effects on synaptic plasticity. In gen-
eral, Mn mediates astrocytic pathology and impairs astrocyte–neuronal integrity. This chapter 
addresses interaction between neurons and astrocytes and emphasizes the role of GGC in both normal 
physiological functions and pathology associated with Mn toxicity.  
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    Glutamine (Gln) Content and Regional Distribution 
and Its Role in Central Nervous System (CNS) 

 Gln concentrations in mammalian brain are 5–9 nmol/mg wet weight or 6–11 mM, with slight regional 
differences [ 1 ]. Gln content in the extracellular fl uid (microdialysates) (ECF) or in the cerebrospinal 
fl uid (CSF) (~0.5–1 mM) exceeds, by at least one order of magnitude, the extracellular contents of 
other amino acids in these compartments. Gln is the most abundant amino acid in the plasma 
(at 600–800 μmol) and exhibits extremely rapid cellular turnover rates [ 2 ]. This ubiquitous amino acid 
serves in multiple roles in the mammalian brain; as cycler in multiple metabolic pathways, essential 
precursor in nucleotide, glucose and amino sugar biosynthesis, glutathione homeostasis and protein 
synthesis. Moreover, the growth of proliferating cells, such as fi broblasts, lymphocytes, enterocytes 
and neoplastic tissue depends on Gln, which provides oxidative energy fuel [ 3 ]. In the CNS Gln sup-
ports tissue homeostasis by participation in intercellular substrate cycles. Gln metabolism generates 
compounds that serve as direct precursors of the tricarboxylic acid cycle (TCA), thus contributing to 
the supply of the high-energy demand in the brain. Gln serves as a precursor of the amino acid neu-
rotransmitters glutamate (Glu), γ-amino butyric acid (GABA) and aspartate (Asp) [ 4 ]. Furthermore, 
the nitrogen-rich character and unique metabolism of this amino acid allow it to serve as the major 
inter-organ ammonia shuttle. Notably, Gln synthesis from Glu and ammonia in a reaction catalyzed 
by Gln synthetase (GS), a glia-specifi c enzyme, is an important pathway for detoxifi cation of ammo-
nia upon hepatic failure associated with hyperammonemia.  

    Glutamine Transport 

 In mammalian cells, Gln is transported by several transport systems, characterized by their overlap-
ping substrate specifi cities, substrate affi nities and cellular distributions. At least four systems have 
been identifi ed: A (alanine-preferring), L (leucine-preferring), ASC (alanine-, serine-, cysteine) and 
N (glutamine-, asparagine-, histidine). Systems A, ASC and N are sodium-dependent, while system L 
is sodium-independent. Systems A and N tolerate lithium as a substitute for sodium. All of the 
Systems, N, L, A and ASC, have been identifi ed in brain [ 5 ], indicating that the CNS possesses 
 multiple pathways for Gln uptake and/or effl ux across the plasma membrane (Table  30.1 ). System A 
transporters: SNAT2 and SNAT1 recognize the prototypic substrate methyl-amino-iso-butyric acid, 

   Table 30.1    Manganese and glutamine transport   

 Gln transporter 
(System) 

 Neutral amino 
acid substrates 

 Direction 
of transport 

 Principal cellular 
localization  Targets of Mn action 

 SNAT3 (System N)  Gln, Asn, His  Bidirectional 
(outward 
preferred) 

 Astrocytes  mRNA and protein 
expression; function 
(uptake and effl ux) 

 SNAT2 (System A)  Short-chain  Inward  Neurons  mRNA and protein 
expression 

 LAT2 (System L)  Bulky  Bidirectional  Astrocytes; neurons; 
endothelial cells 

 mRNA and protein 
expression; function 
(uptake and effl ux) 

 ASCT2 (System 
ASC) 

 Short-chain  Bidirectional  Astrocytes  Protein expression; function 
(uptake and effl ux) 

  General characteristic of glutamine carriers. Distribution and properties, and the manganese (Mn)-induced effects on 
the glutamine/glutamate-γ-aminobutyric acid (GGC) cycle associated with the glutamine (Gln)-transporting systems A, 
N, ASC and L  
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MeAIB and a broad range of neutral amino acids [ 6 ]. Both transporters are pH-sensitive. SNAT2 is 
expressed in neurons and other cells, but has relatively low affi nity for Glu compared to other amino 
acids. SNAT1 expression is restricted to brain and heart, suggesting its specialized properties are 
congruent with the function of these organs [ 7 ]. Moreover, this transporter has higher affi nity for Gln 
than for other amino acids. The mRNA for SNAT1 and SNAT2 is expressed in cultured astrocytes, but 
the transporters remain inactive unless stimulated by amino acid depletion [ 8 ]. Both SNAT1 and 
SNAT2 share about 60 % homology with SNAT3, a variant of System N [ 9 ].

   Among all thus far identifi ed transporters, SNAT3 possess the highest affi nity for Gln. Functional 
analysis shows that SNAT3 transports neutral amino acid and Na +  in exchange for H + , and mediates 
Gln uptake as well as effl ux. Gln transport via SNAT3 is electroneutral and reversible, and involves 
the co-transport of 1 Na +  and the antiport of one H + . Effl ux of Gln is particularly favored at high intra-
cellular Na +  and low extracellular pH [ 10 ]. Structurally and mechanistically, another variant of system 
N, SNAT5, is closely related to the SNAT3 transporter. The SNAT5 transporter differs in substrate 
profi le; SNAT3 can recognize classic System N substrates such as Gln, asparagine and histidine, 
while SNAT5 favors serine [ 11 ]. 

 System ASC mediates a wide-spectrum of neutral amino acids, showing a preference for shorter- 
chain substrates, such as alanine, serine, cysteine and threonine [ 12 ]. System ASC is represented by 
ASCT1 and ASCT2; however, only ASCT2 accepts Gln. ASCT2 effi ciently transports Gln in cell 
lines and neoplastic tissues. ASCT2 take up Gln with high affi nity and transport a wide panel of other 
zwitterionic amino acids as well as bulky/branch-chain. In addition, this transporter is able to mediate 
the effl ux of intracellular neutral amino acids in exchange with extracellular neutral amino acids [ 13 ]. 

 Low-affi nity, high-capacity uptake of Gln mediated by system L is observed both in astrocytes and 
neurons, although Gln is not recognized as a preferred substrate. System L is an amino acid antiporter 
comprised of two isoforms, LAT1 and LAT2, of which LAT2 shows a much higher affi nity for Gln. This 
system can mediate Gln release in the presence of extracellular amino acid substrates, such as alanine 
and leucine. Both LAT1 and LAT2 mediate Gln transport at the blood–brain barrier (BBB) [ 14 ].  

    The Glutamine (Gln)/Glutamate (Glu)-γ-Aminobutyric Acid (GABA) Cycle 
(GGC): Involvement of Carriers Transporting Glu and Gln in GGC 

 Gln functions via the glutamine/glutamate-γ-aminobutyric acid cycle (GGC) and the reactions within 
the cycle are carried out in both astrocytic and neuronal compartments. After exocytotic release at 
synaptic terminals, Glu is taken up by surrounding astrocytes via the glia-specifi c Glu transporter 1 
(GLT-1)/EAAT2 and Glu–aspartate transporter (GLAST)/EAAT1. Gln synthetase, which is exclu-
sively expressed in glia converts the Glu into Gln. Glu accumulation at high concentrations is oxida-
tively degraded after conversion to α-ketoglutarate [ 15 ]. Gln carriers, transport a portion of Gln 
formed within astrocytes into the extracellular space with a predominant role for the SNAT3 and 
ASCT2 transporters, belonging to the bidirectional transporter System N and ASC, respectively [ 13 ]. 
A portion of astroglial-derived Gln transport across the BBB to the periphery is mediated by system 
N transporters with some additional contribution from System L transporters [ 16 ]. Extracellular Gln 
is transported into GABA-ergic and Glu-ergic neurons by the unidirectional System A transporters, 
SNAT1 and SNAT2 [ 17 ]. In neurons, Gln is converted to Glu by the mitochondrial enzyme phosphate- 
activated glutaminase (PAG) [ 18 ]. It should be noted that the activity of PAG is much higher in neu-
rons than in astrocytes [ 19 ] and that differential cellular compartmentation of PAG and GS forms the 
basis for the GGC pathway. Inhibition of GS reduces levels of GABA in the nerve terminal, which 
is consistent with the generation of GABA from Glu in a reaction mediated by glutamic acid decar-
boxylase (GAD). Additionally, Glu is packaged into synaptic vesicles by the vesicular VGLUT 
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transporter [ 20 ], released into the extracellular space and taken up by astrocytes where it is re-synthesized 
into Gln. The Gln and Glu cycling between astrocytes and neurons is critical for optimal CNS func-
tion, thus maintaining proper levels of the amino acid neurotransmitters Glu and GABA (Fig.  30.1 ).   

    Manganese and the Glutamine/Glutamate-γ-Aminobutyric Acid Cycle 

    Essentiality and Toxicity of Manganese 

 Manganese (Mn) is a trace metal commonly found in the environment. It is an essential dietary nutri-
ent, and as such is required for normal physiological function. Mn-regulated enzyme families include 
oxidoreductases, transferases, hydrolases, isomerases, and ligases. Mn metalloenzymes include glu-
tamine synthetase, arginase, phosphoenolpyruvate decarboxylase and Mn superoxide dismutase [ 21 ]. 
Nonetheless, chronic exposure to Mn may be toxic and lead to a neurological disorder, referred to as 
manganism. Exposure to Mn in the general population occurs from consumption of well-water 
 containing high levels of the metal and from soy-based infant formulas. Mn is found in methylcyclo-
pentadienyl manganese tricarbonyl (MMT), a fuel additive used in some unleaded gasoline [ 22 ]. 
Humans may also be exposed to organic Mn-containing pesticides, such as manganese ethylene- 
bis- dithiocarbamate [ 23 ]. Manganism commonly occurs in workers chronically exposed to aerosols 

  Fig. 30.1    Glutamine and glutamate transport systems related to the Gln/Glu–GABA cycle and potential sites for inter-
ference by Mn. Schematic representation showing the Gln and Glu transport and metabolism cycling between astrocytes 
and neurons. Glu released from presynaptic terminals is translocated to the astrocytes via GLAST and GlnT-1 transport-
ers. In astrocyte Gln is converted to Gln by the Gln synthetase (GS). Astrocytic Gln transporters mediate its release into 
the extracellular space. In turn Gln is transferred into the neurons mainly by transporters belonging to the System A. 
In neurons Gln is regenerated via phosphate-dependent glutaminase (PAG). Glu is subsequently converted into GABA 
via decarboxylation by glutamic acid decarboxylase (GAD). In both astrocytes and neurons Glu is used for the synthesis 
of alpha-ketoglutaric acid (α KG), a substrate for the tricarboxylic acid cycle (TCA), by oxidative deamination mediated 
by Glu dehydrogenase (GDH)       
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or dusts that contain extremely high levels (>1–5 mg Mn/m 3 ) of Mn [ 24 ]. Occupational exposure to 
Mn has been identifi ed as a health hazard for miners, battery manufacturers ferroalloy workers and 
automotive repair technicians [ 25 ]. Recent studies demonstrate a distinctive extrapyramidal syn-
drome, changes in magnetic resonance imaging (MRI) signal in the basal ganglia and elevated blood 
Mn levels in methcathinone abusers [ 26 ]. Manganism is characterized by neuropsychiatric symptoms 
resembling those observed in idiopathic Parkinson’s disease [ 27 ]. Typically, individuals affected by 
manganism exhibit extrapyramidal changes with hypokinesia, rigidity and tremor, postural instability, 
dystonia and bradyskinesia, micrographia, mask-like facial expression, and speech disturbance [ 24 ]. 
Mn-mediated neuropathological changes are also manifested by neuronal loss and gliosis predomi-
nately in the globus pallidus and the substantia nigra pars reticulata or the striatum [ 28 ]. 

 Mn transport within the CNS is mediated by several transporter proteins as a free ion or a non- 
specifi c protein-bound species. Mn 3+  binds to the transferrin receptor (TfR) and its transport competes 
with iron (Fe) [ 29 ]. Transport of Mn 2+  is mediated by the family of natural resistance-associated mac-
rophage proteins (Nramp), the divalent metal transporter-1 (DMT-1) [ 30 ]. Moreover additional chan-
nels/transporters have been identifi ed, as potential Mn-recognizing transporters, including the divalent 
metal/bicarbonate ion symporters ZIP8 and ZIP14, various calcium channels, the solute carrier-39 
(SLC39) family of zinc transporters, park9/ATP13A2, the magnesium transporter hip14, and the tran-
sient receptor potential melastatin 7 (TRPM7) [ 31 ]. 

 At the cellular level, Mn specifi cally concentrates in mitochondria [ 32 ]. Overexposure or accumula-
tion of Mn leads to mitochondrial disruption. Mn clearance from mitochondria is slow, thus leading to 
the accumulation of intra-mitochondrial Ca 2+  [ 33 ]. Mn also promotes mitochondrial respiratory dys-
function, inducing reactive oxygen species (ROS) and inhibiting the antioxidant defense mechanisms 
by depleting glutathione (GSH) and glutathione peroxidase [ 34 ]. Mitochondrial function is tightly 
coupled to cellular energy production, thus compromised brain energy metabolism leading to decreased 
oxidative phosphorylation likely represents a crucial feature of Mn-induced neurotoxicity [ 35 ].  

    Manganese Effects on Astrocytes Function 

 Astrocytes express high-capacity transporters for Mn [ 36 ], and are considered a primary target for 
Mn-induced neurotoxicity [ 37 ]. Chronic exposure to Mn leads to selective neuronal loss in basal gan-
glia structures concomitant with gliosis and Alzheimer type II astrocytes with enlarged, pale nuclei 
and margination of chromatin. Furthermore, Mn decreases the expression of the astrocytic markers 
S100 and glial fi brillary acidic protein (GFAP) in several rat brain structures [ 37 ]. Approximately 
60–70 % of Mn is sequestered in mitochondria while the rest is localized to the cytosol [ 38 ]. Mn 
causes oxidative stress in primary cultures of astrocytes, leading to mitochondrial dysfunction and 
energy depletion [ 39 ]. Mn leads to failure of astrocytes to maintain antioxidant defense mechanisms 
via disruption of GSH synthesis [ 40 ]. Treatment of astrocytes with Mn also results in increased uptake 
of  L -arginine, a substrate for the inducible form of nitric oxide synthase (iNOS), which may lead to 
increased ROS generation as a consequence of nitric oxide (NO) production [ 41 ]. Astrocytic exposure 
to Mn is also associated with cell swelling secondary to NOS activation. Moreover, increased expres-
sion of the water channel protein aquaporin-4, a predominantly astrocytic isoform, has been impli-
cated in Mn-mediated cell swelling [ 40 ]. 

 Adult mammalian brain energy metabolism depends on the oxidation of glucose (Glc). Sodium–
coupled transfer of Glu into astrocytes and activation of Na + /K + -ATPase stimulate Glc uptake and gly-
colytic processing [ 42 ]. The stoichiometry between oxidative Glc metabolism and Glu cycling in the 
cerebral cortex is close to 1:1, suggesting that the majority of cortical energy production supports func-
tional Glu-ergic neuronal activity [ 43 ]. It is well accepted that Glc metabolism via TCA activity leads to 
the biosynthesis of the neurotransmitters Glu and GABA [ 39 ]. Homeostasis of these neurotransmitters 
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is essentially dependent upon neuronal–astrocytic interactions via the GGC. Mn mediates changes in 
astrocytic Glc metabolism by inhibiting the astrocyte-specifi c enzyme, GS [ 34 ]. Furthermore, Mn plays 
an important role in brain energy metabolism by affecting the key anaplerotic glial-specifi c enzyme, 
pyruvate carboxylase (PC) [ 44 ]. These effects of Mn may cause changes in astrocytic and neuronal 
integrity and affect astrocyte-mediated neuronal support. For example, Mn-induced neuronal injury in 
the striatum and the globus pallidus is associated with primary dysfunction of astrocytes via mechanisms 
involving NO. In addition, Mn inhibits the ability of astrocytes to promote neuronal differentiation by a 
mechanism that involves oxidative stress and a reduction in levels of the extracellular matrix protein, 
such as fi bronectin.  

    Manganese and Glutamate Transport 

 Glu is the principal excitatory neurotransmitter of mammalian brain. Glu uptake by astrocytes is essential 
for maintaining optimal extracellular Glu concentrations that do not activate Glu transporters [ 45 ]. 
Extracellular accumulation of Glu causes toxicity in the CNS [ 46 ], playing an essential role in neurode-
generative diseases, such as Huntington’s disease or Alzheimer’s disease [ 47 ]. Furthermore, acute insults 
such as stroke or traumatic injury are associated with elevation of the extracellular Glu content [ 48 ]. 

 Glu transfer is largely dependent upon neuronal–astrocytic interactions and is essential for proper 
functioning of the GGC cycle [ 4 ]. Moreover, pharmacological studies suggest that a signifi cant pro-
portion of Glu is recycled by GGC. For example in the retina, Glu levels and electrophysiological 
responses to light are rapidly ablated by inhibition of GS with methionine sulfoximine [ 49 ]. Glu 
removal from the synaptic cleft is mediated by two major astrocytic transporters: GLAST and GLT-1 
[ 50 ]. The inward transport of one Glu is coupled to co-transport of three Na +  and one H + , with one K +  
being counter-transported. Downregulation of GLAST and GLT-1, both at the mRNA and protein 
levels, has been described in non-human primate brain after long-term airborne Mn exposure [ 51 ]. 
In agreement, impairment in Glu transport has been observed in Chinese hamster ovary cells trans-
fected with GLAST or GLT-1 upon Mn exposure (Table  30.2 ). Although the underlying mechanisms 
responsible for the loss of Glu transporter are not completely understood, activation of the lysosomal, 
rather than the proteasomal pathway, is likely responsible for downregulation of Glu transporter activ-
ity in response to Mn exposure [ 52 ].

   Furthermore, PKC signaling involvement has been identifi ed in Mn-induced downregulation of Glu 
turnover. A recent study revealed that PKC stimulation by α-phorbol 12-myristate (PMA) signifi cantly 
decreases astrocytic Glu uptake, while treatment with the general PKC inhibitor, bisindolylmaleimide 
II (BIS II), protects astrocytes from the Mn-induced downregulation of Glu transport. The same study 
also established that the PKCδ and PKCα isoforms, as well as caspase 3, are involved in Mn-dependent 
downregulation of astrocytic Glu uptake or GLT1 expression [ 52 ]. 

   Table 30.2    Manganese and glutamate transport in astrocytes   

 Glu transporter  Catalytic mechanism 
 Principal cellular 
localization  Targets of Mn action 

 GLAST  Inward transport of one Glu is coupled to 
co-transport of three Na +  and one H +  
with one K +  being counter-transported 

 Astrocytes; 
endothelial cells 

 protein expression; 
function (uptake) 

 GLT-1  Inward transport of one Glu is coupled to 
co-transport of three Na +  and one H +  
with one K +  being counter-transported 

 Astrocytes; 
endothelial cells 

 mRNA and protein 
expression; function 
(uptake) 

  General characteristic of glutamate transporters and Manganese (Mn)-induced effects on glutamate carriers and signaling 
associated with the glutamine/glutamate-γ-aminobutyric acid cycle (GGC)  
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 Co-immunoprecipitation studies demonstrated association between GLT-1 and the PKCδ and 
PKCα isoforms, and Mn-induced increases in PKCδ–GLT-1 interaction [ 52 ]. Reversal of the 
Mn-induced downregulation of GLAST protein expression was observed in the presence of PKCα 
and casapase-3 inhibitors. Moreover, no interaction between GLAST and the PKC isoforms was 
observed in control conditions or upon Mn exposure in primary cultures of astrocytes [ 52 ]. Several 
groups have demonstrated contradictory effects of PKCs on GLAST-mediated transport, showing that 
activation of PKC increases, decreases or has no effect on GLAST expression and activity [ 53 ]. More 
consistent observation has been observed in the case of the GLT-1 transporter. These studies show that 
activation of PKC rapidly decreases GLT-1 cell surface expression in C6 glioma stably transfected 
with GLT-1 and in primary cultures that endogenously express GLT-1 [ 54 ]. It appears that both 
GLAST and GLT-1 are regulated via the PKC-dependent pathway; however, with different contribu-
tion of the α and δ PKC isoforms for each of these transporters [ 55 ] (Fig.  30.2 ).   

    Manganese and PKCδ 

 Protein kinase C (PKC) isozymes comprise a family of at least ten related serine-threonine kinases 
that play crucial roles in the regulation of various cellular processes, including differentiation, prolif-
eration, tumorigenesis and apoptosis [ 56 ]. Members of this family have been shown to be either  
pro- or antiapoptotic. PKCδ has been implicated in many cellular processes, including regulation of 
apoptotic cell death [ 57 ]. Mn has been shown to promote the specifi c phosphorylation of PKCδ iso-
zyme, and increase PKC activity [ 52 ]. Astrocytes transfected with shRNA against PKCδ are less 
sensitive to Mn compared to those transfected with control shRNA. Mn also promotes the nuclear 
translocation of PKCδ [ 52 ]. These fi ndings suggest that Mn affects PKCδ signaling (Fig.  30.3 ).  

 Proteolytic cleavage, mediated by caspase-3 gives rise to the PKCδ catalytic fragment (PKCδ 
CF), which has been invoked as a putative mechanism for kinase activation [ 58 ]. Overexpression of 
the PKCδ CF induces chromatin condensation and DNA fragmentation, which supports a role for 

  Fig. 30.2    Proposed model for Mn-induced disruption of glutamine/glutamate-γ-aminobutyric acid cycle involving 
PKCs signaling. Mn treatment impairs Glu and Gln transporters expression and functions ( 1 ) and activates PKCs iso-
forms: PKCδ and PKCα ( 2 ); Mn mediates activation of PKCδ by promoting caspase-3-dependent proteolytic cleavage 
( 3 ); caspase-3 activation of PKCδ increases its binding with ASCT2, SNAT3 and GLT-1 transporters leading to their 
inactivation/dysfunction ( 4 ); Mn-dependent activation of PKCα triggers downregulation of GLAST transporter ( 5 )       
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PKCδ cleavage in the induction of apoptosis. Furthermore, nuclear translocation of PKCδ is strictly 
 dependent upon its caspase-3-mediated cleavage [ 57 ]. Notably, Mn toxicity is associated with cas-
pase-3 activation in several in vitro and in vivo models, and as mentioned before, with increased 
PKCδ’s nuclear translocation [ 52 ]. Moreover, a mechanism implicating caspase-3 and PKCδ inhibi-
tion has been invoked for the Mn-mediated disruption of Glu transport [ 52 ]. PKCδ plays a crucial 
role in the cellular response to ROS and oxidative stress-mediated PKCδ activation by caspase-3 
[ 59 ]. Notably, oxidative stress particularly in mitochondria is a common feature of Mn toxicity [ 60 ]. 
Moreover, it has been established that caspase-3-dependent PKCδ activation not only contributes to 
neuronal apoptosis, but also has a signifi cant feedback regulatory role in amplifi cation of the apop-
totic cascade during neurotoxic stress upon Mn treatment [ 58 ]. Combined, these fi ndings suggest 
that caspase-3- dependent PKC activation is required for PKCδ/Mn-mediated deregulation of gluta-
mate turnover.  

    Manganese and Glutamine Transport 

 Mn inhibits the initial net uptake of Gln in a concentration-dependent manner in primary culture of 
astrocyte [ 61 ]. Mn induces deregulation in the expression of SNAT3, SNAT2, ASCT2, and LAT2 
transporters. These observations are consistent with Mn-mediated decrease in Gln uptake by carriers 
belonging to Systems N and ASC, and a decrease in Gln effl ux mediated by Systems N, ASC and L 
in astrocytes [ 62 ]. 

 The contribution of PKC signaling to Mn-induced dyshomeostasis in Gln transport has been inves-
tigated in cultured astrocytes [ 63 ]. A recent study revealed that PKC inhibition by BIS II blocked the 
Mn-induced downregulation in Glu uptake. Treatment of primary astrocyte cultures with a PKC stim-
ulator decreases Gln uptake mediated by Systems ASC and N, and decreases expression of ASCT2 
and SNAT3 protein levels in cell lysates and in plasma membranes [ 63 ]. It is noteworthy that both 
Mn-affected transporters contain putative PKC phosphorylation sites, which are conserved in the 
human, rat and mouse [ 64 ] A recent in situ study has revealed that PKC activation induces phosphorylation 

  Fig. 30.3    Putative mechanism of PKC signaling in Mn-induced apoptosis and the associated mitochondrial dysfunction. 
( 1 ) Mn exposure acti vates PKC isoforms: PKCδ and PKCα; ( 2 ) activation of PKCδ by Mn requires its  proteolytic cleav-
age mediated by active caspase-3; ( 3 ) Proteolytic cleavage, mediated by caspase-3 gives rise to the PKCδ catalytic 
fragment (PKCδ CF), which in turn translocates to the nucleus and mediates DNA fragmentation; ( 4 ) PKCδ regulates 
key apoptotic events, including cytochrome  c  (Cyt C) release into the cytosol from mitochondria; ( 5 ) Cyt  c  activates 
caspase cascade via positive feedback loop, which leads to the amplifi cation of the apoptotic signals       
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and internalization of SNAT3 [ 65 ]. Furthermore, increased binding of PKCδ to ASCT2 and SNAT3 
upon exposure to Mn has been identifi ed by co-immunoprecipitation. Taken together, these fi ndings 
suggest a prominent role for PKCδ in Mn-mediated disruption of Gln turnover. The above-described 
studies combined with fi ndings on Mn’s infl uence on Glu transport are consistent with aberrant GGC 
function by Mn at two key steps, including Gln and Glu transport, via similar PKC signaling events 
(Fig.  30.2 ).  

    Manganese Involvement in SNAT3 Expression and Function 

 Ubiquitination is as an important mechanism for controlling surface expression of membrane  proteins. 
This post-translational modifi cation involves the sequential action of several enzymes, including an 
ubiquitin-activating enzyme E1, an ubiquitin-conjugating enzyme E2 and an ubiquitin-protein ligase 
E3. Nedd4-2 (neuronal precursor cell expressed, developmentally downregulated 4-2), a member of 
the HECT (homology to the E6-associated protein C terminus) family of E3 ubiquitin ligases is a 
physiologically important regulator of numerous membrane channels and transporters by promoting 
their ubiquitination [ 66 ]. Polyubiquitination triggers transporter sorting and targeting for lysosomal 
degradation, which also involves the proteasome. In general, phosphorylation of Nedd4-2 and E3 
ligases represents a powerful regulatory mechanism for altering the fate of ion channels and other 
targets for ubiquitination [ 67 ]. It has been confi rmed that SGK1 (serum- and glucocorticoid-regulated 
kinase 1) decreases the interaction between Nedd4-2 and target proteins by phosphorylation of ubiq-
uitin ligase at three residues [ 68 ]. Furthermore, in a  Xenopus laevis  oocyte expression system, SNAT3 
is downregulated by Nedd4-2 and that this effect is blocked by SGK1 [ 69 ]. It is interesting to note that 
Mn decreases SGK1 expression and phosphorylation, suggesting Nedd4-2/SGK1 involvement in 
Mn-mediated degradation of SNAT3. These fi ndings, concomitant with those that chronic Mn expo-
sure alters the expression of genes associated with the ubiquitin/proteasome system [ 70 ,  71 ], suggest 
that Mn-mediated disruption of SNAT3 expression or function precedes its ubiquitination [ 63 ]. 

 It has also been shown that PKC activation regulates dopamine transporter (DAT) function by its 
internalization and degradation in an ubiquitin-dependent manner. Furthermore, RNA interference 
(RNAi) analysis shows the essential and specifi c role of Nedd4-2 in PKC-mediated endocytosis of 
DAT. Downregulation of Nedd4-2 results in a signifi cant reduction in PKC-dependent ubiquitination 
of DAT. A recent study has demonstrated that PKC activation induces hyper-ubiquitination, and 
increases the association of SNAT3 with Nedd4-2. PKC stimulation decreases Gln uptake mediated 
by System N in astrocytes and signifi cantly downregulates SNAT3 at protein levels, while Mn expo-
sure activates PKCs [ 63 ]. In addition, prolonged stimulation of PKC with phorbol ester leads to the 
degradation of SNAT3 [ 65 ]. Combined, these fi ndings demonstrate that Mn-induced deregulation of 
SNAT3 function is likely mediated via PKC signaling and ubiquitin-mediated proteolysis.   

    Conclusions 

 The GGC represents a complex process, because Gln effl ux from astrocytes must be met by its uptake 
in neurons. Disturbances in Gln delivery to neurons and/or its metabolism to Glu or GABA likely con-
tribute to neurotransmission imbalances in different neuropathological conditions. In light of the above, 
the key role of Mn in the GGC appears beyond doubt (Figs.  30.1  and  30.2 ). Mn toxicity is associated 
with the disruption of Gln and Glu transport in astrocytes, and consequentially with the development 
of secondary Glu-mediated neurotoxicity, which may modulate the activity of neuronal circuits. 
Mn also affects astrocytic Glc metabolism by inhibiting the astrocyte-specifi c enzymes GS and PC. 
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These effects may lead to alterations in neuronal excitatory and inhibitory inputs. In general, astrocytes 
are involved at multiple levels in brain (patho) physiology via their interaction with neurons, and Mn 
disrupts astrocyte–neuronal integrity. Thus, future studies should focus on uncovering therapeutic 
 strategies that reverse astrocyte pathology mediated by Mn and restore optimal GGC in the astrocyte–
neuron unit.     
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        Key Points 

•     Although the tissue content of glutamine is similar to other major amino acids, the concentration 
of glutamine in the cerebrospinal fl uid and extracellular space of brain is at least one order of mag-
nitude higher than other amino acids.  

•   The transport of glutamine from blood to the brain is insuffi cient to reach the requirement of the 
brain, and the synthesis from glutamate by glutamine synthetase in astrocytes supplements the 
demand.  

•   The glutamine synthesis is crucial to the glutamate clearance in interstitial space and neuronal 
glutamate and GABA synthesis by participating in the glutamine–glutamate–GABA cycle between 
astrocytes and neurons.  

•   The defi ciency of glutamine synthesis due to the loss of glutamine synthetase may result in a 
 seizure or the development of epilepsy.  

•   The accumulation of glutamate in interstitial space and the defi cit of GABA synthesis could be the 
main reasons for the hyperexcitability, following the inhibition of glutamine synthetase.   
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  Abbreviations 

  AAV    Adeno-associated virus   
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  eGFP    Enhanced green fl uorescent protein   
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  GDH    Glutamate dehydrogenase   
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  GS    Glutamine synthetase   
  MSO     L -methionine sulfoximine   
  MTLE    Mesial temporal lobe epilepsy   
  PAG    Phosphate-activated glutaminase   
  SAT    System A type transporter   
  TCA    Tricarboxylic acid cycle   
  TLE    Temporal lobe epilepsy   
  VGAT    Vesicular GABA transporter protein   
  VGLUT    Vesicular glutamate transporters   

       Introduction 

 The amount of glutamine is abundant in the central nervous system (CNS) and it is evenly distributed 
in the different brain regions [ 1 ,  2 ]. The transport of glutamine from blood to the brain is insuffi cient 
to reach the requirement of the brain, and the synthesis from glutamate by glutamine synthetase (GS) 
in astrocytes supplements the demand [ 2 ]. Glutamine is required for several physiological processes, 
including synthesis of proteins, osmoregulation and synthesis of glutamate and GABA [ 3 ]. So, gluta-
mine is crucial to the glutamine–glutamate–GABA cycle in the brain, which may largely affect the 
balance between the excitatory and inhibitory transmission. However, the excessive accumulation of 
glutamine in the brain may result in CNS dysfunction, due to cerebral edema and mitochondrial dam-
age. For instance, hyperammonemia can cause such disturbance by facilitating the formation of glu-
tamine. Yet, this chapter focuses on the participation of glutamine in the glutamine–glutamate–GABA 
cycle, and the association between the disruption of the cycle and seizure or epilepsy. 

    Glutamine and Glutamine–Glutamate–GABA Cycle 

 Although the tissue content of glutamine is similar to other major amino acids, the concentration of glu-
tamine in the cerebrospinal fl uid and extracellular space of brain is at least one order of magnitude higher 
than other amino acids (Table  31.1 ) [ 2 ,  4 ]. The extracellular concentrations of most amino acids in the 
brain are at the range of low micromole, which are much lower than their plasma level. In contrast, the 
extracellular concentration of glutamine varies from 0.06 to 0.5 mM, and the upper of the range is close 
to its level in CSF, plasma and serum [ 4 ]. The distinction of the concentration among different amino 

   Table 31.1    Concentrations (μM) of amino acids in cerebrospinal fl uid, plasma and serum   

 CSF  Plasma  Serum 

 Glutamate  3.3 ± 0.3  43 ± 26  67 ± 36 
 Aspartate  2.1 ± 0.7  3.3 ± 1.6  10 ± 7 
 Glutamine  378 ± 67  416 ± 200  416 ± 200 
 Asparagine  4.7 ± 33  43 ± 27  47 ± 27 
 Glycine  8.4 ± 0.9  153 ± 74  155 ± 73 
 Alanine  26 ± 9  218 ± 130  230 ± 124 
 Serine  44 ± 4  107 ± 61  117 ± 56 
 Threonine  5.1 ± 0.9  139 ± 82  149 ± 81 
 Taurine  19 ± 0.4  178 ± 105  284 ± 38 
 Citrulline  5.5 ± 1.9  72 ± 39  83 ± 35 

  Adapted from [ 4 ] and reproduced with permission from Neuroscience\Elsevier B.V.  
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acids in interstitial space may be partially due to the difference in the ability of crossing the blood–brain 
barrier, for example the rate of glutamate penetration is 5–10 folds less than that of glutamine [ 5 ].

   In the CNS, the glutamine participates in the glutamine–glutamate–GABA cycle (Fig.  31.1 ), which 
is crucial to glutamate clearance in interstitial space and maintenance of excitatory and inhibitory 
transmissions. In this cycle, glutamine comes from a reaction catalyzed by GS, which metabolize 
glutamate and ammonia to glutamine with consumption of a molecule ATP:  

 Glutamate + NH 4  + ATP → Glutamine + ADP + Pi. 

 As glutamine transported from the periphery does not reach the demand of the brain tissues, a 
majority of CNS glutamine is synthesized by GS endogenously. GS is preferentially located in the 
cytoplasm of astrocytes, but varies in different regions with the greatest degree noted in the hippo-
campus and cerebellar cortex, while the least is found in brain stem, deep cerebellar nuclei and spinal 
cord [ 6 ]. In the hippocampus, GS-immunoreactivity is strongest in astrocyte processes that engulf 
glutamatergic nerve terminals [ 7 ] and displays a layer specifi c distribution corresponding to the glu-
tamate binding sites [ 8 ], highlighting its critical role in glutamate metabolism. The formed glutamine 
then leaves the cytoplasm of astrocytes to extracellular space mostly via glutamine transporter system 
N transporters 1 [ 9 ]. Subsequently, glutamine is imported into GABAergic and glutamatergic neurons 
via the system A type transporter, SAT1 and SAT2, respectively [ 10 ,  11 ]. 

 In the glutamatergic neurons, glutamine is converted to glutamate via mitochondrial enzyme phos-
phate-activated glutaminase (PAG) [ 12 ], and then packaged into synaptic vesicles by vesicular 
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enzymes, transporter molecules, and metabolic intermediates are shown. Note the metabolic relationship among astro-
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glutamate transporters (VGLUT) [ 13 ,  14 ]. After release from synaptic vesicles, glutamate binds to 
glutamate receptors in neurons and glial cells. The extracellular glutamate is mainly taken up by 
glutamate transporters in astrocytes. There are Na + -independent and Na + -dependent glutamate uptake 
systems, among which astrocyte Na + -dependent systems show high affi nity for glutamate and are the 
predominant glutamate uptake mechanism in the brain [ 15 ]. Overall, fi ve Na + -dependent glutamate 
transporters have been identifi ed, that are EAAT1 (GLAST), EAAT2 (GLT-1), EAAT3, EAAT4 and 
EAAT5. Among them, GLAST and GLT-1 are almost exclusive glial glutamate transporters but with 
different location. In adult brain, GLT-1 expression is most abundant in forebrain regions [ 16 ], whereas 
GLAST is prevalent in cerebellum [ 17 ]. EAAT3 is mainly expressed in glutamatergic and GABAergic 
neurons, showing lower density compared with astrocytic glutamate transporters [ 16 ]. The less effi -
ciency of neuronal glutamate uptake results in the uptake of most neuronally released glutamate by 
astrocytes to reduce extracellular glutamate at 3–4 μM under resting status, compared with cytosolic 
glutamate at the range from 1 to 10 mM in different cell types [ 15 ]. EAAT4 and EAAT5 are found in 
Purkinje cells and retina, respectively, which are less related to the cerebral glutamine–glutamate–
GABA cycle addressed here. 

 The imported glutamate is converted back to glutamine by the reaction mentioned before, so as to 
complete the glutamine–glutamate metabolic cycle. On the other hand, glutamate is an important 
metabolic fuel, which is oxidatively degraded to carbon dioxide and water, besides being the most 
important excitatory transmitter [ 18 ]. It has been estimated that two-thirds of glutamate is converted 
to glutamine, while one-third enters the tricarboxylic acid cycle (TCA) to participate in oxidative 
metabolism which also exists in neurons [ 19 ]. In astrocytes, glutamate is also metabolized to glutathi-
one, which is exported to the extracellular space to provide neurons with the glutathione precursor 
 L -cysteinylglycine [ 20 ]. Because of the low penetration of the blood–brain barrier, glutamate degrada-
tion must be compensated for by net synthesis of glutamate from glucose. However, neurons lack the 
enzyme pyruvate carboxylase which mediates the effective synthesis of precursors for glutamate 
synthesis in TCA, so neurons need net formation of glutamate from glucose in astrocytes to maintain 
their glutamate activity [ 21 ]. 

 In GABAergic neurons, the imported glutamine is converted to glutamate via PAG catalysis and 
then further converted to GABA via glutamate decarboxylase isoenzymes GAD65, which is concen-
trated in the nerve terminals, and GAD67, which is present throughout the cytoplasm [ 22 ]. GABA 
used for neurotransmission is packaged in synaptic vesicles by the vesicular GABA transporter pro-
tein (VGAT) [ 23 ]. The released GABA can be transported back to neurons or to astrocytes by GABA 
transporters. The GABA transporters subtype GAT3 is preferentially present on astrocytes, whereas 
GAT1 and GAT2 are mainly expressed on neurons. A proportion of GABA is not metabolized and 
may be released back into extracellular space, while others enter the TCA cycle as succinate, which 
may be converted to glutamate by glutamate dehydrogenase (GDH) [ 24 ]. In astrocytes, the synthe-
sized glutamate can be metabolized to glutamine by GS, and then the glutamine–glutamate–GABA 
cycle is completed. 

 It has been suggested that astrocytic glutamine synthesis is essential for maintaining neuronal glu-
tamate release. In hippocampal slice cultures, inhibition of GS with  L -methionine sulfoximine (MSO), 
reduced glutamate-like immunoreactivity by 52 % in terminals and increased nearly fourfold in glias, 
meanwhile glutamine-like immunoreactivity was reduced by 66 % in glias [ 25 ]. However, recent 
studies suggested that the astrocyte mediated cycle may primarily support the inhibitory GABA neu-
rotransmission. In a hippocampal slice study, it is found that blocking steps during glutamate–gluta-
mine cycle can reduce synaptic GABA release in hippocampus [ 26 ]. High-titer transduction of 
astrocytes with enhanced green fl uorescent protein (eGFP) via adeno-associated virus (AAV 2/5) 
induced reactive astrocytosis and downregulated expression of GS in hippocampus, which reduced 
inhibitory, but not excitatory, synaptic currents [ 27 ]. Blocking the glutamate–glutamine cycle by 
MSO could mimic this phenomenon, while exogenous glutamine administration enhanced inhibitory 
synaptic currents [ 27 ] (Fig.  31.2 ). Moreover, oral  L -glutamine increased GABA levels in striatal tissue 
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  Fig. 31.2    Glutamate–glutamine cycle defi cits reduce the concentration of vesicular GABA. ( a )  Left , eIPSCs of MSO- 
treated cells compared with cells that were not exposed to MSO during and following train stimulation.  Right , effect of 
train stimulation on eIPSC amplitudes following incubation in MSO (1.5 mM) is expressed as the percentage change from 
eIPSCs recorded in the absence of MSO. MSO triggered an activity-dependent decrease of eIPSC amplitude in control 
cells, but not AAV2/5 cells (** P  < 0.001 relative to control). ( b )  Left , miniature inhibitory postsynaptic currents (mIPSC) 
averages in the absence ( thin traces ) and presence ( thick traces ) of TPMPA (low-affi nity GABA A  antagonist) and SR95531 
(high-affi nity GABA A  antagonist).  Right , TPMPA signifi cantly reduced mIPSC amplitude in neurons from AAV2/5 eGFP-
positive cells (AAV2/5 (+/−TPMPA), 9.5 ± 1.2 pA/7.1 ± 0.9 pA,  n  = 6,  P  = 0.005, paired  t  test; control (+/−TPMPA), 
12.5 ± 1.6 pA/12.2 ± 2 pA,  n  = 6,  P  = 0.87, paired  t  test). SR95531 reduced mIPSC amplitude to a similar extent in both 
groups of cells (AAV2/5 (+/−SR95531), 12.3 ± 1.4 pA/9.9 ± 1.4 pA,  n  = 5,  P  = 0.033, paired  t  test; control (+/−SR95531), 
13.6 ± 2.1 pA/11.1 ± 1.8 pA,  P  = 0.004, paired  t  test). * P  = 0.027 compared with controls. ( c )  Left , current traces before ( thin 
trace ) and during ( thick trace ) application of 10 mM glutamine.  Middle , supplementation with glutamine partially reversed 
eIPSC failure in a subset of AAV2/5 cells (** P  < 0.001 relative to control; AAV2/5,  n  = 7; control,  n  = 7).  Right , bath-
applied glutamine restored eIPSC amplitudes to control levels following train stimulation, but failed to prevent eIPSC 
failure during the train (** P  ≤ 0.003 relative to control,  #  P  = 0.04 relative to AAV2/5). Cell numbers (train/post-train) are as 
follows: control,  n  = 12/10; AAV2/5,  n  = 10/6; AAV2/5 and glutamine,  n  = 6/5. Error bars represent s.e.m (Adapted from 
[ 27 ] and reproduced with permission from Nat Neurosci\Nature Publishing Group)       

 

31 Glutamine and Epilepsy



420

and extracellular fl uid, but not glutamate [ 28 ]. Since GS converts glutamate to glutamine in astrocytes, 
it has been proposed that the defi ciency in GS may lead to an increase of glutamate in astrocytes, 
which could result in the accumulation of glutamate in the extracellular space. This hypothesis is 
based on that rapid metabolism of intracellular glutamate is a prerequisite for effi cient glutamate 
clearance form extracellular space [ 29 ]. Thus, the inhibition of glutamine synthesis in astrocytes 
could induce either glutamate or GABA synaptic perturbations, leading to broader functional disor-
ders associated with neurologic disease.   

    Glutamine/Glutamine–Glutamate–GABA Cycle and Epilepsy 

 Epilepsy is a common and diverse set of chronic neurological disorders characterized by recurring 
seizures. Epileptic seizures result from abnormal, excessive or hypersynchronous neuronal activity in 
the brain that may be due to the imbalance between excitability and inhibition in neurotransmission. 
Therefore, it is reasonable to propose that the glutamine–glutamate–GABA cycle is involved in the 
induction of seizure or the development of epilepsy. Indeed, abundant evidence showed that the dys-
function of this cycle associates with epilepsy, especially the temporal lobe epilepsy (TLE). TLE is 
one of the most common forms of drug-resistant focal epilepsies in humans. The recurrent epileptic 
seizures of TLE may arise from mesial temporal lobe structures, involving the hippocampus, entorhi-
nal cortex and amygdala [ 30 ]. One of its characteristics is the hippocampal sclerosis, showing a pat-
tern of neuronal loss, gliosis, mossy fi ber sprouting and granule cell dispersion [ 31 ]. At present, there 
is still no effective treatment to control TLE, which may be due to an incomplete understanding of the 
pathophysiology of TLE. 

 In microdialysis studies to measure the extracellular levels of glutamate and glutamine in the hip-
pocampus of epileptic patients during the interictal period, it is found that the epileptogenic hippo-
campus had surprisingly high basal glutamate levels and low glutamine/glutamate ratio [ 32 ], and the 
increased glutamate level associates with epileptogenic hippocampal atrophy [ 33 ]. Moreover, during 
seizures extracellular glutamate increased 6-fold above interictal level and 30-fold higher than nor-
mal, which remained at high level for several hours after the cessation of seizure [ 34 ]. In the febrile 
seizure which may be related to the development of TLE, glutamate release increased before onset of 
seizures in rats and this increase correlated with a decrease in seizure threshold temperature, indicat-
ing that increased cortical extracellular glutamate induced by hyperthermia contributes to the onset of 
seizures [ 35 ]. The mechanism may be same as that in clinical seizures induced by fever in patients 
with febrile convulsions or epilepsy. The reason for the pronounced increase could result from the 
slow rates of glutamate–glutamine cycling, although the release of glutamate from astrocytes into 
extracellular space may also be involved [ 36 ]. By magnetic resonance spectroscopy, the epilepto-
genic, gliotic human hippocampus appears to be characterized metabolically by an increase in gluta-
mate content, decreased glutamine content, and slow rates of glutamate–glutamine cycling [ 37 ]. 

 The defi ciency of GS is proposed to account for the low rate of glutamate–glutamine cycling that 
leads to a failure of glial glutamate detoxifi cation and continuing excitotoxicity. A study of surgically 
resected tissue from mesial temporal lobe epilepsy (MTLE) patients indicated that the expression of 
GS in the hippocampus was 40 % lower than that in non-MTLE samples, and the enzyme activity was 
lower by 38 % vs. non-MTLE [ 38 ]. The loss of GS was particularly pronounced in CA1 of the MTLE 
hippocampus (Fig.  31.3 ), where showed obvious astroglial proliferation [ 38 ]. In the TLE patients with 
hippocampal sclerosis, GS was markedly downregulated in the hippocampus in areas with severe 
neuron loss [ 39 ].  

 The roles of GS in epilepsy are also revealed by animal studies. In seizure prone gerbils ( Meriones 
unguiculatus ), it was found that seizures were related to a defi ciency in cerebral GS [ 40 ]. Also, the 
expression of GS was strongly correlated to electroconvulsive threshold in a gene expression and 
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phenotype correlation study [ 41 ]. The causative action of GS in epilepsy was suggested from geneti-
cally modifi ed animals and pharmacological inhibition. In GS haploinsuffi ciency mice, partial knock-
down of GS increased the susceptibility to febrile seizures by measuring the latencies to four behavioral 
febrile seizure characteristics [ 42 ]. MSO is an irreversible inhibition of GS, which causes depletion of 
glutamine and accumulation of glutamate in astrocytes [ 25 ]. Systemic single injection of MSO pro-
moted acute convulsive seizures in rodents [ 43 ]. Sustained brain microinfusion of MSO into the hip-
pocampus in rats induced the recurrent seizures continuously for several weeks, along with a defi ciency 

  Fig. 31.3    GS immunoreactivity of representative autopsy ( a – c ), non-MTLE ( d – f ), and MTLE ( g – i ) hippocampi. There 
is dense and even distribution of GS-positive cells in subiculum and area CA1 of autopsy ( a ) and non-MTLE hippo-
campi ( d ). High-power fi elds of subiculum in autopsy ( b ) and non-MTLE ( e ) hippocampi show that staining is confi ned 
to astroglial cells. High-power fi elds of area CA1 in autopsy ( c ) and non-MTLE ( f ) hippocampi also show many positive 
astroglial cells. In MTLE hippocampus ( g ), there are many GS-positive cells in the subiculum but area CA1 is severely 
defi cient in staining for GS. High-power fi eld of subiculum in G ( h ) confi rms presence of staining in astroglial cells, 
which have somewhat fewer processes than positive astrocytes in the corresponding area of autopsy ( b ) and non-MTLE 
hippocampi ( e ). High-power fi eld of area CA1 in G ( i ) confi rms lack of staining in this region. Specifi city controls with 
GS antiserum ( j ) and preimmune serum ( k ) on adjacent sections of the non-MTLE hippocampus shown in ( d – f ) reveal 
no staining in ( k ). DG = dentate gyrus (Adapted from [ 38 ] and reproduced with permission from Lancet\Elsevier B.V.)       
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in hippocampal GS activity by 82–97 % vs. saline group [ 44 ] (Fig.  31.4 ). Some of the MSO- treated 
animals displayed neuropathological characteristics that were similar to mesial temporal sclerosis, 
such as hippocampal atrophy and patterned loss of hippocampal neurons.  

 The low GS activity can trigger the increase in astrocytic and extracellular glutamate, which may 
account for the hyperexcitibility after MSO administration. On the other side, the defi cit of GS also 
reduces the synthesis of glutamine which can be converted to glutamate after transports into the neurons. 
Therefore, the outcome of the GS defi ciency seems not easy to be speculated. It has been hypothesized 
that in glutamine-signifi cant depletion situations, the supplement of exogenous glutamine may assume 
a primary role in the support of excitatory neurotransmission, and inhibition of glutamine synthesis may 
further compromise the excitatory neurotransmitter synthesis [ 45 ]. However, in TLE patients, the loss of 
GS is spatially restricted to specifi c areas mostly CA1, CA3 and dentate hilus, which allows the supple-
ment of glutamine from other non-compromised region, therefore the excitatory neurotransmitter syn-
thesis may not be compromised and the accumulation of extracellular glutamate is reasonable [ 36 ]. 

 Other evidences highlighting the involvement of GABA defi cit in the seizure induction after block-
ing the GS are also available. In a study of the effect of chronic H1-antihistamine treatment on seizure 
susceptibility after drug withdrawal, it is found that chronic H1-antihistamines diphenhydramine and 
pyrilamine treatment produced long-lasting increase in seizure susceptibility together with the 
reduction of GS activity and glutamine and GABA level [ 46 ] (Fig.  31.5 ). Supplement with glutamine 
reversed the high susceptibility after diphenhydramine treatment. It suggests that the lack of 
glutamine can predominantly render the defi ciency of GABA release, and subsequently the increase 
of seizure susceptibility. Moreover, a reduction of evoked inhibitory post-synaptic currents (eIPSC), 
suggesting the impaired vesicular release of GABA, is found in hippocampal slices after MSO admin-
istration [ 26 ]. Although these data seem not in accord with the hypothesis in glutamine depletion 
situations mentioned above, it suggests that the defi ciency of GABA synthesis together with the 
accumulation of glutamate in interstitial space could be the main reasons for the hyperexcitability, 

  Fig. 31.4    MSO precipitates recurrent seizures. ( a ) Continuous 3-day-record (days 24–26 after surgery) of Teager 
energy (a weighted measure of signal energy such that high-frequency signals contribute greater energy than low- 
frequency signals ( E  ∝  w  2  A  2 , where  E  is the energy,  w  is the frequency and  A  is the amplitude of the signal); Energy 
estimates were obtained at a 1 s resolution) of a single ic (intracranial) electroencephalography (EEG) time-series from 
a representative animal infused continuously with intrahippocampal MSO (0.625 μg/h). Energy estimates were obtained 
at 1 s resolution and averaged over a 5 s running window ( x -axis). A 24-h-period (midnight to midnight) is displayed in 
each trace. Two seizures were recorded during the 72-h period. As in human epilepsy, seizures in the MSO model are 
readily identifi ed by the difference in energy ( y -axis) from background icEEG activity. ( b ) Continuous 3.5 min icEEG 
(from day 24: 18: 11: 50 to 18: 15: 20) displaying the fi rst seizure identifi ed in ( a ) (Adapted from [ 44 ] and reproduced 
with permission from Brain\Oxford University Press)       
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after the inhibition of GS. Further studies are required to elucidate the detailed association between 
the aberrant glutamine–glutamate–GABA cycle and seizure or epilepsy development.  

 Other components of glutamine–glutamate–GABA cycle may also be implicated in the develop-
ment of epilepsy. For instance, GDH activity was decreased in the temporal cortex and hippocampus 
in MTLE patients, which was negatively correlated with the duration since the fi rst intractable seizure 
[ 47 ]. The expression of GLT-1 and GLAST were also decreased in the epileptogenic hippocampal 
formation in TLE patients [ 48 ]. It suggests that the alteration of any component in the cycle may result 
in hyperexcitibility and even seizure. 

 Glutamine is depleted from muscle stores during severe metabolic stress including sepsis and major 
surgery. Dietary supplementation with nutrients, including glutamine, enhancing immune function is 
benefi cial to patients with surgical and critical illnesses [ 49 ]. Glutamine also has been shown to reduce 
the number of serious neonatal infections in very preterm children. However, the effect of glutamine 
supplement on the CNS is not well known. Short-term glutamine supplementation after birth increases 
white matter, hippocampus, and brain stem volumes in very preterm children at school age, however, 
it may not be a direct effect of glutamine on the brain but associated with the lower incidence of serious 
neonatal infections [ 50 ]. Whereas, from a study in rats it is found that glutamine supplementation dur-
ing brain development facilitates cortical spreading depression propagation, as judged by the higher 
cortical spreading depression velocities [ 51 ]. Whether glutamine supplementation can be used to treat 
epilepsy still awaits investigation by abundant experimental or even clinical studies.   

    Conclusions 

 Mounting evidence has addressed the critical role of glutamine in the CNS, which orchestrates the 
communication between astrocytes and neurons by participating in the glutamine–glutamate/GABA 
cycle. The effective cycling limits the accumulation of toxic glutamate in the extracellular space, and 
supplies neurotransmitter precursors for reuse in excitatory and inhibitory synapses. Without suffi -
cient conversion from glutamate to glutamine in astrocytes, for example when the GS is downregu-
lated, the increase of glutamine in interstitial space and the insuffi ciency of GABA synthesis may take 
place. However, which is the primary reason inducing seizure or the development of epilepsy is still 
not understood, and further studies are needed to address this issue especially based on human- related 
evidence. To be noted, new therapeutic strategies targeting glutamine or glutamine–glutamate/GABA 
cycle may benefi t the control of TLE with further investigations.     

  Fig. 31.5    Effect of chronic diphenhydramine treatment on glutamine after withdrawal in rats. Ten days after 
withdrawal from a 2-week diphenhydramine (diphen) treatment, the total glutamine (Gln) content in the cortex 
( a ) and hippocampus ( b ) was determined by high-performance liquid chromatography. The pentylenetetrazol-
induced seizure behavioral stage was determined after supplementation with 2 g/kg Gln at 10 days after drug 
withdrawal from a 2-week 20 mg/kg diphen treatment ( c ). Values are expressed as mean ± SEM.  n  = 7–9 ( a ,  b ); 
 n  = 7–11 ( c ). * P  < 0.05, ** P  < 0.01 Compared with control;  ##  P  < 0.01 compared with saline-treated rats in control 
group; $ P  < 0.05 compared with saline- treated rats in diphen group (Adapted from [ 46 ] and reproduced with 
permission from CNS Neurosci Ther\Blackwell Publishing Ltd)       
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   Key Points 

•     Inherited glutamine synthetase defi ciency is an ultra-rare disorder leading to severe chronic 
encephalopathy.  

•   Glutamine supplementation is a rationale approach to treat glutamine defi ciency caused by a defect 
of glutamine synthetase.  

•   Supplementation of glutamine has as yet been performed in only a single patient affected by glu-
tamine synthetase defi ciency and proved to be safe.  

•   Glutamine supplementation was shown to fully correct the peripheral biochemical phenotype and 
to improve the central biochemical phenotype.  

•   Glutamine supplementation should be started as early as possible to avoid the consequences of 
glutamine defi ciency.     

 Abbreviations 

  CSF    Cerebrospinal fl uid   
  EEG    Electroencephalogram   
  GABA    γ-Aminobutyric acid   
   GLUL  gene    Glutamine ammonia ligase gene   
  GS    Glutamine synthetase   
  MRI    Magnetic resonance imaging   
  MRS    Magnetic resonance spectroscopy   
  NAA     N -acetylaspartate   
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         Introduction 

 The non-essential amino acid glutamine is a key player for numerous metabolic reactions in all organ-
isms [ 1 ]. Amongst other roles, glutamine is pivotal for the temporary storage and transport of nitrogen 
between different organs [ 1 ] and it is the major amino moiety donor for many transamination 
reactions that are required for the production of other amino acids, glucose precursors, purines and 
pyrimidines, and adenosine-monophosphate [ 2 ]. Besides, glutamine contributes to pH homeostasis in 
the kidney and to regulation of plasma glucose levels in the pancreas [ 3 ,  4 ], and is in the central 
nervous system the primary precursor of the most abundant fast excitatory and inhibitory neurotrans-
mitters, namely glutamate and γ-aminobutyric acid (GABA), respectively [ 5 – 7 ]. 

 Given the many pivotal roles of glutamine, it is surprising that there is only one known reaction for 
endogenous glutamine production in mammals provided by the enzyme glutamine synthetase (GS; 
Glutamate-ammonia ligase; EC 6.3.1.2) (Fig.  32.1 ).  

 GS is ubiquitously expressed, active in the cytosol and can be considered as key enzyme of nitrogen 
metabolism [ 1 ,  8 ,  9 ]. The synthesis of glutamine from glutamate and ammonia is ATP-dependent and 
requires as well the presence of magnesium and manganese as cofactors. The GS reaction is the source 
for the entire body glutamine pool since there is no intestinal net absorption of glutamine in healthy 
individuals [ 10 ,  11 ]. In addition to the many roles of glutamine, the GS reaction is vital for many organs, 
e.g. by balancing the nitrogen pool between different compartments, by detoxifying ammonia and glu-
tamate in astrocytes [ 12 – 14 ] and by supporting osmotic cell homeostasis [ 13 ,  15 ,  16 ]. 

 Glutamine plays a critical role in humans already during pregnancy, since there is a need for glu-
tamine for normal ontogeny and brain development [ 17 ,  18 ]. Accordingly, GS is expressed in utero in 
early human fetuses [ 19 ] and its function is necessary for early development in mice and drosophila 
[ 20 ,  21 ]. Moreover, this is supported by the known GS-dependency of de novo glutamine synthesis in 
the placenta [ 22 ]. However, the supply of glutamine from the placenta to the fetus is ceased immedi-
ately after birth, while the demand for glutamine continues to increase in infancy and early childhood 
due to synaptogenesis and establishment of functional neuronal networks [ 23 ,  24 ]. 

 On the basis of the described importance of the function of GS as well as of the availability of its 
product, glutamine, for the human organism, an inherited defect of GS in humans must be expected to 
result in a severe phenotype if this is not already early embryonic or fetal lethal. The severity of a GS 
defect has already been suggested by the clinical course in patients affected by secondary GS impair-
ment [ 25 ,  26 ] and was in addition recently confi rmed in the very few patients with an inborn error of 
endogenous glutamine synthesis [ 27 ,  28 ] caused by mutations in the  glutamine ammonia ligase  
( GLUL ) gene encoding for GS; the  GLUL  gene, located on chromosome 1q25.3 (OMIM *138290) is 
one of the oldest existing genes [ 8 ]. The defect in these patients is named GS defi ciency (OMIM 
#610015) and is inherited in an autosomal recessive mode [ 27 ]. All patients with GS defi ciency 

  Fig. 32.1    Glutamine synthetase reaction. Reaction of glutamine synthetase as well as the reverse reaction provided by 
the enzyme glutaminase. Below, structures of glutamate and glutamine are shown illustrating the transamination reac-
tion.  ADP  adenosine diphosphate,  ATP  adenosine triphosphate,  P   i   inorganic phosphate       
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suffered from neonatal onset severe epileptic encephalopathy [ 27 ,  28 ] and either died from neonatal 
multiorgan failure [ 27 ,  29 ] or survived into early childhood [ 28 ]. As described in other amino acid 
synthesis defects [ 30 – 32 ], supplementation of the missing amino acid could in theory have the 
potential to alleviate the consequences of GS defi ciency. This has been recently evaluated also for 
GS defi ciency when in a therapeutic trial performed in a single patient the safety of glutamine 
supplementation and its potential to infl uence the course of the disease could be established [ 24 ]. 

 This chapter briefl y reviews the inherited defect of GS but focuses on our current knowledge and 
experience of glutamine supplementation in human GS defi ciency.  

    Background to Inherited Glutamine Synthetase Defi ciency 

 An inherited defect of GS has been described in only three patients so far [ 27 ,  28 ]. All three patients 
presented immediately after birth [ 27 ] or early in the neonatal period [ 28 ]. The patients were of 
Turkish or of Sudanese origin and all had a consanguineous background. Interestingly, the mutations 
identifi ed in the patients all affect the same domain of the  GLUL  gene. Two of the patients carry simi-
lar nucleotide exchanges (c.970C > T and c.970C > A, respectively) resulting in missense mutations 
(p.Arg324Cys and p.Arg324Ser, respectively) affecting the same residue. Another patient carries a 
missense mutation (c.1021C > T, p.Arg341Cys) in close vicinity. The residues affected are either con-
served in all species (Arg324) or conserved in eukaryotes (Arg341) and both are part of active sites: 
Arg324 is involved in ATP binding and Arg341 is adjacent to the glutamate binding site according to 
the recently identifi ed GS crystal structure [ 33 ] (Fig.  32.2 ).  

 It remains unclear whether GS defi ciency indeed is an ultra-rare or a sometimes undiagnosed albeit 
still rare disorder. The only few patients identifi ed so far would support the assumption of an ultra-rare 
disorder. This would certainly be in line with the outstanding role of GS for the mammalian organism 

  Fig. 32.2    Mutated residues in GS defi ciency. Alignment of amino acids 295–349 of the human GS protein with the 
corresponding sequences from dog, maize, two different M. tuberculosis species as well as from S. typhimurium. 
Residues involved in ATP, glutamate or ammonia binding, respectively, are indicated by  asterisk ,  hash  or  paragraph 
signs , respectively. Residues Arg324 and Arg341 are depicted by  grey dashed frames . Figure adapted from [ 33 ]       
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during all stages of development. Since already early embryonic stages require the function of GS [ 19 , 
 21 ,  34 ], an inherited defect of this enzyme may indeed lead to early loss of an affected embryo or 
fetus. On the other hand, all patients with GS defi ciency have until now been identifi ed by the same 
lab suggesting at least to some extent underdiagnosis of this disorder. It is important to note that 
diagnosis of GS defi ciency depends on the cognition of  decreased  levels of an amino acid in plasma, 
urine or cerebrospinal fl uid (CSF) while most metabolic disorders present with  elevated  levels of 
amino acids.  

    The Clinical Phenotype in Inherited Glutamine Synthetase Defi ciency 

 The clinical course in the fi rst two patients was already described in detail [ 27 ,  29 ]. In brief, both 
patients were of Turkish origin and manifested directly after birth with severe epileptic encephalopa-
thy and multiorgan failure. One patient died on day 2 of life while the other survived 4 weeks before 
succumbing to her multiple problems including seizures, intractable diarrhea and necrolytic erythema 
of the entire integument. Since the fi rst report of the disorder, only one additional patient was identi-
fi ed and the natural course of this patient over a period of more than 3 years has been recently described 
[ 28 ]. In brief, this patient was born to fi rst cousin parents from Sudan after an uneventful pregnancy. 
Soon after birth, he was noted to have generalized muscular hypotonia, lower limb hyperrefl exia, 
cloni and episodes of eye staring lasting for 2–3 min. At 13 days of life, generalized tonic–clonic 
convulsions started and persisted despite extended anticonvulsant therapy contributing to a severe 
developmental delay. As it was the case in another patient, also this patient suffered from necrolytic 
erythema when serum glutamine levels were <10 μmol/L at 38 months [ 28 ]. The reason for the longer 
survival of this patient may be a slightly higher level of GS residual activity in case of the missense 
mutation p.Arg324Ser of the  GLUL  gene identifi ed in the longer surviving patient if compared to the 
effect of the mutations p.Arg324Cys and p.Arg341Cys in the case of the neonatally deceased patients, 
respectively, but this is not yet proven (Table  32.1 ).

       Glutamine Supplementation in Glutamine Synthetase Defi ciency 

 Glutamine has gained much interest as a dietary supplement in the general population. Its use has 
been tested in many studies in healthy adults and the usual conclusion was that of a safe supplement 
if some potential hazards are taken into account [ 35 ,  36 ]. In the many glutamine supplementation 
studies in healthy volunteers, doses up to 750 mg/kg/day have proved to be safe during short-term 

   Table 32.1    Clinical presentation in GS defi ciency   

 Patients  Ethnic background  Onset  Life time  Main symptoms 

 1  Turkish  Immediately after birth  28 days  Epileptic encephalopathy 
 Multiorgan failure 
 Skin erythema 
 Diarrhea 

 2  Turkish  Immediately after birth  2 days  Epileptic encephalopathy 
 Multiorgan failure 

 3  Sudanese  Day 1  6 years  Epileptic encephalopathy 
 Severe retardation 
 Skin erythema (one episode) 
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application [ 10 ,  35 ,  37 – 39 ]. Based on this safety profi le and on the severe glutamine defi ciency in GS 
defi ciency, its supplementation was considered also for therapeutic purposes in the patient. 

 In addition, supplementation of an amino acid has already been successfully applied in some of the 
few other known amino acid biosynthesis disorders, mainly postnatally in a therapeutic way but also 
as a prophylactic approach to treat affected fetuses during pregnancy [ 30 – 32 ,  40 ]. It was therefore 
logical to consider supplementation of glutamine as treatment for GS defi ciency. 

 In the fi rst two patients with GS defi ciency, a therapeutic intervention was not feasible because of 
the early death of the patients. Glutamine supplementation has until now only been tried in a single 
patient [ 24 ]. This intervention was fi nally undertaken despite concerns about possible increases of 
plasma and CSF ammonia and of extracellular glutamate concentrations, potentially leading to 
neurotoxicity and increased susceptibility to seizures [ 41 ,  42 ]. In the following, the glutamine supple-
mentation trial will be described. 

    The Clinical Situation During the Therapeutic Trial 

 For many months, the patient had been in a stuporous state with only a few minutes of apparent alert-
ness during daytime. Then, emotional expressions such as satisfaction, hunger or anger could be 
identifi ed by the parents. The neurological status of the patient was probably the result of the severe 
changes in cerebral white matter refl ecting the longstanding glutamine defi ciency, the lack of the 
metabolic products of glutamine, and the severe chronic epileptic encephalopathy. The observed neu-
rodegeneration is consistent with experimental fi ndings supporting the role of GS for Schwann cell 
differentiation [ 43 ]. On the basis of the described neurological situation, substantial short-term clini-
cal improvement in the patient’s condition could not be expected. 

 The patient was at that time mainly fed via his gastrostomy tube but was also able to suck small 
amounts of his diet. Convulsions were present every day, but overall, the patient was in a stable condi-
tion and vital parameters were all in normal ranges. In this situation, the patient was hospitalized for 
4 weeks ensuring close clinical, laboratory and technical monitoring. The therapeutic trial lasted for 
the entire 4 weeks during which the patient remained clinically stable. A detailed description of the 
trial was recently published [ 24 ].  

    Practical Aspects of Glutamine Supplementation 

 The aim of the therapeutic trial was to provide a safe and effective remedy for GS defi ciency but at the 
same time the intervention must ideally be easy to perform to be continued long term and by the 
family at their home. Thus, an enteral route was primarily addressed so  l -glutamine was provided as 
a powder (Resource ®  Glutamin, Nestlé Nutrition, Vevey, Switzerland). 

 A low starting dose of 17 mg/kg/day given in eight dosages equally distributed during day and 
night time was chosen because of the above-mentioned concerns about the possible toxicity of raising 
plasma ammonia and glutamate levels. When initially no effect was observed but the intervention was 
tolerated without problems, glutamine was increased stepwise each day to a fi nal dose of 1,020 mg/
kg on day 21 of the trial. For the fi rst 14 days of the trial, fasting glutamine levels obtained immedi-
ately before the next enteral dose of glutamine did not raise. Therefore, the interval between single 
dosages was shortened from 3 to 2 h leading to raising trough levels of plasma glutamine. To improve 
the practicability of the intervention, 330 mg/kg glutamine was administered during night hours from 
12 p.m. until 8 a.m. as a continuous enteral infusion via the gastrostomy tube after dilution of gluta-
mine in 100 mL tap water. Before this infusion has been used, the stability of the glutamine solution 
was investigated by measurement of glutamine at 0, 6 and 9 h, which yielded steady concentrations. 
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 To provide in addition information on the parenteral dose of glutamine needed for maintaining 
normal plasma glutamine levels and to hereby prepare for situations in which no enteral application 
may be tolerated,  l -glutamine was given in a dipeptide preparation containing in addition  l -alanine 
(Dipeptiven ® , Fresenius Kabi, Stans, Switzerland) during close monitoring of plasma glutamine as a 
continuous infusion over 6 h at a rate of 21 mg/kg/h and 31 mg/kg/h, respectively, and over 8 h at a 
rate of 41 mg/kg/h while enteral glutamine supplementation was paused.  

    Biochemical Monitoring During Glutamine Supplementation 

 Measuring levels of plasma glutamine generally requires a fasting state with at least 3–4 h time-lag to 
the last protein containing meal. To meet this requirement during the glutamine supplementation trial, 
levels of plasma ammonia, glutamine and glutamate (the latter two as part of a complete amino acid 
profi le) were obtained with the largest possible gap to the preceding glutamine dosage and immediately 
before the next glutamine administration. This rigorous monitoring yielded stable levels of ammonia 
and glutamate in blood as well as in CSF. Initial fasting concentrations of plasma glutamine were 
74 μmol/L (reference range 457–857) and remained unchanged while glutamine was given every 3 h. 
However, after changing to a two hourly interval and at a dose of 700 mg/kg/day, plasma glutamine 
levels increased above the lower limit of normal. When glutamine was given as an infusion, plasma 
glutamine and ammonia levels remained stable as there was no change of the entire clinical situation. 
Compatible with the improvement in plasma, levels of CSF glutamine constantly increased from 121 
at baseline to 146, 171 and 201 μmol/L (reference range 333–658) after 2, 3, and 4 weeks of treat-
ment, respectively, but remained below the lower limit of normal during the limited trial period [ 24 ]. 

 Besides, a number of other investigations were performed at baseline and at the end of the trial. 
These included concentrations of creatine and guanidinoacetate in CSF, which were normal in this 
patient although baseline creatine was in the upper normal range and showed a similar decrease to that 
observed by magnetic resonance spectroscopy (MRS). In addition, neurotransmitter metabolites were 
measured in CSF revealing slightly decreased but over the time of the trial unchanged concentrations 
of homovanillic acid (171 at baseline and 188 nmol/L at the end of the trial, reference range 211–871). 
Levels of CSF folates and pterines were always normal as were concentrations of glutamate and total 
as well as free GABA; details are published in [ 24 ].  

    Technical Monitoring During Glutamine Supplementation 

 Since the patient suffered from chronic encephalopathy with occasional epileptic seizures, electro-
encephalogram (EEG) recording was done. At baseline, EEGs were severely abnormal with frontal 
high amplitude slow waves (0.5–2/s) and intermittent generalized subdelta (0.5/s) waves. During 
sleep, the amplitude was intermittently attenuated in irregular intervals and partly suppressed for 
1–3 s. During the short awake intervals, multifocal sharp waves were present with higher fre-
quency than during sleep. EEG after 1 week of treatment showed a slightly improved background 
activity and the intermittent amplitude attenuation during sleep seemed to be less distinct. After 
3 weeks of glutamine treatment, the background activity had clearly improved with dominant 
3–5/s activity in the awake state. At the end of the 4 weeks trial, intermittent amplitude attenua-
tions completely disappeared during sleep and multifocal sharp waves were less frequent in all 
recordings (both awake and asleep) [ 24 ]. 

 In addition, magnetic resonance imaging (MRI) including MRS was performed. At the baseline of 
the trial, MRI (performed at age 3 years 9 months) showed changes that were not present in the 
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previous examination at 11 months [ 28 ], including increased white matter signal intensity on 
T2-weighted images, prominent Virchow-Robin-spaces, reduced white matter volume with conse-
quent thinning of the corpus callosum and secondary enlargement of CSF spaces. The basal ganglia 
were atrophic and no contrast enhancement was present. Two other MRI examinations during the trial 
did not reveal additional changes. 

 MRS at baseline demonstrated undetectable glutamine, reduced  N -acetylaspartate (NAA) and glu-
tamate and elevated creatine, choline, and myo-inositol concentrations, respectively. Monitoring after 
2 weeks revealed increased glutamine and glutamate levels and a decrease of creatine and choline 
with a modest increase in NAA. At the end of the 4 weeks trial, glutamine, glutamate, and NAA levels 
continued to increase but remained below normal while creatine and choline levels continued to 
decrease but remained above normal. GABA levels were within the normal range both at baseline and 
at the end of the trial but there was a trend to lower levels during the trial (Fig.  32.3 ).   

    Results of the Therapeutic Trial 

 The main aim of the trial was to achieve in the patient an improved supply of glutamine mainly to the 
brain but basically to the entire organism as indicated by increasing concentrations of glutamine in 
plasma and CSF while avoiding adverse effects. This was considered the prerequisite for an improve-
ment of brain function as indicated by advancement of alertness and the entire clinical status as well 
as of normalization of the EEG. 

 Importantly, enteral as well as parenteral  l -glutamine was well tolerated during the 4 weeks trial 
without adverse effects. Of note, enteral glutamine supplementation was entirely suffi cient to estab-
lish and maintain normal plasma glutamine levels. As an alternative if enteral use is not feasible, 

  Fig. 32.3    Comparison    of MRS spectrum at baseline and at the end of the trial. Brain MRS performed in the patient 
before the 4 weeks trial (panel  a ) and at the end of the trial (panel  b ). At the beginning of the trial, concentration of 
glutamate alone (Glu) is given since glutamine was absent. On the  right panel , concentrations of glutamate and gluta-
mine (Glu + Gln) are shown; the  black vertical arrow  in panel ( b ) indicates the glutamine peak only seen at the end of 
the trial. GABA concentrations are shown on each  right side  of panel ( a ) and ( b ) (at about 3.0 ppm) demonstrating the 
decrease in GABA concentrations during the glutamine supplementation trial. Figure adapted from [ 24 ]       
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parenteral application of glutamine was also successful in this patient but was considered as second 
choice for practical reasons and based on the higher invasiveness. 

 Two weeks after the start of glutamine supplementation, the plasma glutamine concentrations 
increased with a concomitant improvement in the patient’s alertness. This was mainly noted by the 
parents but could also be confi rmed by staff members as there were clearly longer awake intervals 
during the day. In addition, the intensity of emotional expressions of the patient improved as demon-
strated by the “longest ever smile” on the last day of the trial as described by the father. The improve-
ment in alertness of the patient is certainly encouraging with respect to an earlier start of treatment in 
future patients. 

 The peripheral biochemical phenotype of GS defi ciency, namely the low plasma glutamine level, 
was normalized under high-dose glutamine supplementation (1,020 mg/kg/day). This is in alignment 
with earlier reports that, while at normal levels of intake there is no net intestinal absorption of 
glutamine in healthy individuals, additional supplementation does increase plasma glutamine concen-
trations [ 10 ,  35 ,  44 ] and indicates effective absorption of enteral glutamine in GS defi ciency. In addition, 
the central biochemical phenotype was also improved, as indicated by enhanced glutamine availability 
in CSF and brain tissue. 

 EEG recordings were much improved both in the awake and sleeping state, suggesting that suffi cient 
amounts of external glutamine can cross the blood–brain barrier and possibly infl uence neuronal 
activity. In brain MRS, glutamine concentrations continuously increased from zero to measurable 
levels, which remained however below those seen in age-matched comparison subjects. While MRS 
glutamate was also low at baseline, levels increased during the trial but remained low relative to controls. 
Details to measured levels are documented in [ 24 ]. 

 Interestingly, the observed failure of a further build-up of glutamine in brain tissue and in CSF may 
indicate its increased utilization supported by the advancements in the background EEG activity and 
by the improved alertness as a sign of amelioration of the encephalopathy. Thus, glutamine supple-
mentation succeeded in increasing the supply of glutamine throughout the body, possibly stimulating 
cellular metabolism and sustaining normal function [ 24 ] (Table  32.2 ).

       Glutamine Supplementation Does Not Aggravate Hyperammonemia 

 As described above, a main concern of giving glutamine to a patient with GS defi ciency was related 
to the effect of glutamine supplementation on the plasma ammonia levels. This concern was fed by the 
report of a modest increase (1.6-fold) in cortical ammonia levels in mice affected by a genetic disrup-
tion of GS [ 34 ]. Also, since the defect GS already resulted in chronic hyperammonemia [ 28 ], any 
additional administration of glutamine was thought to possibly provoke a further increase in plasma 
and CSF ammonia. However, levels of plasma and CSF ammonia remained stable during the 4 weeks 
trial even when glutamine supplementation was increased to the fi nal dose of 1,020 mg/kg/day [ 24 ].   

   Table 32.2    Summary therapeutic trial 

 • Improved alertness 
 • Peripheral glutamine defi ciency completely corrected 
 • Glutamine defi ciency in brain partly corrected 
 • Signifi cant improvement of EEG 
 • No worsening of hyperammonemia 
 • No increase of plasma or CSF glutamate 
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    Conclusions 

 In summary, there is only a single report of a therapeutic intervention in a patient with an inherited 
defect of GS [ 24 ]. This report demonstrates the feasibility of fully correcting the systemic lack of 
glutamine and of partly correcting the lack of glutamine in the brain in GS defi ciency without 
worsening preexisting chronic moderate hyperammonemia or provoking toxic CSF ammonia or 
glutamate levels. 

 In future patients, glutamine supplementation should begin as early as possible in order to 
completely avoid the consequences of systemic glutamine defi ciency in the milder cases and to 
alleviate the consequences by replenishing glutamine pools in those patients already affected by 
severe glutamine defi ciency due to insuffi cient compensation during pregnancy. It remains however to 
be established whether an earlier intervention can prevent the devastating natural course of chronic 
encephalopathy in GS defi ciency.     

  Acknowledgements    The author acknowledges the family of the patient who underwent the therapeutic trial for their 
willingness to a close cooperation. Also, colleagues from the State of Qatar (Dr. T. Ben-Omran, Dr. K. Ibrahim and Dr. 
N. Shahbeck) and from University of Oslo, The Biotechnology Centre and The Centre for Molecular Biology and 
Neuroscience (Dr. F. Chaudhry) were instrumental for the study on glutamine supplementation. The scientifi c work on 
GS defi ciency is supported by a grant from Hartmann Müller-Stiftung (grant No. 1492 to JH). Finally, the therapeutic 
trial as well as further studies into GS defi ciency have been supported by a generous grant from Qatar Foundation.  

   References 

      1.    Häussinger D. Hepatic glutamine transport and metabolism. Adv Enzymol Relat Areas Mol Biol. 1998;72:43–86.  
    2.    Häussinger D, Sies R, editors. Glutamate metabolism in mammalian tissues. Berlin: Springer; 1984. p. 3–15.  
    3.    Solbu TT, Boulland JL, Zahid W, et al. Induction and targeting of the glutamine transporter SN1 to the basolateral 

membranes of cortical kidney tubule cells during chronic metabolic acidosis suggest a role in pH regulation. J Am 
Soc Nephrol. 2005;16(4):869–77.  

    4.    Gammelsaeter R, Jenstad M, Bredahl MK, Gundersen V, Chaudhry FA. Complementary expression of SN1 and 
SAT2 in the islets of Langerhans suggests concerted action of glutamine transport in the regulation of insulin secre-
tion. Biochem Biophys Res Commun. 2009;381(3):378–82.  

    5.    Chaudhry FA, Reimer RJ, Edwards RH. The glutamine commute: take the N line and transfer to the A. J Cell Biol. 
2002;157(3):349–55.  

   6.    Chaudhry FA, Boulland JL, Jenstad M, Bredahl MK, Edwards RH. Pharmacology of neurotransmitter transport into 
secretory vesicles. Handb Exp Pharmacol. 2008;184:77–106.  

    7.    Albrecht J, Sidoryk-Wegrzynowicz M, Zielinska M, Aschner M. Roles of glutamine in neurotransmission. Neuron 
Glia Biol. 2010;6(4):263–76.  

     8.    Kumada Y, Benson DR, Hillemann D, et al. Evolution of the glutamine synthetase gene, one of the oldest existing 
and functioning genes. Proc Natl Acad Sci U S A. 1993;90(7):3009–13.  

    9.    Häussinger D, Schliess F. Glutamine metabolism and signaling in the liver. Front Biosci. 2007;12:371–91.  
      10.    Watford M. Glutamine metabolism and function in relation to proline synthesis and the safety of glutamine and 

proline supplementation. J Nutr. 2008;138(10):2003S–7.  
    11.    Labow BI, Souba WW, Abcouwer SF. Mechanisms governing the expression of the enzymes of glutamine metabo-

lism–glutaminase and glutamine synthetase. J Nutr. 2001;131(9 Suppl):2467S–74. discussion 2486S–2467S.  
    12.    Martinez-Hernandez A, Bell KP, Norenberg MD. Glutamine synthetase: glial localization in brain. Science. 

1977;195(4284):1356–8.  
    13.    Suarez I, Bodega G, Fernandez B. Glutamine synthetase in brain: effect of ammonia. Neurochem Int. 

2002;41(2–3):123–42.  
    14.    Cooper AJ. The role of glutamine synthetase and glutamate dehydrogenase in cerebral ammonia homeostasis. 

Neurochem Res. 2012;37(11):2439–55.  
    15.    Häussinger D, Graf D, Weiergraber OH. Glutamine and cell signaling in liver. J Nutr. 2001;131(9 Suppl):2509S–14. 

discussion 2523S–2504S.  
    16.    Häussinger D. Nitrogen metabolism in liver: structural and functional organization and physiological relevance. 

Biochem J. 1990;267(2):281–90.  

32 Glutamine Supplementation in Glutamine Synthetase Defi ciency



436

    17.    Battaglia FC. Glutamine and glutamate exchange between the fetal liver and the placenta. J Nutr. 2000;130(4S 
Suppl):974S–7.  

    18.    Boulland JL, Rafi ki A, Levy LM, Storm-Mathisen J, Chaudhry FA. Highly differential expression of SN1, a bidi-
rectional glutamine transporter, in astroglia and endothelium in the developing rat brain. Glia. 2003;41(3):260–75.  

     19.    Vermeulen T, Görg B, Vogl T, et al. Glutamine synthetase is essential for proliferation of fetal skin fi broblasts. Arch 
Biochem Biophys. 2008;478(1):96–102.  

    20.    He Y, Hakvoort TB, Vermeulen JL, Lamers WH, Van Roon MA. Glutamine synthetase is essential in early mouse 
embryogenesis. Dev Dyn. 2007;236(7):1865–75.  

     21.    Caggese C, Caizzi R, Barsanti P, Bozzetti MP. Mutations in the glutamine synthetase I (gsI) gene produce embryo- 
lethal female sterility in Drosophila melanogaster. Dev Genet. 1992;13(5):359–66.  

    22.    Manso Filho HC, Costa HE, Wu G, McKeever KH, Watford M. Equine placenta expresses glutamine synthetase. 
Vet Res Commun. 2009;33(2):175–82.  

    23.    Boulland JL, Qureshi T, Seal RP, et al. Expression of the vesicular glutamate transporters during development indi-
cates the widespread corelease of multiple neurotransmitters. J Comp Neurol. 2004;480(3):264–80.  

               24.    Häberle J, Shahbeck N, Ibrahim K, et al. Glutamine supplementation in a child with inherited GS defi ciency 
improves the clinical status and partially corrects the peripheral and central amino acid imbalance. Orphanet J Rare 
Dis. 2012;7:48.  

    25.    Lichtenstein GR, Yang YX, Nunes FA, et al. Fatal hyperammonemia after orthotopic lung transplantation. Ann 
Intern Med. 2000;132(4):283–7.  

    26.    Tuchman M, Lichtenstein GR, Rajagopal BS, et al. Hepatic glutamine synthetase defi ciency in fatal hyperammone-
mia after lung transplantation. Ann Intern Med. 1997;127(6):446–9.  

          27.    Häberle J, Görg B, Rutsch F, et al. Congenital glutamine defi ciency with glutamine synthetase mutations. N Engl 
J Med. 2005;353(18):1926–33.  

            28.    Häberle J, Shahbeck N, Ibrahim K, Hoffmann GF, Ben-Omran T. Natural course of glutamine synthetase defi ciency 
in a 3 year old patient. Mol Genet Metab. 2011;103(1):89–91.  

     29.    Häberle J, Görg B, Toutain A, et al. Inborn error of amino acid synthesis: human glutamine synthetase defi ciency. 
J Inherit Metab Dis. 2006;29(2–3):352–8.  

     30.    de Koning TJ. Treatment with amino acids in serine defi ciency disorders. J Inherit Metab Dis. 2006;29(2–3):
347–51.  

   31.    de Koning TJ, Klomp LW, van Oppen AC, et al. Prenatal and early postnatal treatment in 3-phosphoglycerate- 
dehydrogenase defi ciency. Lancet. 2004;364(9452):2221–2.  

     32.    Martinelli D, Häberle J, Rubio V, et al. Understanding pyrroline-5-carboxylate synthetase defi ciency: clinical, 
molecular, functional, and expression studies, structure-based analysis, and novel therapy with arginine. J Inherit 
Metab Dis. 2011;35:761.  

     33.    Krajewski WW, Collins R, Holmberg-Schiavone L, Jones TA, Karlberg T, Mowbray SL. Crystal structures of mam-
malian glutamine synthetases illustrate substrate-induced conformational changes and provide opportunities for 
drug and herbicide design. J Mol Biol. 2008;375(1):217–28.  

     34.    He Y, Hakvoort TB, Vermeulen JL, et al. Glutamine synthetase defi ciency in murine astrocytes results in neonatal 
death. Glia. 2010;58(6):741–54.  

      35.    Garlick PJ. Assessment of the safety of glutamine and other amino acids. J Nutr. 2001;131(9 Suppl):2556S–61.  
    36.    Sacks GS. Glutamine supplementation in catabolic patients. Ann Pharmacother. 1999;33(3):348–54.  
    37.    Gleeson M. Dosing and effi cacy of glutamine supplementation in human exercise and sport training. J Nutr. 

2008;138(10):2045S–9.  
   38.    Ziegler TR, Benfell K, Smith RJ, et al. Safety and metabolic effects of L-glutamine administration in humans. Jpen. 

1990;14(4 Suppl):137S–46.  
    39.    Boza JJ, Maire J, Bovetto L, Ballevre O. Plasma glutamine response to enteral administration of glutamine in 

human volunteers (free glutamine versus protein-bound glutamine). Nutrition. 2000;16(11–12):1037–42.  
    40.    de Koning TJ, Klomp LW. Serine-defi ciency syndromes. Curr Opin Neurol. 2004;17(2):197–204.  
    41.    Olney JW, Collins RC, Sloviter RS. Excitotoxic mechanisms of epileptic brain damage. Adv Neurol. 1986;44:

857–77.  
    42.    Albrecht J, Norenberg MD. Glutamine: a Trojan horse in ammonia neurotoxicity. Hepatology. 2006;44(4):

788–94.  
    43.    Saitoh F, Araki T. Proteasomal degradation of glutamine synthetase regulates schwann cell differentiation. J 

Neurosci. 2010;30(4):1204–12.  
    44.    Lacey JM, Crouch JB, Benfell K, et al. The effects of glutamine-supplemented parenteral nutrition in premature 

infants. JPEN. 1996;20(1):74–80.    

J. Häberle



437R. Rajendram et al. (eds.), Glutamine in Clinical Nutrition, Nutrition and Health,
DOI 10.1007/978-1-4939-1932-1_33, © Springer Science+Business Media New York 2015

            Key Points 

•     HIV+ disease progresses with increased oxidative stress and among the defi cient antioxidants is 
GSH.  

•   GSH levels can be restored in plasma and intracellularly by oral administration of its amino acids 
precursors.  

•   Presently, we restored HIV+ plasma GSH to normal control values by using Gln as dietary 
supplement.  

•   The only GSH precursor fully replenished was Gly.  
•   HIV+ and controls responded similarly to the supplementation by increasing plasma Gln but dif-

ferently for Glu with much less increase in HIV+.  
•   The contribution of Gln to higher Gly could be either due to increased protein breakdown or more 

probably by decreasing Gly catabolism.  
•   Gly is the major substrate in Ser synthesis in an interconvertible reaction that accounts for almost 

half of the whole-body Gly fl ux.  
•   Moreover, the Gly clearance through GCS accounts for about 25 % of Gly fl ux leading to both 

one-carbon (and Hcy synthesis) metabolism and Ser synthesis.  
•   In both situations the higher Gly catabolism would result in higher formation of Hcy and mainly 

Ser which were not found here.  
•   The present fi ndings of GSH restoration by oral GSH supplementation following the increased Gly 

and reduced Ser levels seem more likely related to a slower breakdown of Gly resulting in lower 
Ser formation.   
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  Abbreviations 

  Arg    Arginine   
  BMI    Body mass index   
  Co    Control group   
  CO 2     Carbon dioxide   
  Cys    Cysteine   
  Do    Habitual diet   
  GCS    Glycine clearance system   
  Gln    Glutamine   
  Glu    Glutamate   
  Gly    Glycine   
  GSH    Glutathione   
  GSSG    Oxidized glutathione   
  HAART    Highly active antiretroviral therapy   
  Hcy    Homocysteine   
  HIV+    Group of patients seropositive for human immunodefi ciency virus   
  HPLC    High-performance liquid chromatography   
  Met    Methionine   
  NAC     N -acetylcysteine   
  Orn    Ornitine   
  Pro    Proline   
  Ser    Serine   
  SHMT    Serine hydroxymethyltransferase   
  Tau    Taurine   
  TCA    Tricarboxylic acid   

       Introduction 

    The Role of GSH on Antioxidant Actions 

 HIV+ patients present higher plasma levels of pro-oxidant and lower antioxidant markers irrespective 
of their nutritional status and the presence of HAART [ 1 ]. The presence of HAART showed some 
benefi cial effects on β-carotene plasma levels but not on the other antioxidant markers [ 2 ]. Among 
those were glutathione (GSH) and its precursors [ 3 ]. GSH ( L -y-glutamyl- L -cysteinyl-glycine) is the 
major intracellular hydro-soluble antioxidant agent representing important functions in biochemical 
processes and cell control, specially the antioxidant and immune defenses [ 4 ]. Plasma GSH can also 
be used as forms of cysteine storage and transport, with consequences for the regulation of signal 
transduction pathways and gene transcription [ 5 ]. 

 GSH is synthesized from the precursor amino acids in two steps catalyzed by the enzymes gluta-
mate cysteine ligase (also known as γ-glutamylcysteine synthetase) and γ- L -glutamyl- L -cysteine:glycine 
ligase (also known as glutathione synthetase). Plasma GSH arises largely from the liver. The content 
of GSH in mammalian cells is dynamically maintained by the gamma-glutamyl cycle, using GSH as 
a substrate for transpeptidases located on their membranes. Tissues that present low transpeptidase 
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activity (e.g. liver, pancreas, and muscle) export GSH through the blood to cells that have high 
 transpeptidase activity such as kidney [ 6 ,  7 ]. 

 The major contributor to GSH defi ciency and associated oxidative stress in humans is a diminished 
rate of glutathione synthesis, which in turn is due to low availability of its precursor amino acids [ 8 ]. 
GSH is a tripeptide of glutamate, cysteine, and glycine (Fig.  33.1 ). Cysteine is known to be the rate- 
limiting substrate for GSH synthesis [ 9 ].  

 The fl ux of nonessential amino acids (e.g. glutamate, cysteine, and glycine) consists of its release 
from protein breakdown and from de novo synthesis [ 8 ]. Moreover in vivo studies have shown that 
when healthy adults are fed diets, either defi cient in sulfur amino acids [ 10 ] or containing reduced 
amounts of total protein [ 11 ], GSH turnover is suppressed. Collectively, these data indicate that GSH 
defi ciency is due in large part to decreased synthesis secondary to a decreased supply of the precursor 
amino acids that might lead to a decreased de novo synthesis (Fig.  33.1 ).  

    The Impact of Dietary Glutamine Supplementation 

 Improving cysteine availability is the most extensively studied approach for enhancing the cell GSH 
pool [ 12 ]. Among the agents tested are  N -acetylcysteine (NAC), lipoic acid, cysteamine, and 
2- oxothiazolidine 4-carboxylate [ 13 ]. However, oral  L -glutamine increases its level in plasma of 
healthy subjects [ 14 ] and has also been shown to improve plasma glutathione levels in HIV infection 
[ 3 ,  13 ]. Glutamine is the preferential substrate of rapidly dividing cells such as enterocytes and 
immune cells and therefore its supplementation    is associated with less-infectious complications in 
critically ill patients [ 15 ]. This study aimed to investigate the responses of the GSH pathway to dietary 
supplements of Gln in HIV+ drug-treated patients.   

  Fig. 33.1    Glutamine, glycine, glutathione metabolism interplay.  SHMT  serine methyltransferase,  THF  tetrahydrofo-
late,  5, 10 MTHF  5, 10 methylene tetrahydrofolate,  GSH  glutathione,  –CH   2   methyl radical       
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    Methodological Considerations 

 In a randomized controlled supplementation study involving the HIV+ patients under highly active 
antiretroviral treatment (HAART) for at least 1 year in absence of any renal or liver failure and the 
ingestion of either vitamins B or GSH precursors and the healthy control group consisting of 20 adults 
HIV negative and clinically healthy, a dietary supplements containing  L -glutamine (Gln 20 g/day) 
given during consecutive 7-day periods preceded and followed by fasting-blood sampling [ 3 ]. 

 The HIV+ patients matched with healthy controls by age, BMI and plasma concentrations of albu-
min and vitamin B12. Whereas their plasma levels of folate, all but Hcy amino acids and GSH were 
lower than controls (Tables  33.1  and  33.2 ).

    After 1 week of Gln supplementation the HIV+ group increased GSH (71.4 %) and its precursor 
amino acids Gly (27.2 %), Glu (13.7 %) and Cys (10.8 %). However, only Met, Hcy, Gly and GSH 
reached the levels of the controls (Table  33.2 ). 

 The plasma concentration of Glu after Gln supplementation increased 3.4 % in controls and 
decreased 1.0 % in HIV+ patients (Table  33.2 ). Ser also decreased (25.1 % more than Co), whereas 
Gly (21.8 %), Tau (14.4 %) and GSH (47.9 %) increased higher than Co (Table  33.2 ). Therefore after 
Gln supplementation, both groups presented similar plasma ratio for Tau/Cys with the HIV+ showing 
higher ratio for Gly/Glu and lower Ser/Gly and Ser/Cys (Fig.  33.2 ).   

    Dissecting Out Mechanisms for Glutamine’s Actions 

 The diminished concentrations of GSH precursors could be a result of slower body protein turnover 
or decreased de novo synthesis [ 8 ]. Hence the increased concentration of GSH found after Gln supple-
ment would be the result of increased source of its precursors either by higher protein catabolism or 
increased de novo synthesis (Fig.  33.1 ). In the present study, the higher protein breakdown can be 
excluded because it has been described that Gln administration promotes increasing in lean body mass 
even in HIV infection [ 13 ]. On the other hand, the increased de novo synthesis could be the case for 
Gly that increased 21.8 % after Gln supplementation. On the other hand, decreased de novo synthesis 
would be the case of Glu and Ser. Glu is formed from deamination of Gln (by glutaminase) and further 
deaminated to α-ketoglutarate (2-oxoglutarate) by glutamate dehydrogenase. 

 Gln supplementation resulted in higher Gln plasma levels in both controls (18.7 %) and HIV+ 
(19.6 %) groups. However, this similarity was not seen for the Glu levels found as 60 % for controls 
and only 13.7 % for the patients. Thus HIV+ group showed a lack of response of plasma Glu to the 
Gln supplementation. 

 Besides fueling Krebs cycle (with α-ketoglutarate) Glu also participate in biosynthetic processes 
of other amino acids such as Orn (and Arg), Pro, Gln and Ser. Ser is the main precursor of Gly, another 
GSH component. Actually, among the GSH precursors Gly was the only amino acid achieving the 
control values after the Gln supplementation. 

   Table 33.1       Subjects’ demographic, anthropometric, and biochemical data at baseline   

 Variables  Controls  HIV+ patients   p  values 

 Age (years)  24 (23–28) a   27 (25–36)  0.070 
 BMI (kg/m 2 )  25 (3.1) b   25 (3.0)  0.960 
 Glucose (MG/dL)  87 (83.5–91)  103 (93.5–117)  0.001 
 Albumin (g/dL)  4.1 (0.3)  3.9 (0.4)  0.112 
 Folate (ng/mL)  7.5 (6.3–9.0)  1.9 (1.4–6.6)  0.017 
 Vitamin B 12  (pg/mL)  288 (130)  367 (139)  0.115 

   BMI  body mass index 
  a Median (P25-P75) 
  b Mean (SD)  

R.C. Burini et al.



441

    The Role of Glycine-Serine on Glutamine-GSH Pathway 

 The major contribution to whole-body Gly fl ux is the whole-body protein breakdown [ 16 ]. Pathways 
utilizing Gly are the formation of serine, glutathione, protein synthesis, and gluconeogenesis [ 17 ] 
(Fig.  33.1 ). 

 Gly and Ser are interconvertible through mitochondrial and cytosolic serine hydroxymethyl-
transferase (SHMT). These reactions account for approximately 41 % of whole-body Gly fl ux [ 18 ]. 
The mitochondrial glycine clearance system (GCS) accounts for 22 % of the whole-body Gly fl ux 
[ 19 ]. The GCS cleaves Gly to CO 2 , ammonia, and a 1-carbon unit in the methylene state reacting 
with folate as 5,10-methylenetetrahydrofolate (Fig.  33.1 ). SHMT reversibly transfers a 1-carbon 
group from 5,10-methylenetetrahydrofolate to Gly forming tetrahydrofolate and Ser (Fig.  33.1 ). 

      Table 33.2    Plasma amino acid and glutathione concentrations in different dietary conditions   

 Amino acid and group  Usual diet  Glutamine suppl 

 Methionine (μmol/L) 
 Co  30.8 ± 8.8 aA   30.3 ± 9.6 aA  
 HIV  20 ± 6.6 aB   25.5 ± 11 aA  
 Homocysteine (μmol/L) 
 Co  13.9 ± 5.5 aA   11.3 ± 2.7 aA  
 HIV  9.8 ± 1.6 aA   10.2 ± 1.3 aA  
 Serine (μmol/L) 
 Co  108 ± 7.8 aA   112 ± 14 aA  
 HIV  86.9 ± 20 aB   60.6 ± 17 bB  
 Cysteine (μmol/L) 
 Co  413 ± 175 aA   420 ± 177 aA  
 HIV  158 ± 10 aB   175 ± 26 aB  
 Taurine (μmol/L) 
 Co  63.2 ± 3.9 aA   63.2 ± 3.9 aA  
 HIV  48.1 ± 3.7 aB   57.2 ± 5.6 bB  
 Glutamate (μmol/L) 
 Co  94 ± 18.5 aA   144 ± 29 bA  
 HIV  56.4 ± 11.3 aB   64.1 ± 14 aB  
 Glycine (μmol/L) 
 Co  485 ± 68.5 aA   480 ± 76 aA  
 HIV  371 ± 20.2 aB   472 ± 60 bA  
 Glutamine (μmol/L) 
 Co  476 ± 84 aA   565 ± 85.4 bA  
 HIV  285 ± 59 aB   341 ± 57 bB  
 GSH (μmol/L) 
 Co  9.2 ± 2.1 aA   8.3 ± 0.8 aA  
 HIV  4.9 ± 0.7 aB   8.4 ± 0.4 bA  
 GSSG (μmol/L) 
 Co  0.77 ± 0.86 aA   0.48 ± 0.23 aA  
 HIV  1.44 ± 0.4 aB   1.81 ± 0.17 bB  
 GSSG/GSH (μmol/L) 
 Co  0.08 ± 0.07 aA   0.06 ± 0.03 aA  
 HIV  0.29 ± 0.06 aB   0.2 ± 0.02 bB  

  All values are means ± SD. Data were analyzed by using repeated-measures ANOVA. A sig-
nifi cant group × treatment interaction was observed for all amino acids except glutamine and 
GSSG ( p  < 0.05) 
  Co  control group,  HIV  HIV+ group 
  a,b Signifi cantly different from habitual diet (baseline) ( p  < 0.05) 
  A,B Signifi cantly different from control at the same diet ( p  < 0.05)  
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The rate of serine synthesis is as high as the rate of Gly cleavage [ 18 ]. Hence Gly and Ser are major 
sources of 1-carbon units released by GCS and SHMT. For each Gly molecule processed, the GCS 
produces 1 molecule of 5,10-methylenetetrahydrofolate and CO 2 . The incorporation of GCS-
derived 1-carbon units enter serine synthesis while the other 40 % enter other aspects of 1-carbon 
metabolism including nucleoside synthesis, homocysteine remethylation, and  S -adenosyl methio-
nine-dependent methylation reactions [ 19 ] (Fig.  33.1 ). Gly is the major substrate in Ser synthesis 
and Ser is the major 1- carbon source for homocysteine remethylation [ 20 ]. However, it is consid-
ered that GCS produces 1-carbon units as 5,10-methylenetetrahydrofolate at a higher rate (approxi-
mately 20 times) that needed for Hcy remethylation (to Met) and thus, for methylation demand 
[ 17 ]. Thus nearly all GCS-derived 1-carbon units are consumed in Ser synthesis while a much 
smaller percentage enters all other reactions of 1-carbon metabolism [ 21 ]. 

 In the present chapter the plasma concentrations of Met and Hcy were similar in both groups under 
both diets, what means preserved transmethylation/remethylation reactions. Interestingly the remeth-
ylation reaction of Hcy to Met is folate-dependent [ 20 ] whose plasma level was found lower in HIV+ 
group than the controls. 

 Besides remethylation reaction (folate/B12 vitamin-dependent) to Met, Hcy can be metabolized to 
cystathionine by trans-sulfuration reactions (vitamin B6-dependent) consuming Ser and resulting in 
Cys as end-product (Fig.  33.1 ). In the present study, differently from Gly and Ser, Cys levels were 
minimally affected by the Gln supplementation of HIV+ patients. Increased Gly concentration has 
been described during low vitamin B6 status and slower trans-sulfuration reactions in a tentative to 
maintain Ser synthesis [ 19 ]. This probably would not be the present case once Gln supplementation 
did not affect signifi cantly Hcy and Cys levels neither maintained Ser levels. 

 Besides its consumption in trans-sulfuration and remethylation pathways, Ser can be used in the 
CO 2  formation. Serine dehydratase transforms serine to pyruvate that enters the tricarboxylic acid 
(TCA) cycle either as oxaloacetate or acetyl-CoA. The carbons of Ser, following conversion to pyru-
vate, can be converted to CO 2  via the pyruvate dehydrogenase reaction and metabolism of the result-
ing acetyl-CoA through the TCA cycle. Alternatively, Ser carbons (via pyruvate) also can be converted 
to CO 2  after the formation of oxaloacetate by pyruvate carboxylase, followed by metabolism in the 
TCA cycle. Additionally to its oxidation to CO 2 , mitochondrial Ser production in humans has been 
shown to support gluconeogenesis [ 19 ]. However, in our data plasma glucose concentrations were 
similar in both groups [ 3 ].   

  Fig. 33.2    Plasma-derived/precursor amino acid ratio of HIV+ patients in relation to the controls (Co) in both dietary 
conditions, usual (Do) and Gln supplemented (Gln). * p  < 0.05       
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    Conclusions 

 The plasma GSH normalization in HIV+ patients by Gln supplementation with increased Gly and 
reduced Ser levels in association with mild increase of other GSH precursors (Glu and Cys) seems 
more related to slower breakdown of Gly (and lower Ser formation) without major consequences on 
transmethylation/remethylation/trans-sulfuration pathways.     
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            Key Points 

•     Renal ischemia occurring during the transplant is one of the issues responsible for acute kidney 
injury.  

•   The reduction of harmful effects of renal ischemia/reperfusion (I/R) must be considered through-
out the whole treatment process, and its minimization can and should be started early on, before 
the surgery, as a preoperative preparation procedure.  

•   Ischemia and reperfusion leads to the production of reactive oxygen species (ROS), which initiate 
lipid peroxidation and protein oxidation of the cell membrane leading to cell death.  

•   Glutamine (GLN) is the most abundant amino acid found in the blood, one of its most important 
characteristics is its function as a precursor to glutathione (GSH), which is defi ned as a potent 
antioxidant agent.  

•   Studies have demonstrated that glutamine administration favors the antioxidant system with better 
preservation of the total antioxidant capacity and renal function.   
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  ATP    Adenosine-5′-triphosphate   
  CATA    Catalase   
  Cl −     Chloride ion   

    Chapter 34   
 Glutamine, Total Antioxidant Systems and Damage 
in Renal Ischemia–Reperfusion Injury 

              Valter     Torezan     Gouvêa     Junior      ,     Cervantes     Caporossi      , and     Carlos     Augusto     Fernandes     Molina     

        V.  T.  G.   Junior ,  Ph.D.      (*) •    C.   Caporossi ,  Ph.D.      
  Clinical Surgery Department of Julio Muller Hospital ,  UFMT Brazil (Federal University of Mato Grosso) , 
  Rua das Orquídeas 289, Condomínio Residencial Florais Cuiabá, CEP: 78049-420 Cuiabá-MT, Avenida Miguel 
Sutil 8000, Jardim Mariana sala 1003, Cuiaba-MT ,  Cuiabá ,  Mato Grosso   78049-420 ,  Brazil   
 e-mail: gouvea1910@gmail.com; caporosi@terra.com.br   

    C.  A.  F.   Molina ,  Ph.D.      
  Department of Surgery and Anatomy of São Paulo University ,  USP ,   São Paulo ,  Brazil    
 e-mail: cafmolina@gmail.com; cirurgia@rca.fmrp.usp.br  

 Keywords     Glutamine   •   Glutamine supplementation   •   Ischemia–reperfusion   •   Ischemia–reperfusion 
kidney   •   Renal artery occlusion   •   Kidney transplant   •   Free radicals antioxidants 

mailto: gouvea1910@gmail.com
mailto: caporosi@terra.com.br
mailto: cafmolina@gmail.com
mailto: cirurgia@rca.fmrp.usp.br


446

  FNT    Tumor necrosis factor   
  FR    Free radicals   
  GLN    Glutamine   
  GSH    Glutathione   
  GSH-px    Glutathione peroxidase   
  GSH-rd    Glutathione reductase   
  GSSH    Oxidized glutathione   
  H 2 O 2     Hydrogen peroxide   
  HO 2  −     Hydroperoxide   
  HOCl −     Hypochlorite radical   
  I/R    Ischemia–reperfusion   
  IL-1    Interleukin-1   
  IL-6    Interleukin-6   
  L*    Lipid radical   
  LO*    Alcoxila radical   
  LTB 4     Leukotriene B 4    
  LTB 4     Leukotriene B 4    
  NADPH    Nicotinamide adenine dinucleotide phosphate   
  NO 2     Nitrogen dioxide   
  O    Oxygen   
  O 2     Molecular oxygen   
  O 2  −     Superoxide   
  ONOO −     Peroxynitrite   
  PAF    Platelet-activating factor   
  pmpca    Per million of the population of a compatible age   
  PUFA    Polyunsaturated fatty acids   
  RNS    Reactive nitrogen species   
  ROS    Reactive oxygen species   
  SOD    Superoxide dismutase   
  TAC    Total antioxidant capacity   
  TROS    Toxic reactive oxygen species   
  TXA 2     Thromboxane A 2    

       Introduction 

 End-stage renal disease is a very relevant problem in public health and there is evidence of increasing 
occurrence and prevalence of this condition [ 1 ]. Data vary a lot, with numbers between 2.5 cases per 
million of the population of a compatible age (pmpca) in Nigeria, up to 1,403 cases pmpca in the 
United States [ 1 ]. An expressive percentage of these patients require maintenance dialysis treatment 
or organ transplant [ 1 ]. 

 Kidney transplant is recognized as an advance in modern Medicine which can provide years of 
high quality life to patients with irreversible kidney failure. What was a risky limited experimental 
treatment option 50 years ago is currently a routine clinical practice in over 80 countries [ 1 ]. 

 Renal ischemia occurring during the transplant is one of the issues responsible for acute kidney 
injury, and with the advent of laparoscopic nephrectomy for live kidney donors there has been an 
increase in time of this warm ischemia [ 2 ]. Ischemia and also kidney reperfusion commonly occur 
during the operation of several kidney diseases such as renal artery revascularization, treatment of 
suprarenal aortic aneurysms and partial nephrectomies (especially in laparoscopies) [ 3 ]. 
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 Reperfusion is essential for the survival of ischemic tissue; however, such a quantity of substrates 
causes additional injury to cells triggered by a complex series of events which affects the structure and 
function of all organelles, causing cell death [ 4 ]. Free radicals intervene in this cell injury, they are 
produced when the supply of oxygen is restored through reperfusion [ 4 ]. Within these processes what 
is notable is the generation of reactive oxygen species (ROS), depletion of adenosine-5′-triphosphate 
(ATP), infi ltration of neutrophils, activation of phospholipases and changes in the lipid membrane and 
the accumulation of intracellular calcium [ 4 ]. 

 The reduction of harmful effects of renal ischemia/reperfusion (I/R) must be considered through-
out the whole treatment process, and its minimization can and should be started early on, before the 
surgery, as a preoperative preparation procedure [ 4 ]. 

 The intake of pharmaco nutrients may modulate the organism’s infl ammatory response, thus reduc-
ing the harmful power of the physiological cascade of this event [ 5 ]. It has been demonstrated that the 
administration of neutral amino acids such as glycine and alanine protect the renal tubular cells of the 
lesion caused by ischemia or hypoxemia [ 4 ]. Glutamine (GLN) is the most abundant amino acid 
found in the blood, one of its most important characteristics is its function as a precursor to glutathi-
one (GSH), which is defi ned as a potent antioxidant agent [ 6 ]. It is known that when the kidneys are 
under oxidant stress, GLN is the limiting factor in the synthesis of GSH just like the benefi cial effect 
of glutamine in the protection of the liver against effects of a lesion by I/R [ 6 ]. There is report that the 
GLN administered in the pretreatment of rats submitted to kidney transplant resulted in the attenua-
tion of tubular cellular apoptosis [ 7 ]. Another author observed partial protection from nephrotoxicity 
induced by cisplatin in rats treated with GLN [ 8 ].  

    Surgery, Ischemia, and Reperfusion 

 The fi rst kidney transplant was carried out in 1954 in Boston, Massachusetts between twin brothers, 
and the organ remained in cold ischemia for 82 min until revascularization was complete [ 9 ]. 

 Studies on dogs show that recovery after warm ischemia is directly dependent on its duration 
period [ 10 ]. Hence, there is complete rapid recovery if the warm ischemia lasts no longer than 10 min; 
however, when it is longer than 20 min, renal function recovers only after several hours [ 10 ]. With 
greater periods of 30 min of warm kidney ischemia, recovery comes after 3–9 days, with 60 min, only 
after weeks, after 120 min this function will be partially reestablished (30–50 %) [ 10 ]. 

 Hypoxia is defi ned as any state in which there is a reduction of available oxygen for cells, and can 
be caused by the reduction of quantity or saturation of hemoglobin [ 11 ]. Ischemia occurs due to a 
reduction in the blood fl ow, generally as a consequence of an obstruction in the arterial system or as 
a result of poor perfusion which occurs as a physiological response to the state of shock [ 11 ]. This way, 
in the ischemic tissues, the anaerobic generation of energy is interrupted after glycolytic substrates are 
depleted, or the glycolytic function is inhibited by the accumulation of metabolites which should have 
been removed by the blood fl ow [ 26 ]. Thus the ischemic lesion presents a tendency to damage tissues 
faster than hypoxia [ 11 ]. 

 The consequences of ischemia are quite variable and, in general, depend upon the level of the 
blood occlusion, collateral circulation and the degree of demand for oxygen in the tissues [ 12 ]. 

 In diverse situations in clinical practice ischemia represents a fundamental role in the triggering of 
physiopathological events that, if they are not reverted in time, can result in irreversible cell damage [ 12 ]. 

 At the same time there would be an intense infl ammatory reaction in the post-ischemic tissues, 
leading to a series of biochemical, infl ammatory and cellular changes mediated mainly by the forma-
tion of free radicals of oxygen or reactive oxygen species (ROS), which, during reperfusion, are freed 
into circulation, causing damage to other organs in the organism [ 13 ]. These effects of the I/R are 
most frequently observed in the lungs and cardiovascular system, and may result in the possible devel-
opment of systemic infl ammatory response syndrome and multiple organ dysfunction syndrome [ 13 ]. 
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 To reverse the ischemic state, one should need to restore blood fl ow. However, restoring normal blood 
supply paradoxically may be responsible for injuries even more serious than those of ischemia per se [ 12 ]. 

 The origin of free radicals occurs during the ischemia period, ATP is catabolized into hypoxan-
thine, which accumulates in the tissues [ 11 – 14 ]. As a result of the low energy state, there is cellular 
homeostasis failure characterized by the loss of ionic gradient across the cell membrane, allowing an 
infl ux of Ca 2+  into the cells, this activates the protease to convert xanthine dehydrogenase into xan-
thine oxidase [ 11 – 14 ]. Hypoxanthine is the fi rst substrate for oxidation by xanthine oxidase, which 
occurs when the second substrate, oxygen, is supplied during reperfusion, forming reactive oxygen 
species from the metabolism of oxygen [ 11 – 14 ] (see Fig.  34.1 ).  

 Another source of free radicals would be the production of superoxide radicals by the already men-
tioned breakdown of electrons in the electron transport system for mitochondria or by the cyclooxygenase 
pathway for the metabolism of arachidonic acid [ 14 ]. For the latter mechanism there would be activation 
of nonspecifi c proteases and phospholipases induced by the accumulation of intracellular calcium during 
the reperfusion period, leading to the synthesis of pro-infl ammatory mediators: platelet activating factor 
(PAF) and eicosanoid compounds (leukotrienes, thromboxanes, and prostaglandins) [ 11 ]. 

 Lesions produced like this serve as a stimulus giving rise to an infl ammatory reaction [ 14 ]. Humoral 
mediators lead to the chemotaxis of neutrophils at the site of the lesion [ 12 ]. The latter interact with 
the local vascular endothelium, through the action of leukocyte integrins (especially proteins from 
class CD11/CD18) modulated by leukotriene B 4  (LTB 4 ), complement component (C5a) and by the 
platelet activating factor (PAF), as well as endothelial adhesion proteins, most notable are the immu-
noglobulins from class ICAM-1 and VCAM-1, and selectins, these in turn are modulated by the tumor 
necrosis factor (TNF) [ 12 ,  13 ]. The endothelial–neutrophil interaction produces an increase in the 
production of ROS [ 12 ,  13 ]. Proteolytic enzymes such as collagenase, elastase, and myeloperoxidase 
are then released by the neutrophil [ 12 ]. The latter plays an important role, catalyzing the reaction 
between hydrogen peroxide (H 2 O 2 ) and chloride ion (Cl − ) forming a hypochlorite radical (HOCl − ), a 
potent oxidizing agent [ 13 ,  14 ] (see Figs.  34.2  and  34.3 ).   

 The activated neutrophil stimulates the production of pro-infl ammatory cytokines [ 15 ,  16 ,  18 ]. Most 
notable are the interleukin-1 (IL-1), interleukin-6 (IL-6), arachidonic acid metabolites (leukotriene B 4  
and thromboxane A 2 ), and the FNT [ 13 – 15 ]. 

  Fig. 34.1    Metabolic pathway for the production of free radicals of O 2  during reperfusion of ischemic tissues by conver-
sion of xanthine dehydrogenase into xanthine oxidase. During the ischemia period, ATP is catabolized into hypoxan-
thine, which accumulates in the tissues. Hypoxanthine is the fi rst substrate for oxidation by xanthine oxidase, which 
occurs when the second substrate, oxygen, is supplied during reperfusion, forming reactive oxygen species.  SOD  super-
oxide dismutase,  ATP  adenosine-5′-triphosphate,  ATP  adenosine-5′-diphosphate       
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  Fig. 34.2    Neutrophil–endothelial interaction and the production of reactive oxygen species. The latter interact with the 
local vascular endothelium through the action of leukocyte integrins (CD11/CD18) modulated by leukotriene B 4  (LTB 4 ), 
complement component (C5a) and by the platelet activating factor (PAF), as well as endothelia’s adhesion proteins 
(ICAM-1 and VCAM-1), the selectins (ELAM-1/GMP-140), these in turn are modulated by the tumor necrosis 
factor (TNF)       

  Fig. 34.3    Neutrophil–endothelial interaction and the production of reactive oxygen species. Proteolytic enzymes such 
as collagenase, elastase and myeloperoxidase are then released by the neutrophil. The latter plays an important role, 
catalyzing the reaction between hydrogen peroxide (H 2 O 2 ) and chloride ion (Cl − ) forming a hypochlorite radical 
(HOCl − ), a potent oxidizing agent       
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 With the amplifi cation of the infl ammatory response, other cell lineages come to be recruited, 
among these are the mastocytes [ 13 – 15 ]. 

 Its decomposition and release of granules give rise to different amines with vasoactive properties 
such as histamine, proteoglycans, prostacyclins, kinins, leukotrienes, proteases, and nitric oxide [ 11 ]. 
The nitric oxide, a free radical gas, has interesting vasodilatory properties, apart from functioning as 
an anti-platelet aggregation and being toxic to bacteria [ 11 ]. Such functions, particularly benefi cial 
during an infl ammatory injury, become harmful due to the interaction of nitric oxide with other radi-
cals, especially superoxide (O 2  − ), leading to the production of peroxynitrite (ONOO − ) and nitrogen 
dioxide (NO 2 ), compounds capable of promoting severe cell damage [ 12 ]. 

 Concomitantly with this, capillary fl ow obstruction with no possibility of perfusion restoration 
develops in the microcirculation by a mechanism of cell stacking, worsening the ischemic trauma, a 
phenomenon known as  no - refl ow  [ 13 ]. 

 Thromboxane A 2  (TXA 2 ) and leukotriene B 4  (LTB 4 ) are, respectively, by-products of the cyclooxy-
genase and lipoxygenase action on arachidonic acid [ 13 ]. LTB 4  is a potent leukocyte chemotaxis that 
promotes neutrophil–endothelial cell interaction with release of free radicals and proteolytic enzymes 
and TXA 2 , as well as inducing neutrophils to release free radicals, is a potent vasoconstrictor and 
platelet aggregator which reduces the capillary fl ow after reperfusion [ 11 – 15 ]. 

 Finally, this large production of ROS leads to lipid peroxidation and protein oxidation of the cell 
membrane leading ultimately to cell death [ 11 – 15 ].  

    Free Radical 

 The electronic layers of a chemical element are called K, L, M and N, and their sublevels, s, p, d and 
f [ 15 ]. The term free radical refers to a highly reactive atom or molecule containing an odd number of 
electrons in its outer electron layer [ 11 – 16 ]. It is this non-pairing of electrons in the outer layer that 
confers high reactivity to these atoms and molecules [ 11 – 16 ]. 

 We can illustrate the formation of a free radical citing the superoxide radical (O 2  −. ), derived from 
molecular oxygen (O 2 ) which is composed of two oxygen (O) elements, the atomic number of which 
is 8 (see Fig.  34.4 ).  

 To form the O 2 , the two solitary electrons of sublevel p of an oxygen element interchange with the 
two electrons from the other oxygen element, forming a stable compound with 12 electrons in the 
outer layer (L) [ 16 ] (see Fig.  34.5 ).  

 Remember that reduction reactions imply a gain in electrons and oxidation reactions, a loss. 
However, when normal metabolism occurs in a reduction of molecular oxygen (O 2 ), this will gain an 
electron, forming a superoxide radical (O 2  − ), considered unstable as it has an odd number (13) of 
electrons in the last layer L [ 16 ] (see Fig.  34.6 ).  

 Thus, free radicals are formed in a scenario of oxidation–reduction reactions, or give up the lone 
electron, oxidizing, or they receive another, reducing [ 16 ,  17 ]. 

  Fig. 34.4    Electrons layers 
of molecular oxygen. 
Distribution of electrons 
in the electron shell of 
the element oxygen       
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 Free radical is not the ideal term to describe reactive pathogenic agents because some of them do not 
have unpaired electrons in their outer layer [ 15 ]. As they are mostly derived from the metabolism of O 2 , 
the term “reactive oxygen species” (ROS) or “toxic reactive oxygen species” (TROS) is used [ 15 – 17 ]. 

 Under physiological conditions of aerobic cellular metabolism, the O 2  undergoes tetravalent reduc-
tion with the acceptance of four electrons resulting in the formation of H 2 O (see Fig.  34.7 ) [ 15 – 17 ]. 
During this process reactive intermediates are formed such as superoxide radicals (O 2  − ), hydroperoxide 
(HO 2 ), hydroxyl (OH), and hydrogen peroxide (H 2 O 2 ) [ 15 – 17 ].  

  Fig. 34.5    Electrons layers 
of O 2 . To form the O 2 , the 
two solitary electrons of 
sublevel p of an oxygen 
element interchange with 
the two electrons from the 
other oxygen element, 
forming a stable compound 
with 12 electrons in the 
outer layer (L)       

  Fig. 34.6    Electrons layers 
of superoxide radicals (O 2 ). 
When normal metabolism 
occurs in a reduction of 
molecular oxygen (O 2 ), 
this will gain an electron, 
forming a superoxide radical 
(O 2 ), considered unstable 
as it has an odd number (13) 
of electrons in the last layer L       

  Fig. 34.7    Tetravalent reduction of molecular oxygen (O 2 ) in the mitochondria until water (H 2 O) is formed. Several reac-
tive O 2  species are formed in the process. Normally, the complete reduction of O 2  takes place in the mitochondria, and 
the reactivity of the ROS is neutralized by the entrance of four electrons. Some antioxidant enzymes are represented       
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 Normally, the complete reduction of O 2  takes place in the mitochondria, and the reactivity of the 
ROS is neutralized by the entrance of four electrons [ 15 – 17 ]. 

 These ROS are associated with various diseases, including cancer, liver diseases, atherosclerosis 
and aging, this is due to the properties of free radicals of provoking cellular injury by attacking mem-
branes, serving as initiators of the process of lipid peroxidation or lipoperoxidation [ 11 – 17 ]. 

 The formation of hydroxyl radicals in biological systems occurs non-enzymatically through the 
Haber–Weiss reaction and requires the presence of iron (Fe 3+ ) or transition metals [ 11 – 17 ]. 

 Superoxide and hydrogen peroxide free radicals, despite direct action being limited on cellular 
constituents, are considered aggressive mainly because in the Haber–Weiss reaction they react to 
produce hydroxyl radicals, those truly responsible for cellular damage [ 11 – 17 ].  

    Lipoperoxidation 

 Toxic effects of oxygen on biological components were already known in the late nineteenth century, 
and have become the subject of intense scientifi c research in recent years [ 17 ]. These effects come 
from the oxidation of cellular components such as thiols, enzyme cofactors, proteins, nucleotides and 
lipids, especially polyunsaturated fatty acids (PUFA), mediated by ROS and reactive nitrogen species 
(RNS), generally known as free radicals (FR) [ 17 ]. 

 All cellular components are susceptible to the action of ROS, but the membrane is one of the hardest 
hit as a result of lipid peroxidation, which leads to changes in the structure and permeability of cell mem-
branes [ 15 ]. Consequently, there is a loss of selectivity in the ion exchange and release of the contents of 
organelles such as lysosomal hydrolytic enzymes, and the formation of cytotoxic products, culminating 
in cell death [ 11 – 17 ]. 

 Lipid peroxidation is a chain reaction, represented by phases of initiation, propagation, and termination. 
These phases are shown in the following reactions, where L represents the lipid (see Fig.  34.8 ) [ 15 ].  

 The above reaction begins with the capturing of hydrogen from polyunsaturated fatty acid (LH) of 
the cell membrane [ 15 – 17 ]. This capture can be accomplished by OH* or by LO* (alcoxila radical), 
with the consequent formation of L* (lipid radical) [ 15 – 17 ]. In the fi rst equation of propagation, L* 
reacts rapidly with O 2  resulting in LOO* (peroxyl radical) which, in turn, captures new hydrogen 

  Fig. 34.8    Phases of lipid peroxidation. Lipid peroxidation is a chain reaction, represented by phases of initiation, 
propagation, and termination.  L  lipid       
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from polyunsaturated fatty acid, forming L* again in the second propagating equation [ 15 – 17 ]. The 
termination of lipoperoxidation occurs when the radicals (L* and LOO*) produced in the previous 
steps propagate to destroy themselves [ 15 – 17 ]. 

 The hydroxyl radical (OH*) is often recognized as the initiator species and the most important in 
lipoperoxidation associated with iron [ 15 ,  17 ].  

    Antioxidant Systems 

 In oxidative stress there is an exaggerated stimulus, with overproduction and consequent imbal-
ance between the pro- and antioxidant system, with a predominance of oxidants and consequent 
damage [ 15 ]. 

 On a physiological level, we can defend ourselves from injury mediated by free radicals using 
 cellular antioxidant reserves [ 11 – 17 ]. The antioxidant blood system is classifi ed into enzymatic and 
non-enzymatic, the fi rst being represented mainly by antioxidant enzymes: superoxide dismutase 
(SOD) that acts on the superoxide radical turning it into hydrogen peroxide, catalase (CATA) and 
glutathione peroxidase (GSHpx), which act on the hydrogen peroxide transforming it into water 
(see Fig.  34.9 ) [ 15 – 17 ].  

 The non-enzymatic antioxidant system consists of many substances, especially GSH, the main 
intracellular antioxidant compound, tocopherols, ascorbic acid, uric acid and β-carotene, which act on 
the hydroxyl radical, the true cause of oxidative stress in addition to the transport proteins of transi-
tion, such as transferrin, lactoferrin, albumin, metalloproteins and ceruloplasmin, which bind to tran-
sition metals preventing them from catalyzing the Haber–Weiss reaction [ 11 – 17 ]. The enzymatic 
antioxidant system and GSH are present predominantly in the intracellular environment, while the 
non-enzymatic system is located preferentially in the extracellular environment [ 7 ,  8 ].  

    Glutathione Antioxidant System 

 The glutathione antioxidant system is the main non-protein thiol involved in cellular antioxidant 
defense [ 18 ]. It consists of the tripeptide glutathione (g- L -glutamyl- L -cysteinyl-glycine), which is 
formed by cysteine, glutamic acid and glycine and synthesized primarily by the liver [ 18 ]. Its concen-
tration is greater in the intracellular environment, however, it can be found both in plasma and in urine [ 18 ]. 

  Fig. 34.9    Antioxidant enzymatic action. The antioxidant blood system is classifi ed into enzymatic and non- enzymatic, 
the fi rst being represented mainly by antioxidant enzymes: superoxide dismutase (SOD) that acts on the superoxide 
radical turning it into hydrogen peroxide, catalase (CATA) and glutathione peroxidase (GSHpx), which act on the 
hydrogen peroxide transforming it into water.  GSH  Reduced Glutathione,  GSSH  Oxidized glutathione       
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It exists in the body in its reduced form (GSH) and oxidized (GSSG), acting directly or indirectly in 
many important biological processes, including the synthesis of proteins, metabolism and cellular 
protection [ 19 ]. 

 This system also consists of the enzymes glutathione peroxidase (GSH-px) and glutathione reduc-
tase (GSH-rd) [ 18 ,  19 ]. Both catalyze the action of glutathione [ 18 ,  19 ]. Glutathione peroxidase catal-
yses the conversion of H 2 O 2 , produced by superoxide dismutase (SOD), with the dismutation of the 
superoxide anion (O 2  − ), into H 2 O [ 18 ,  19 ]. Glutathione reductase contains fl avin adenine dinucleotide 
and uses the reduction of NADPH to reconvert GSSG to 2GSH [ 18 ,  19 ]. 

 Up to now fi ve structural and functional forms of GSH-px are known in mammals and they are 
all dependent on selenium [ 20 ]. Two forms have been identifi ed in blood [ 20 ]. GSH-px is 1 of the 
25 classes of known selenium proteins; GSH-px acts as an antioxidant by reducing peroxide, such as 
H 2 O 2  [ 21 ]. The peptide glutathione (GSH) is a cofactor required in the reduction of peroxides, and 
acts as a reducing substrate, however it does not display the capacity of the activity of GSH-px [ 21 ]. 
Another enzyme that acts along with the glutathione peroxidase is GSH-rd [ 19 ]. This enzyme does not 
act directly on the removal of radical species, but it is responsible for the regeneration of glutathione 
to its reduced form (GSH) in the presence of nicotinamide adenine dinucleotide phosphate (NADPH), 
aiming to prevent the stoppage of the glutathione metabolic cycle [ 21 ] (see Fig.  34.10 ).  

 Thus, some studies have been developed to determine these enzymes both in cell tissues and in 
blood plasma [ 19 ]. 

 Glutathione and the enzymes, which form part of the catalytic cycle of this peptide, present asso-
ciations with changes in antioxidants states and with increased oxidative stress [ 19 – 21 ]. Quantifi cation 
of glutathione may indicate a possible correlation between reduction in the activities of antioxidant 
enzymes such as glutathione peroxidase, and increase in base levels of DNA harmed due to oxidative 
damage [ 19 ].  

    Total Antioxidant Capacity 

 With regard to antioxidants some authors defend the study of total antioxidant capacity (TAC) instead 
of the analysis of isolated antioxidants, mainly due to the interaction between them in plasma 
and serum [ 22 ]. The analysis of TAC takes into account the cumulative action of all the antioxidants 

  Fig. 34.10    Interconversion of glutathione in its reduced form and oxidized by the action of glutathione peroxidase 
(GSH-px) and glutathione reductase (GSH-rd) enzymes. GSH-rd does not act directly on the removal of radical species, 
but it is responsible for the regeneration of glutathione to its reduced form (GSH) in the presence of nicotinamide ade-
nine dinucleotide phosphate (NADPH), aiming to prevent the stoppage of the glutathione metabolic cycle       
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present, an integrated parameter is obtained, capable of revealing nuances about the delicate redox 
balance existing in vivo [ 22 ]. In biological systems, the synergistic activity between antioxidants is 
very common, as is seen with the actual glutathione [ 23 ]. The latter acts by regenerating ascorbate and 
this regenerates α-tocopherol restoring its properties of suppression of ROS [ 23 ]. Therefore, the mea-
sure of total antioxidant capacity of a sample can give information more biologically relevant than that 
obtained by measuring the individual concentration of antioxidants [ 22 ].  

    Renal Ischemia/Reperfusion and Glutamine 

 Since the publication of the fi rst operations using renal pedicle clamping for vascular control, whether 
for kidney transplants, partial nephrectomy or correction of aortic aneurysms, this surgical maneuver 
has been widely used. As the complexity of surgical procedures on the kidney, and in particular, vide-
olaparoscopy as a urological surgical practice, has also increased the time of use of the procedure of 
renal ischemia and in particular of warm ischemia [ 2 – 5 ]. 

 Consequently, there is a growing interest in the study of injuries resulting from this state of isch-
emia, adding to this, the injuries related to post-reperfusion syndrome. In understanding this process, 
numerous experimental models have emerged enabling the study of physiopathological principles 
governing the lesions now triggered, and possible ways of minimizing them. 

    Rhoden evaluated the effects of  L -arginine in renal I/R [ 24 ]. Supplementation with this amino acid 
led to greater renal damage measured by the malondialdehyde although, paradoxically, there was an 
improvement of renal function due to the dosage of creatinine [ 24 ]. This benefi t was observed mainly 
in the fi rst 96 h of reperfusion [ 24 ]. Guz [ 25 ], using a similar model in rats subjected to renal ischemia/
reperfusion, also demonstrated the benefi cial effect of taurine in the preservation of renal function 
[ 25 ]. Several other nutrients were studied in similar studies aiming at providing greater preservation of 
renal function after I/R [ 26 ]. This list of substances includes even synthetic molecules such as mesna 
(2-mercaptoethane sulfonate) described by Kabasakal [ 26 ] preventing renal injury by I/R [ 26 ]. 

 One of the most important characteristics of GLN is its relationship with the biosynthesis of gluta-
thione [ 27 ]. Glutamine provides glutamate to the glutathione system, which is one of the main sources 
of antioxidant defense at the cellular level [ 27 ]. Glutamate is rarely transported across membranes; 
glutamine, since it is easily transported, serves as a source of intracellular glutamate [ 28 ]. 

 The dose of GLN used is a factor of fundamental relevance. 
 Johnson [ 29 ] demonstrated, in models of animals with breast cancer, that glutamine supplementa-

tion at a dose of 1 g/kg/day for 2 weeks almost doubles glutathione levels in breast tissues [ 29 ]. Engel [ 30 ] 
also demonstrated that administration of glutamine at a dose of 0.5 g/kg/day in patients undergoing 
cardiac surgery maintains glutathione levels after surgery [ 30 ]. A meta-analysis by Novak [ 31 ] dem-
onstrated that a minimum dose of 0.2 g/kg/day is required to obtain a benefi cial effect to the critical 
patient, where the parenteral route in this study showed better results [ 31 ]. Another more recent review 
in which doses from 0.13 to 0.86 g/kg/day were used questions the real benefi t of this supplementation 
in critically ill patients [ 25 ]. Gouvêa Junior [ 32 ] demonstrated, in an experimental study in rats, that 
0.5 g/kg administered by gavage favors the antioxidant system in a model of renal ischemia and reper-
fusion. We should note that studies show that high doses of GLN in the elderly increase the levels of 
urea and creatinine, justifi ed by the diffi culty of the kidneys in these patients to excrete these sub-
stances although there is no clinical signifi cance [ 33 ]. 

 The pathway for glutamine administration also deserves special consideration. Luo [ 34 ] showed 
there is no difference in the use of parenteral or enteral GLN regarding the antioxidant capacity and 
reduction of oxidative stress [ 34 ]. 

 The mechanisms related to the preservation of the glutathione system in situations involving I/R 
injury have been the subject of several studies. 
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 Under normal conditions the binding of glutamate to cysteine is what limits the synthesis of 
 glutathione, but it has been demonstrated that glutamine depletion leads to a decrease in the rate 
of intracellular glutathione [ 28 ]. The level of glutathione is known to gradually decrease during isch-
emia with subsequent return to baseline levels during reperfusion [ 28 ]. Harward [ 28 ] showed that 
GLN supplementation prior to intestinal I/R partly preserves the glutathione in intestinal cells, and 
reduces lipid peroxidation, suggesting a protective effect in the intestine under this condition [ 28 ]. Jia 
[ 35 ], on investigating in an animal model the protective effect of alanyl-glutamine dipeptide against 
liver damage due to ischemia and reperfusion, concluded there was greater tolerance of liver to warm 
I/R and high levels of glutathione in these animals [ 35 ]. 

 It must be warned that recent studies suggest ischemic preconditioning in organs that are going to 
be submitted to the stress of I/R [ 36 ]. Such preconditioning means a brief induction period of isch-
emia followed by a brief period of reperfusion before a longer period of ischemia [ 36 ]. The role of 
ischemic preconditioning in the increase of tolerance to ischemia has been described in several organs 
such as the heart, brain, spinal cord, skeletal muscle, retina, kidneys, intestine, as well as the liver [ 36 ]. 
However, despite studies about why the protective effect of ischemic preconditioning works the real 
underlying reason for this is still not clearly established [ 36 ]. 

    Effect of Glutamine on the Antioxidant System in the I/R Kidney 

    Glutathione Peroxidase (GSH-px) 

 Gouvêa Junior [ 32 ] demonstrated the preservation of glutathione peroxidase levels in animals subjected to 
ischemia and reperfusion when there had been administered glutamine supplementation beforehand [ 32 ]. 

 This study seems to confi rm the benefi cial effect of glutamine as a protective cellular agent in 
ischemia/reperfusion [ 32 ]. This same effect was observed by Ezhilan [ 37 ] in myocardial cells sub-
jected to oxidative injury [ 37 ]. This author noted an increase in total glutathione and glutathione 
peroxidase in animals previously treated with glutamine [ 37 ]. 

 Glutathione peroxidase enzyme activity is essential for the proper functioning of glutathione. 
Abilés [ 38 ], by supplementing glutathione in critically ill patients, showed an increase in glutathione 
peroxidase proportional to the elevation of glutathione, and inversely with the levels of this enzyme 
with lipid peroxidation in these patients [ 38 ]. Similar results were presented by Kul [ 39 ] in animal 
models using enteral glutamine with an increase in glutathione peroxidase and decrease in lipid 
 peroxidation in the intestine [ 39 ]. 

 These fi ndings corroborate with those shown in other experimental models (particularly renal and 
intestinal I/R) where glutamine supplementation preserved the levels of total glutathione [ 28 ,  30 ]. 
Contrary to such fi ndings, Gonzáles [ 40 ] showed that the administration of 300 mg/kg/day of glutamine 
by gavage in rats does not increase the activity of the enzymes glutathione reductase, catalase and 
superoxide dismutase, despite containing decreased glutathione and lipid peroxidation in rats subjected 
to oxidative stress [ 40 ]. This disagreement regarding the fi ndings of the Gouvêa Junior’s study [ 32 ] may 
be related to the length of time of use of glutamine [ 32 ]. In Gonzáles’ study the glutamine was admin-
istered by gavage for only 1 day [ 40 ], while in the other study, glutamine was administered for 7 days. 
Furthermore, the dose employed (500 mg/kg/day) is superior to that employed by Gonzalez [ 32 ,  40 ].  

    Total Antioxidant Capacity (TAC) 

 The TAC is intended to show the organism’s response to the aggressor agent studied, i.e. to the 
free radicals. It is known that this capacity has a limit [ 22 ]. When the production of free radicals 
surpasses the capacity of antioxidant defense, an “oxidative stress” phenomenon starts resulting in a 

V.T.G. Junior et al.



457

morphological functional disturbance of the damaged cell [ 22 ]. Neto [ 22 ] showed that the TAC in the 
skeletal muscle of rats decreases markedly after lower limb ischemia [ 22 ]. Cymrot [ 41 ] observed no 
change in the serum sample of rats submitted to ischemic skin fl aps, however they were seen in the 
tissues within a few days after surgery [ 41 ]. According to the authors, this fi nding is probably due to 
the fact that the antioxidant changes occurring in the fl ap are not suffi cient to be detected in the sys-
temic circulation, or these changes could have taken place earlier and were not possible to visualize 
in this experimental model [ 41 ]. 

 Gouvêa Junior [ 32 ] demonstrated that glutamine supplementation preserves the total antioxidant 
capacity of plasma in animals subjected to renal ischemia and reperfusion [ 32 ]. This effect has previ-
ously been observed by Szijártó [ 42 ] in an animal model of liver I/R [ 42 ]. This may be related to an 
increase in antioxidant components present in plasma, notably glutathione, or an inhibition in the 
production of ROS reducing the organic demand for antioxidants.   

    Effect of Glutamine on Urea, Creatinine and Renal Histology 
in the I/R Kidney 

 Renal ischemia of more than 45 min provokes the increase of urea and creatinine with higher levels 
after 48 h of reperfusion which normalize after the tenth day [ 43 ]. Paller [ 44 ], in a classic study con-
ducting renal ischemia in rats for 1 h and reperfusion for 15 min after previously administering SOD 
enzyme, showed lower creatinine levels in the animals treated [ 44 ]. These differences were more 
intense in samples collected after 24 h of ischemia [ 44 ]. 

 Tucci [ 45 ] observed protection against renal ischemia for 1 h using chlorpromazine beforehand; 
however the levels of urea and creatinine increased after 24 h of reperfusion [ 45 ]. 

 Gouvêa Junior [ 32 ] observed no differences in the results of urea and creatinine between animals 
subjected to renal ischemia and reperfusion using glutamine beforehand [ 32 ]. This may be related to 
the shorter reperfusion period, in this case, only for 1 h [ 32 ]. Added to this is the issue, already well 
established in the literature, of compensatory renal hypertrophy because, in the model used in this 
study, the animals spent 2 weeks with only one kidney [ 46 ]. 

 According to Cologna [ 47 ] the fi rst changes in the levels of urea and creatinine occur when renal 
function is compromised by over 50 % [ 47 ]. Maybe if the period of ischemia were higher in this study 
there would be a difference in the levels of creatinine and urea. Further studies in this line may answer 
this question using more sensitive methods of measurement of glomerular fi ltration and consequent 
diagnosis of earlier renal change. 

 It is a well known fact that morphological changes consistent with ischemic necrosis of renal  tubular 
cells are confi rmed after at least 30 min of ischemia and over 1 h of reperfusion [ 15 ]. It is known that very 
often the cells attacked still manage to survive presenting only sublethal changes which consist of hydropic 
or vacuolar degeneration with discrete metabolic changes, but still compatible with cell survival [ 11 ]. 

 Fuller [ 7 ], in their study, registered benefi t from the administration of glutamine to kidneys of rats 
before being subjected to a transplant [ 7 ]. In this case there was a protective histological effect primar-
ily in the reduction of renal cell apoptosis, with consequent reduction in tubular necrosis [ 7 ]. 

 A benefi cial effect of  L -alanyl-glutamine was also verifi ed by Stangl [ 48 ] in a histological study of 
liver tissue subjected to I/R [ 48 ]. In this case the study took place after 24 h of renal reperfusion [ 48 ]. 

 Gouvêa Junior [ 32 ] observed no protective effect in animals receiving glutamine prior to kidney I/R 
[ 32 ]. This is justifi ed by the fact that reperfusion having been given for a short time and which was not long 
enough to lead to changes in cell histology [ 32 ]. Starting from the results of this study presented here, it is 
proposed that longer reperfusion be used in a future study and afterwards investigate whether there is his-
tological evidence to verify benefi t found in systemic antioxidant activity resulting from this amino acid. 

 Finally, attention should be paid to the possible harmful effect of glutamine on the kidneys at high 
doses (1 g/kg), proven in diabetic animals [ 49 ].   
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    Conclusions 

 In short, the proposal to use glutamine in patients who will be submitted to surgical procedures where 
renal I/R is necessary, as well as those who will undergo kidney transplant and even in live kidney 
donors constitutes an innovative procedure. 

 Based on this, the use of glutamine together with ischemic preconditioning is suggested in sub-
sequent studies in order to maximize its benefi cial effects and minimize the damage arising from 
renal I/R.     
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            Key Points 

•     Ischemia/reperfusion (I/R) occurs in a wide range of clinical scenarios and is associated with 
 considerable morbidity and mortality.  

•   Glutamine has been demonstrated to protect against I/R-induced injury in a number of different 
organs including the intestine, liver, heart, kidney and brain.  

•   Glutamine’s protective effects include suppression of hyperinfl ammation, protection against cell 
apoptosis, and enhancement of cell proliferation.  

•   Studies in animal models have shown that the protective effect of glutamine on I/R injury are medi-
ated by activation of anti-infl ammatory mechanism including peroxisome proliferator-activated 
receptor gamma and heme oxygenase-1 and suppression of pro-infl ammatory mediators including 
nuclear factor-kappaB, activating protein-1, and inducible nitric oxide synthase.  

•   To achieve maximum benefi cial effect of glutamine, the delivery route, dose and timing have to be 
optimized.     

    Chapter 35   
 Protection by Glutamine After Ischemia/Reperfusion 
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    Abbreviations 

    AP-1    Activating protein-1   
  HO    Heme oxygenase   
  IL    Interleukin   
  HSP    Heat shock protein   
  iNOS    Inducible nitric oxide synthase   
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  I/R    Ischemia/reperfusion   
  NF-κB    Nuclear factor-kappaB   
  PPARγ    Peroxisome proliferator-activated receptor gamma   
  PPRE    Peroxisome proliferator-activated receptor responsive element   
  RXR    Retinoid X receptor   
  TLR    Toll-like receptor   
  TNF-α    Tumor necrosis factor-α   

       Introduction 

    Ischemia/reperfusion (I/R) occurs in a wide range of clinical scenarios including trauma, shock, 
 transplantation, stroke, myocardial infarction, coronary angioplasty, thrombolytic therapy, coronary 
revascularization, and autoimmune diseases. Ischemia can cause tissue and organ damage due to an 
insuffi cient oxygen and glucose, which are necessary for cellular metabolism, which subsequently 
results in tissue or organ dysfunction. Although reperfusion is necessary to attenuate injury of isch-
emic tissues, it can trigger a cascade of events leading to additional tissue injury and even remote 
organ injury. Therefore, I/R injury contributes to the pathophysiology of a wide range of clinical dis-
eases and is associated with considerable morbidity and mortality. 

 Despite extensive studies, the precise cellular and molecular mechanisms of I/R injury is yet to be 
fully elucidated. Attempts to develop effective therapies for I/R injury are particularly    diffi cult due to 
the lack of the fundamental knowledge. However, clinical observations and laboratory studies have 
demonstrated that an acute infl ammatory response triggered by I/R is a crucial event which includes 
recruitment and activation of neutrophils and platelet and complement activation. In the early stages 
of I/R, activated neutrophils mediate a hyperinfl ammatory response through secretion of many infl am-
matory mediators, including cytokines and chemokines, and reactive oxygen species which are  central 
to innate and adaptive immune processes.  

    The Role of Glutamine Supplementation in I/R Injury in Different Organs 

 Glutamine is considered a “conditionally essential” amino acid during stress and critical illness and 
has been used clinically to improve outcomes. The positive effect of glutamine administration has 
been well-documented in I/R injury. Although key physiological roles are shared, it is important to 
understand the different effects of glutamine in each organ I/R injury in order to achieve more effi cient 
therapeutic modalities. Here, we summarize the effect of glutamine administration in different organ 
I/R injury in preclinical animal models. The role of glutamine supplementation in patients with major 
surgery or with sepsis, which often accompany I/R injury, will be discussed in Part 4 in this book.  

    The Role of Glutamine Supplementation in Intestinal I/R Injury 

 Intestinal I/R injury occurs in a variety of clinical settings, including major trauma, hemorrhage, small 
bowel transplantation, superior mesenteric artery and vein thrombosis, acute pancreatitis, sepsis, car-
diopulmonary bypass, and burn injuries. Intestinal I/R leads to generation of infl ammatory factors, 
release of cytotoxic substances, activation of pathologic enzymes and immune cells in the intestine. 
These changes can result in intestinal mucosal injury, enhanced intestinal permeability, and hyperin-
fl ammation, leading to gut dysfunction or even multiple organ dysfunction syndrome. 
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 Gut-specifi c therapies to mitigate I/R-induced gut dysfunction are few. Glutamine, however, may 
represent one such therapy. Glutamine supplementation has been shown to facilitate the maintenance 
of gut mucosal integrity and to attenuate infectious complications and mortality in adult surgical and 
critically ill patients [ 1 ]. Glutamine is not only the major fuel for enterocytes and colonocytes but also 
has a key infl uence in supporting gut functions and integrity [ 2 ]. For this reason, research focusing on 
the use of glutamine as a pharmaconutrient to prevent and treat the physiopathological conditions 
generated by intestinal I/R has garnered considerable attention. 

 Previous studies have focused on the effect of glutamine pretreatment. In one study, rats were 
pretreated with glutamine via orogastric route in a dose of 1 g/kg daily for 4, 7, and 15 days or a dose 
of 2 g/kg daily for 7 days, followed by 1 h of intestinal ischemia/1 h reperfusion [ 3 ]. Interestingly, 
only pretreatment with glutamine in 1 g/kg for 4 days signifi cantly attenuated I/R-induced elevated 
plasma endotoxin levels. The longer periods of pretreatment or the higher dose (2 g/kg) did not sup-
press the elevation of plasma endotoxin levels. The protective effect on histological damage in the 
intestine was observed only when glutamine pretreatment was given at a dose of 1 or 2 g/kg for 7 
days. This study suggests that the dose and timing of administration of glutamine are critical to 
achieve benefi cial effects on I/R intestinal injury. In another study by the same group using the 1 g/
kg dose of glutamine for 4 days, glutamine pretreatment signifi cantly attenuated intestinal permea-
bility caused by intestinal I/R but did not prevent histopathological changes in the intestine or 
decrease plasma endotoxin levels [ 4 ]. 

 The protective effect of glutamine pretreatment on intestinal I/R injury was also found by Mederios 
et al. In their study, rats received 1.5 mg/kg/day of 5 % glutamine daily for 5 days before surgery via 
gavage followed by 1 h intestinal ischemia/2 h reperfusion [ 5 ]. Glutamine signifi cantly suppressed 
bacterial translocation to mesenteric lymph nodes, liver, and lung, and reduced systemic levels of 
tumor necrosis factor (TNF)-α and interleukin (IL)-6, indicating that glutamine protects the intestinal 
barrier integrity and reduces the infl ammatory cytokine response during intestinal I/R. Bacterial trans-
location is the passage of viable indigenous bacteria from the gastrointestinal tract to normally sterile 
extraintestinal sites, such as the mesenteric lymph nodes, livers, lungs, blood and other tissues [ 6 ] and 
is associated with intestinal mucosal barrier function. 

 We have shown in a rat model of intestinal ischemia of 60 min and reperfusion of 30 min that 
10 mM glutamine administered into an intestinal sac at the onset of ischemia was protective [ 7 ]. 
Glutamine maintained intestinal barrier function through preservation of cytoskeleton integrity, 
increased incorporation of G-actin into F-actin, and inhibition of intestinal permeability. Recently, in 
a mouse model of intestinal ischemia of 1 h and reperfusion of 6 h, we found that administration of 
60 mM glutamine given enterally at the onset of ischemia also signifi cantly decreased intestinal per-
meability and infl ammation (Fig.  35.1 ) as well as injury (Fig.  35.2 ) [ 8 ]. Interestingly, alanine failed to 
demonstrate the benefi cial effects of glutamine. This may be due to the ability of glutamine, but not 
alanine, to increase intestinal ATP [ 9 ]. Glutamine, but not alanine, is metabolized by intestinal epithe-
lial cells. These data suggest that the individual amino acid may have differential effects on intestinal 
barrier function.   

 To investigate the molecular mechanisms of glutamine’s protection, 60 mM glutamine (approxi-
mates the concentration of glutamine found in commercially available immune-enhancing enteral 
diets) was administered and intestinal infl ammatory mediators assessed [ 10 ]. Glutamine not only 
inhibited the increased expression of the pro-infl ammatory mediator inducible nitric oxide synthase 
(iNOS) but also enhanced activity of the anti-infl ammatory mediator, peroxisome proliferator- 
activated receptor gamma (PPARγ). Importantly, the PPARγ inhibitor, GW9662, further increased 
intestinal injury and infl ammation and abolished the protective effects of glutamine. Treatment with 
the iNOS inhibitor,  N -[3(aminomethyl)benzyl]acetamidine (1,400 W), had synergistic protective 
effects with glutamine during intestinal I/R. These data suggest that the protective role of glutamine 
in intestinal I/R is mediated by PPARγ and iNOS. In another experiment using the same model, 
glutamine suppressed pro-infl ammatory activating protein-1 (AP-1) activity and decreased c-jun 
expression [ 11 ]. 
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 The studies discussed thus far all investigated enteral glutamine. Using a similar rodent model of 
gut I/R, glutamine-supplemented parenteral nutrition was utilized for 48 h [ 12 ]. The results showed 
that glutamine added to standard parenteral nutrition protected against intestinal injury and permea-
bility, prevented bacterial translocation, and decreased plasma endotoxin levels, compared to standard 
parenteral nutrition. In another study, 3 % glutamine was infused for 24 h and then rodents were 
subjected to either 30 or 60 min of intestinal ischemia/60 min of reperfusion [ 13 ]. Glutamine supple-
mentation decreased cell membrane lipid peroxidation and maintained intestinal gut glutathione 
 levels during intestinal I/R. 

 The benefi cial effect of parenteral glutamine improved survival in a mouse model of intestinal 
I/R. Mice that were pretreated with 2 % glutamine-supplemented total parenteral nutrition for 5 days 
had a signifi cantly higher survival (62 %) than mice fed total parenteral nutrition alone (15 %) [ 14 ]. 

 Though most studies show clear benefi t from glutamine, there are a number of studies that showed 
confl icting results. In one study, 2 % glutamine was injected into the duodenum at the onset of 75 min 

  Fig. 35.1    Glutamine given at the onset of reperfusion inhibited intestinal neutrophil infi ltration after I/R. Glutamine 
given at the onset of reperfusion inhibited neutrophil infi ltration after intestinal ischemia/reperfusion (I/R). Enteral 
glutamine was given at the onset of reperfusion in a mouse model of intestinal I/R [ 8 ]. Sham groups underwent an 
identical surgical procedure without I/R. Intestinal sections were stained using a Naphthol AS-D Chloroacetate Esterase 
Cytochemical Staining kit (Sigma), which identifi es specifi c leukocyte esterases. Representative images were shown. 
The black arrow indicates a neutrophil which was stained with  red  color. 8 mice/group (unpublished data)       
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of ischemia [ 15 ]. Animals pre-treated with glutamine had lower survival. In a similar experiment, 2 % 
glutamine was administered after 50 min of ischemia, at the onset of reperfusion. Adhesion molecule 
CD11b expression and reactive oxygen intermediate production by circulating myeloid cells were 
signifi cantly increased in glutamine treatment group, suggesting that glutamine enhanced leukocyte 
activity. Therefore, the authors concluded that intraluminal glutamine during severe intestinal isch-
emia has detrimental effects on survival associated with promotion of circulating myeloid cell prim-
ing and activation. In another study, mice were subjected to 90 min of ischemia and 3 % glutamine 
was given parenterally [ 16 ]. Glutamine treatment was detrimental, showing that the survival rates 
were 92 % versus 42 % at 12 h and 38 % versus 0 % at 48 h in the control and glutamine-treated 
groups, respectively. In another set of experiments, mice were subjected to 60 min ischemia followed 
by 2 or 4 h reperfusion and glutamine was given with same dose and route. Glutamine treatment 
increased systemic reactive oxygen intermediate production after phorbol myristate acetate stimula-
tion and increased CD11b expression. 

 In summary, most studies have demonstrated a protective role of glutamine after intestinal I/R 
injury. The benefi cial effects of glutamine include a reduction in intestinal permeability, mucosal 

  Fig. 35.2    Glutamine given at the onset of reperfusion protected against intestinal injury after I/R. Glutamine given at 
the onset of reperfusion protected against intestinal injury after ischemia/reperfusion (I/R). Enteral glutamine was given 
at the onset of reperfusion in a mouse model of intestinal I/R [ 8 ]. Sham groups underwent an identical surgical proce-
dure without I/R. Intestinal tissues were stained with hematoxylin and eosin. Representative images were showed. 8 
mice/group (unpublished data)       
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injury, infl ammation, bacterial translocation, production of infl ammatory mediators and plasma 
e ndotoxin as well as improved survival. The dose of glutamine proven to be effi cacious ranged from 
10 to 60 mM when delivered intraluminally, 1–2 g/kg when given orally, and 138–205 mM when 
administrated parenterally. The timing of administration has ranged from as long as 7 days prior to 
ischemia to the onset of reperfusion. Table  35.1  summarizes the dose, route and timing used and the 
effect observed in glutamine supplementation in animal models of intestinal I/R injury.

   Remote organ injury is also a major consequence of intestinal I/R. Thus far, most glutamine studies 
focused on gut protection. We have recently demonstrated that enteral glutamine given at the onset of 
reperfusion not only protects the gut but also has similar protective effects on the lung [ 8 ].  

    The Role of Glutamine Supplementation in Hepatic I/R Injury 

 Hepatic I/R injury is considered as a key factor that contributes to signifi cant morbidity and mortality 
associated with liver transplantation, liver resection for cancer, trauma, and hemorrhagic shock. 
Reperfusion is associated with an accumulation of infl ammatory cells, release of infl ammatory media-
tors, production of reactive oxygen species and reactive nitrogen species, leading to hepatic injury due 

   Table 35.1    The effect of glutamine supplementation with different doses, routes, and timing of administration in 
intestinal I/R models   

 Specie  Dose  Route  Timing  Effect observed  Reference 

 Rat  1–2 g/kg  Orally  4 and 7 days 
before I/R 

 Attenuated plasma endotoxin levels 
and protected against intestinal 
histological damage 

 [ 3 ] 

 1 g/kg  Orally  4 days 
before I/R 

 Attenuated the intestinal permeability  [ 4 ] 

 1.5 mg/kg  Gavage  5 days 
before I/R 

 Suppressed bacterial translocation 
and infl ammatory cytokine levels 

 [ 5 ] 

 60 mM  Enterally  At the onset 
of ischemia 

 Attenuated intestinal injury and 
infl ammation 

 [ 10 ] 

 10 mM  Enterally  At the onset 
of ischemia 

 Maintained intestinal barrier function  [ 9 ] 

 10 mM  Enterally  At the onset 
of ischemia 

 Attenuated intestinal injury  [ 7 ] 

 2.4 % 
(164 mM) 

 Parenterally  After ischemia  Protected against intestinal injury 
and permeability, prevented 
bacterial translocation and inhibition 
of plasma endotoxin levels 

 [ 12 ] 

 3 % (205 mM)  Parenterally  24 h before 
ischemia 

 Decreased cell membrane 
lipid peroxidation 

 [ 13 ] 

 Mouse  60 mM  Enterally  At the onset 
of ischemia 

 Attenuated intestinal permeability, 
infl ammation and injury 

 [ 17 ] 

 2 % (138 mM)  Parenterally  5 days 
before I/R 

 Increased survival  [ 14 ] 

 2 % (138 mM)  Enterally  At the onset 
of ischemia 

 Decreased survival and enhanced 
leukocyte activity 

 [ 15 ] 

 3 % (205 mM)  Parenterally  During ischemia  Increased reactive oxygen intermediate 
production and vascular permeability 

 [ 16 ] 
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to infl ammation, apoptosis, and necrosis [ 17 ,  18 ]. Therefore, an emerging interest has focused on the 
prevention of liver injury and enhancement of liver recovery, repair, and regeneration after hepatic I/R. 
Although ischemic preconditioning has been shown to achieve better outcomes [ 19 ], this procedure can 
only be applied as a preventive measure in elective settings. Attempts to develop pharmacologic treat-
ments to mitigate hepatic I/R injury have proven extremely diffi cult. 

 There are not many studies examining the effect of glutamine on hepatic I/R injury. In a study by 
Araugo et al, male Wistar rats were treated with  L -alanyl-glutamine (0.75 mg/kg), a stabilized form 
dipeptide from  L -glutamine, intraperitoneally 2 h before laparotomy and then subjected to total hepatic 
ischemia for 30 min induced by clamping of portal triad [ 20 ]. They found that  L -alanyl-glutamine 
preconditioning signifi cantly reduced alanine aminotransferase and lactate dehydrogenase levels in 
serum and caspase-3 expression in the liver tissue after hepatic I/R, suggesting that glutamine has the 
protective effect on hepatic I/R injury. Another rat hepatic I/R experiment also showed that pretreat-
ment with glutamine reduced hepatocyte necrosis and apoptosis and improved blood fl ow in the liver 
and attenuated infl ammatory cytokine monocyte chemotactic protein-1 in serum after hepatic I/R 
[ 21 ]. In an isolated liver I/R experiment, livers isolated from rodents were submitted to no-fl ow isch-
emia for 45 min and reperfusion for 45 min in the presence of 2 mM  L -alanyl-glutamine [ 22 ]. 
 L -ALANYL- GLUTAMINE  inhibited an infl ammatory response by attenuating NO and TNF-α production, 
indicating that glutamine has protective effects in I/R-induced hepatic injury. However, glutamine 
does not always show benefi t. In one study, lean Zucker rats were pretreated with intraperitoneal glu-
tamine (0.75 g/kg) 24 and 6 h prior to warm ischemia and then submitted to 75 min of warm ischemia 
followed by 24 h of liver reperfusion [ 23 ]. Glutamine did not affect serum transaminase, hepatic 
neutrophil accumulation, hepatocyte necrosis or heat shock protein 70 expression in the liver tissue, 
indicating that glutamine pretreatment did not protect against hepatic warm I/R injury in rats. 
Therefore, further studies are needed to determine the effect of glutamine after liver I/R.  

    The Role of Glutamine Supplementation in Myocardial I/R Injury 

 Myocardial I/R injury is a major cause of cellular damage in various pathophysiological conditions 
including myocardial infarction, heart transplantation, and cardiovascular bypass surgery. Ischemic 
heart disease and consequent heart failure are the major cause of morbidity and mortality worldwide 
[ 24 ]. Myocardial ischemia causes a decrease of cellular oxygen tension and an increase of carbon 
dioxide tension, as well deprivation of nutrients such as glucose, leading to cell death. The initial 
treatment for patients with myocardial infarction is restoration of myocardial perfusion. Although 
advances in thrombolysis and percutaneous coronary interventions result in restoration of coronary 
fl ow, reperfusion of coronary fl ow paradoxically triggers the morphological injury of the tissue, 
referred to as myocardial I/R injury. Thus, I/R injury remains the leading cause of heart failure. It has 
been well-established that the infl ammatory response after reperfusion is the key cause of myocardial 
I/R injury. Despite many interventions derived from animal models of myocardial I/R and clinically 
tested in patients, none have shown defi nitive advantages due to the absence of specifi c causal- 
therapeutic treatments [ 25 ]. Therefore, new therapeutic interventions to alleviate myocardial I/R 
injury and improve the prognosis of patients are highly anticipated. 

 Thus far, only several studies have attempted to identify the role of glutamine in myocardial I/R. In 
one study, rats were pretreated with alanine–glutamine dipeptide (0.52 g/kg, intraperitoneal) for 18 h 
and then hearts were isolated and exposed to global ischemia for 15 min followed by reperfusion for 
30 min [ 26 ]. Analysis revealed that pretreatment of glutamine preserved cardiac output and main-
tained myocardial tissue glutamate, ATP content, accumulation of myocardial lactate, and glutathione 
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content. These results indicate that pretreatment with glutamine improves post-I/R cardiac function. 
In an ex vivo study, hearts isolated from rats were given 2.5 mM of glutamine 30 min before the start 
of ischemia and then subjected to global ischemia followed by reperfusion for 60 min [ 27 ]. The results 
showed that pretreatment with glutamine signifi cantly improved functional recovery and decreased 
cardiac troponin I release through increases in levels of protein O-linked  N -acetylglucosamine and 
ATP. In an in vitro study mimicking to I/R in vivo, cardiomyocytes were exposed to hypoxia/ischemia 
for various periods followed by reperfusion in the presence of 10 mM glutamine [ 28 ]. Glutamine 
supplementation protected against cardiomyocyte death and promoted recovery of contractile func-
tion after I/R. Glutamine protection against cardiac I/R injury awaits clinical evaluation.  

    The Role of Glutamine Supplementation in Cerebral I/R Injury 

 Cerebral stroke is a major contributor of morbidity and mortality worldwide. Like other tissues/
organs, restoration of blood fl ow can lead to exacerbation of injury in the brain including neuronal, 
endothelial and glial cells. Despite much effort, effective therapies for stroke are still largely lacking. 
One study showed administration of  L -alanyl-glutamine (0.75 g/kg) prior to cerebral I/R decreased 
nucleus degeneration and cell death [ 29 ].  

    The Role of Glutamine Supplementation in Renal I/R Injury 

 The effect of glutamine administration during renal I/R has also been investigated, and the summary 
can be found in the pertinent chapter in this book. 

 In summary, preclinical animal experiments have clearly demonstrated that glutamine supple-
mentation reduced I/R-induced injury, particularly, in the intestine. Further investigations into its 
clinical effi cacy and better understanding of the mechanism of glutamine supplementation are 
needed. Table  35.2  summarizes the effect of glutamine supplementation on animal I/R models in 
different organs.

   Table 35.2    The effect of glutamine supplementation on animal I/R models in different organs   

 Organ  Effect observed  Reference 

 Intestine  Some studies showed a decrease in intestinal injury, permeability, 
infl ammation, bacterial translocation, plasma endotoxin level, 
cell membrane lipid peroxidation and animal mortality. 
However, other studies have showed an increase in survival 
and leukocyte activity, reactive oxygen intermediate 
production and vascular permeability 

 [ 3 – 5 ,  7 ,  9 ,  10 , 
 12 – 16 ] 

 Liver  Some studies showed a decrease in alanine aminotransferase 
and lactate dehydrogenase levels in serum, hepatocyte necrosis 
and apoptosis, infl ammation as well as improved blood fl ow 
in the liver. But one study showed no changes in serum transaminase, 
hepatic neutrophil accumulation and hepatocyte necrosis 

 [ 20 – 23 ] 

 Heart  Preserved cardiac output and maintained myocardial tissue glutamate, 
ATP content, accumulation of myocardial lactate and glutathione content, 
and improved functional recovery and decreased cardiac troponin I release 

 [ 26 ,  27 ] 

 Brain  Decreases of nucleus degeneration and cell death  [ 29 ] 
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       Mechanisms of Glutamine in Protection Against I/R-Induced Injury 

 Glutamine regulates a variety of genes involved in major cellular processes, such as, infl ammatory 
response, proliferation, apoptosis and intermediary metabolism. For example, glutamine protected 
against intestinal epithelial cell death/apoptosis through induction of activity of the extracellular signal- 
regulated kinase signaling pathway [ 30 ] or reduction of specifi city protein 3 expression [ 31 ]. However, 
most studies on glutamine’s protection in a variety of stress conditions, such as, hypoxia and reactive 
oxygen species, have focused on the capacity of glutamine in inhibition of infl ammation. 

 Glutamine exerts anti-infl ammatory effects during I/R via a variety of pathways including inhibi-
tion (NF-κB, AP-1 and signal transducer and activator of transcription) and activation (PPARγ and 
heat-shock transcription factor 1) of specifi c transcription factors. For example, glutamine may regu-
late PPARγ activity via toll-like receptor (TLR) 4 signaling pathway. PPARγ regulates infl ammatory 
pathways through interference with transcription factors including NF-κB, AP-1, signal transducer 
and activator of transcription and nuclear factor-activated T cell [ 32 ]. PPARγ regulates NF-κB by 
forming a complex with the NF-κB subunit p65 [ 33 ]. TLR4 is considered as one of the major con-
tributors to infl ammation after I/R and glutamine can specifi cally inhibit TLR4 receptor expression 
[ 34 ]. The suppression of TLR4 may be one of the mechanisms of glutamine’s protection against I/R 
injury. The protective effects of glutamine on infl ammatory injury can also be    through upregulation of 
heat shock proteins (HSPs) [ 35 ]. 

 Although multiple factors are involved in I/R injury and preclinical animal studies revealed that 
glutamine has protective property in intestinal or microvascular permeability, bacterial translocation, 
infl ammation and pro-infl ammatory cytokines production, thus far, the mechanisms of glutamine pro-
tection in I/R are not well studied and have mainly focused on its anti-infl ammatory properties.  

    PPARγ 

 The PPAR family of nuclear receptors is composed of PPARα, PPARβ/δ, and PPARγ. The PPARs 
form permissive heterodimers with the retinoid X receptor (RXR). The PPAR/RXR heterodimers 
bind to PPAR-responsive elements (PPREs) in the regulatory region of their target gene to regulate 
gene expression. Relatively high levels of PPARα are found in brown adipose tissue, intestine, liver, 
heart and kidney, while abundant PPARβ/δ is expressed in the intestine, muscle, skin, gut, placenta, 
adipose tissue and brain. Although PPARγ is expressed in different organs and cell types, such as, 
pancreas, liver, kidney and immune cells including lymphocytes, monocytes, macrophages and den-
dritic cells, the relative abundance of expression is found in the adipose tissue and gut. Except for the 
control of lipid and glucose metabolism, PPARs play a crucial role in the regulation of the infl amma-
tory response. 

 A number of animal studies have demonstrated upregulation of PPARγ after I/R. More impor-
tantly, preclinical animal studies have shown the therapeutic effect of PPARγ agonists on improving 
functional outcome after I/R [ 36 ,  37 ]. 

 In a rodent model of transient cerebral ischemia, PPARγ expression levels were markedly elevated 
in ischemic neurons and administration of a PPARγ agonist mitigated the effects of cerebral ischemia 
by demonstrating a reduction of infarction size and improvement of neurologic function [ 36 ,  37 ]. 

 In an intestinal epithelial cell line (IEC-6), there was a dose-dependent effect between glutamine 
and PPARγ DNA binding and transcriptional activities measured by electrophoretic mobility shift and 
luciferase reporter gene assays, respectively, but the increases of DNA binding and transcriptional 
activities did not result from the increase of PPARγ protein. Additionally, glutamine itself was not a 
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ligand of PPARγ, confi rmed by ligand binding assay [ 38 ]. Further investigation using tandem mass 
spectroscopy demonstrated that glutamine treatment increased 15-S-hydroxyeicosatetraenoic acid 
and dehydrogenated 13-hydroxyoctaolecadienoic acid, two identifi ed endogenous PPARγ ligands. 
However, in human epithelial colorectal adenocarcinoma cells (caco-2), treatment of glutamine did 
not increase but rather decreased PPARγ protein expression and DNA binding activity [ 39 ]. This 
discrepancy may due to the different genetic backgrounds of cells since IEC-6 cells were derived from 
normal intestinal epithelium and caco-2 cells from a human epithelial colorectal adenocarcinoma. 

 In a rodent model of intestinal I/R injury, luminal glutamine enhanced PPARγ DNA binding activ-
ity [ 10 ]. We have recently shown in an intestinal specifi c conditional PPARγ null mouse that gluta-
mine loses its protective effect (unpublished data).  

    NF-κB 

 NF-κB is expressed in almost all cell types and plays a central role in directing the immune 
response through regulation of the transcription of infl ammatory factors such as cytokines, chemo-
kines, and adhesion molecules. The critical role of NF-κB in I/R injury has been well-documented 
[ 40 – 44 ]. A recent study demonstrated that glutamine signifi cantly reduced NF-κB in the kidney in 
a rat renal I/R model [ 45 ]. When glutamine was administered intraperitoneally prior to reperfu-
sion, the NF-κB p65 subunit was increased in the nuclear fractions isolated from the kidney after 
6 h of reperfusion [ 45 ].  

    AP-1 

 AP-1 dimeric transcription factor is a family of jun and fos proteins that form jun–jun and jun–fos 
homo- and heterodimers. The major AP-1 proteins include Jun (c-Jun, JunB, JunD) and Fos (c-Fos, 
FosB) as well as Fra-1 and Fra-2. The various combinations of AP-1 proteins allow AP-1 to regulate 
most infl ammatory mediators because AP-1 contains transcriptional regulator binding sites provided 
by broad combinatorial possibilities. We have previously found that enteral glutamine supplementa-
tion inhibited AP-1 activity determined by electrophoretic mobility shift assay in a rat intestinal I/R 
model and that supershift analysis confi rmed the increased activity of AP-1 was associated with 
increased levels of c-Jun expression [ 11 ].  

    iNOS 

 The pro-infl ammatory mediator, iNOS, is a nitric oxide synthase which is expressed in various cells 
and tissues. However, iNOS has low basal expression until activated by an immune response, such as 
cytokines or oxidative stress. Production of nitric oxide by iNOS is detrimental during I/R and protec-
tive effects of iNOS inhibition in renal dysfunction and injury after renal I/R have been reported [ 46 ]. 
Nitric oxide itself can form peroxynitrite with the superoxide radical and then damages the tissue. 
Glutamine signifi cantly reduced iNOS level in the kidney in a rat renal I/R model [ 45 ] and a rat 
 intestinal I/R model [ 10 ].  
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    HO-1 

 Heme oxygenase (HO), the rate-limiting enzyme in heme catabolism, includes three distinct isoforms 
HO-1, HO-2 and HO-3. Glutamine can enhance HO-1 expression. In rat hepatic I/R, pretreatment 
with glutamine increased HO-1 expression in the liver [ 21 ]. Oxidant stress and infl ammation are 
major factors which contributed to organ injury during I/R. HO-1 is induced by stress including oxida-
tive stress, hypoxia, and cytokines. HO-1 is anti-infl ammatory and anti-apoptotic [ 47 ]. HO-1 protects 
against oxidative stress. Protection of HO-1 has been demonstrated in various stress conditions includ-
ing I/R, hemorrhagic shock, hypoxia, and reactive oxygen species [ 48 ]. HO-1 ameliorates hepatic I/R 
injury [ 49 ].  

    Syndecan-1 

 Syndecans are a major family of cell surface heparan sulfate proteoglycans, including syndecan-1 
to 4. Syndecan-1 is mainly expressed in epithelial cells and plasma cells. Syndecan-1 is not only 
an integral membrane protein but also involved in many biological activities, such as cell prolif-
eration, apoptosis and migration. Syndecan-1 also shows the capacity to modulate infl ammation. 
The anti- infl ammatory properties of syndecan-1 have been documented in infl ammatory diseases, 
cancer, and infection [ 50 ]. Although the expression of syndecan-1 in the intestinal tissue during 
I/R has not been investigated, in an in vitro I/R model, glutamine preserved syndecan-1 expression 
on the intestinal cell surface and mitigated syndecan-1 shedding [ 8 ]. More importantly, in vivo, 
glutamine reduced intestinal hyperpermeability, infl ammation, and injury after intestinal I/R, 
effects lost in syndecan-1 null mice [ 8 ]. Table  35.3  summarizes the regulated genes by glutamine 
in animal I/R models.

   The precise molecular mechanism by which glutamine regulates these genes after I/R injury is 
still not well understood. However, it is well-documented that PPARγ can negatively regulate 
NF-κB through either a co-activator competition model that NF-κB and PPARγ use same co-acti-
vators, or a direct interaction model that one or both NF-κB and PPARγ is inhibited because of 
direct interactions between these two nuclear receptors and negatively regulated transcription fac-
tors, or a co-repressor- dependent model that NF-κB is transrepressed by PPARγ ligands via inhibi-
tion of the signal- dependent clearance of co-repressor complexes [ 51 ]. PPARγ can also suppress 
AP-1 in a ligand-dependent manner [ 51 ]. Moreover, PPARγ can dampen the macrophage infl amma-
tory response through inhibition of pro-infl ammatory molecules, such as TNF-α, IL-6, and iNOS 
[ 52 ]. PPARγ ligands inhibited the expression of iNOS in part by antagonizing activities of the 
transcription factors activation protein 1, signal transducer and activator of transcription, and 
NF-κB [ 53 ]. Previous studies also found that NF-κB [ 54 ] and AP-1 [ 55 ] promoted iNOS activity, 
while iNOS was inhibited by HO-1 [ 56 ]. The mechanism of suppression of infl ammation by gluta-
mine is summarized in Fig.  35.3 .   

   Table 35.3    Infl uence of glutamine supplementation on gene expression/activity 
in experimental animal I/R models             

 Organ  Gene regulated  Reference 

 Liver  Increased HO-1 expression  [ 21 ] 
 Kidney  Reduced iNOS and NF-κB expression  [ 45 ] 
 Intestine  Enhanced PPARγ DNA binding activity  [ 10 ] 
 Intestine  Reduced AP-1 expression  [ 11 ] 
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    Conclusions 

 Cumulative evidence has demonstrated the protective effect of glutamine administration in tissue I/R 
injury of different organs including the intestine, liver, heart, kidney, and brain in preclinical animal 
models. Although in most studies, the benefi cial effects of glutamine were observed with pretreatment 
with glutamine prior to I/R, promising results were also found when glutamine was administered at the 
onset of reperfusion, suggesting that glutamine administration can be used not only as a preventive 
measure but also a therapeutic measure. Glutamine’s protective effect is mediated by a variety of physi-
ological aspects including suppression of hyperinfl ammation, protection against cell apoptosis, and 
enhancement of cell proliferation. Particularly, in intestinal I/R, glutamine administration preserved gut 
function including maintenance of absorption, protection against mucosal injury, abrogation of infl am-
mation, enhancement of mucosal blood fl ow and maintenance of gut barrier function [ 57 ]. Studies in 
preclinical animal models have shown that PPARγ, NF-κB, AP-1, iNOS, and HO-1 mediates the pro-
tective effect of glutamine on I/R injury. To achieve maximum benefi cial effect of glutamine, the deliv-
ery route, dose, and timing need to be optimized. More importantly, further investigation into the 
precise molecular mechanism underlying glutamine’s protective role in I/R injury is warranted.     
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        Key Points 

•     Immunosuppression phenomenon is reported in different diseases.  
•   Glutamine inhibits T-cell priming either by preventing tumor-associated antigens’ processing and 

presentation through major histocompatibility complexes or by down-regulating the expression of 
co-stimulatory and adhesion molecules.  

•   High uptake of glutamine by tumor and immunosuppressive cells interferes with glutamine- 
dependent T-cell immunomodulatory functions.  

•   Glutamine up-regulated the synthesis of tumor-derived factors which in turn may regulate gluta-
mine metabolism.  

•   Glutamine metabolism ensures favorable condition for tumor progression.  
•   Glutamine regulates arginine metabolism by providing cofactors, regulating gene expression and 

enzyme activities.  
•   Arginine can be endogenously synthesized from glutamine.  
•   Glutamine regulates gene levels of key transcription factors implicated in immunosuppression 

phenomenon.  
•   Control of glutamine availability and metabolism represents a promising therapeutic strategy to 

help recovering anti-cancer immune response.     
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  BM    Bone marrow   
  CTL    Cytotoxic T lymphocyte   
  DC    Dendritic cell   
  G/M-CSF    Granulocyte/macrophage-colony stimulating factor   
  Gln    Glutamine   
  HIF    Hypoxia induction factor   
  IL    Interleukin   
  ICAM    Intracellular adhesion molecules   
  IFN    Interferon   
  iNOS    Inducible nitric oxide synthase   
  LFA    Lymphocyte function associated antigen   
  LPS    Lipopolysaccharides   
  MDSC    Myeloid-derived suppressor cell   
  MHC    Major histocompatibility complex   
  mRNA    Messenger ribonucleic acid   
  MSC-1    Myeloid suppressor cells-1   
  NF-κB    Nuclear factor κ light chain enhancer of activated B cells   
  TAA    Tumor-associated antigen   
  TCA    Tricarboxylic acid   
  TGF    Tumor growth factor   
  TNF    Tumor necrosis factor   
  Treg    T regulatory cell   

       Introduction 

 The immunesurveillance process remains one of the most controversial and poorly understood areas 
of immunity. Cancer and organ transplantation are two clinical situations where the suppression of the 
immune response has been and is still widely investigated. While the anti-tumor-specifi c immune 
function must be enhanced to prevent tumor progression, the situation is the complete opposite in 
organ transplantation, where the immune response against the grafted organ should be suppressed to 
ensure transplantation success. Immune suppression has also been reported in several other diseases, 
the most popular being the human immunodefi ciency virus [ 1 ], but also in rheumatic diseases [ 2 ], 
neurodegenerative diseases (including Parkinson’s disease, Alzheimer’s disease, amyotrophic lateral 
sclerosis, multiple sclerosis, and human immunodefi ciency virus-associated neurodegeneration) [ 3 ], 
etc. In the present review, a special focus will be placed on cancer-related immunosuppression. 

 In fact, a healthy immune system is able to recognize, destroy and prevent the outgrowth of tumors. 
Briefl y, the earliest step for the induction of anti-tumoral immune response, summarized in Fig.  36.1 , is the 
recognition of tumor-associated antigen (TAA) by professional antigen-presenting cells (APCs). TAAs 
will then be processed and presented on the surface of fully activated and mature APCs through the major 
histocompatibility complexes (MHCs). Thereafter, CD4 +  and CD8 +  T-lymphocytes recognize the pre-
sented TAAs and differentiate into cytotoxic T lymphocytes (CTLs) that are able to destroy tumor cells [ 4 ].  

 However, the specifi c anti-tumor immune response is hardly observed in cancer-bearing hosts 
especially in later stages of cancer. As for immunomodulation, the nutritional status of cancer patients 
has a profound effect on the tumor escape process. Specifi cally, glutamine (Gln) has been shown to be 
crucial for both the immunity and tumor progression (Refer to the Chaps.   4     and   8    ). These fi ndings 
have fuelled investigations on the role of Gln in cancer-mediated suppression of immune functions 
and the aim of this review is to describe and discuss the potential of Gln in the maintenance/eradica-
tion of tumor escape phenomenon (Fig.  36.1 ).  
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    Mechanisms of Immunosuppression in Cancer 

 The concept of tumor immunesurveillance has been fi rst described in 1863 by Rudolph Virchow who 
observed leukocyte infi ltration in tumors [ 5 ]. By the time, evidences of the immunological resistance 
against tumor growth have been accumulated [ 6 ]. However, complete tumor regression by the immune 
system has been rarely reported. In fact, tumors develop several mechanisms to escape the immune-
surveillance process. 

 The fi rst immunosuppressive strategy is related to the primary step of mounting a tumor-specifi c 
immune function which is the recognition of TAAs. Tumor cells may not express enough TAAs or 
simply modify TAAs’ peptidic sequence. They can also down-regulate the expression of MHCs, thus 
preventing the presentation of TAAs, their recognition by effector T cells and further differentiation 
of APCs [ 7 ,  8 ]. In fact, T-cell priming has, for a long time, been investigated for the development of 
tumor immune vaccines, since mounting an effective anti-tumor immune response depends on the 
spatio-temporal release of TAAs and the quality of tumor-associated T-cell priming [ 6 ]. 

 The second mechanism of tumor escape relies on the absence of essential co-stimulatory factors 
(such as the cytotoxic T lymphocyte antigen CTLA-4, the cluster of differentiation CD28) and adhe-
sion molecules (e.g. intracellular adhesion molecules ICAM-1, lymphocyte function-associated anti-
gen- 3 LFA-3, mucin-cell-surface-associated 1 MUC-1) [ 9 ]. In fact, the binding of CD28, normally 
presented on T-cell surface, to its ligands B7-1/2, expressed on tumor cell surface, is crucial for the 
complete activation of T cells [ 10 ]. The fi rst two strategies act on the cross-talking between tumor 
cells and immune effector cells to prevent possible induction of any anti-tumor immune resistance. 

 Third, tumor cells produce immunosuppressive molecules, called tumor-derived factors (TDFs), 
such as granulocyte/macrophage-colony stimulating factors (G/M-CSFs), interleukins (ILs), tumor 

  Fig. 36.1    Induction of anti-tumor CTL responses and direct effects of Gln on this process. APCs recognize tumor cells 
through TAAs they carry on their surfaces. Professional APCs that present TAAs through their MHCs recruit CD4 +  
helper and CD8 +  cytotoxic T cells. Differentiated CTLs are then able to destroy tumor cells without any additional 
requirements (co-stimulation, CD4 +  helper T cells) [ 4 ]       
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growth factors (TGFs), etc [ 11 ]. Namely, TGF-β is a potent inhibitor of T-cell cycle progress. G/M- -
CSFs and ILs regulate the activities of specifi c enzymes (as it will be discussed below) and contribute 
to the maturation and recruitment of immunosuppressive cells [ 12 ], which represents the last immu-
nosuppressive strategy. 

 In fact, tumors recruit T regulatory cells (Tregs), tolerogenic dendritic cells (DCs) and myeloid- 
derived suppressor cells (MDSCs) in the spleen, blood, lymphoid organ and tumoral microenviron-
ment to control the anti-tumor-specifi c immune response. 

 On the one hand, DCs are considered as the most effi cient APCs due to their high concentrations 
in MHCs and co-stimulatory factors as well as their migratory capacity. However, in cancer-bearing 
hosts, DCs remain immature, so called tolerogenic, allowing immune tolerance [ 13 ]. On the other 
hand, several mechanisms have been proposed to explain Tregs immunosuppressive potential, among 
these are the secretion of inhibitory cytokines (such as IL-10, IL-35, TGF-β), the down-regulation of 
co-stimulatory factors’ expression, and the induction of APCs death via the perforine/granzyme path-
way [ 14 ]. Ultimately, MDSCs suppress CTLs’ immunomodulatory functions via the  L -arginine ( L - 
ARG ) metabolism. In fact, MDSCs express two enzymes that metabolize  L -Arg: (1) the inducible nitric 
oxide synthase (iNOS) that, in presence of oxygen and nicotinamide adenine dinucleotide phosphate 
(NADPH), oxidizes  L -Arg to produce nitric oxide (NO) and  L -citrulline, and (2) arginase 1 (ARG1) 
which converts  L -Arg into urea and  L -ornithine (Fig.  36.2 ) [ 11 ].  

  Fig. 36.2    Arg catabolism and Gln-to-Arg pathway in MDSCs [ 15 ]. Different stimuli activates iNOS and ARG1 activities 
( dashed lines ). iNOS and ARG1 metabolize  L -arg which revealed to be endogenously synthesized from  L -citrulline and 
 L -glutamine.  OAT  ornithine aminotransferase,  P5CDH  1-pyrroline-5-carboxylate dehydrogenase,  GLNS  glutaminase,  CPS  
carbamoyl phosphate synthetase,  OTC  ornithine transcarbamylase,  JAK  Janus kinase,  JNK  c-Jun N-terminal kinase,  PU.1     
Purine rich 1 Box,   ,  MSP  macrophage stimulating protein,  cAMP  cyclic adenosine monophosphate,  PGE  prostaglandin E, 
 CAT-2B  cationic amino acid transporter,  ASCT-2  sodium-dependent neutral amino acid transporter        
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 The sparse availability of  L -Arg in the blood triggers the loss of the CD3ξ chain of the T-cell receptor 
and further blocks T-cell proliferation and fi nally induces their death [ 16 ]. Likewise, the metabolism 
of  L -tryptophan and  L -phenylalanine by MDSCs results in the arrest of T-cell proliferation [ 17 ,  18 ]. 
Nitric oxide also reacts with biomolecules both in the generating and target cells to produce reactive 
nitrogen oxide species. These latter are strong immunosuppressive factors and act at several levels 
including DNA, proteins, lipids, signaling pathways, cell respiration, etc. to alter T-cell proliferation 
and induce their death [ 19 ]. In addition to  L -Arg intake through diet and protein turnover,  L - ARG  is 
endogenously produced in MDSCs through enzymatic activities of argininosuccinate synthetase 
(ASS) and lyase which convert  L -citrulline into  L -Arg [ 15 ]. Moreover,  L -citrulline can be synthesized 
from glutamine, glutamate and proline ensuring MDSCs’ autosuffi ciency in  L -Arg [ 20 ]. 

 In the following sections, we state and discuss the implication of Gln in each immunosuppressive 
strategy apart.  

    Effects of Gln on the Expression of MHC and Adhesion/Co-stimulatory 
Molecules 

 The initiation of T-cell responses requires the recruitment of multiple ligands on their specifi c receptors at 
the cell surface (Fig.  36.3 ). Indeed, ICAM-1 triggers the adhesion of APCs to the corresponding receptor 
LFA-1 expressed by T cells [ 4 ]. However, Gln was shown to down-regulate the expression of several com-
ponents of the immunoglobulin superfamily of cell adhesion molecules. For instance, low Gln reduced the 
expression of ICAM-1 in arsenic-treated neutrophils, leading to the blockage of neutrophils activation [ 21 ]. 
Likewise, the constitutive expression of ICAM-1 in monocytes was shown to be down-regulated at low 
Gln concentrations [ 22 ]. Supplementation of Gln also lowers LFA-1 and macrophage-associated antigen-1 
expression in arsenic-exposed mice [ 23 ]. Therefore, Gln has the potential to act at both levels, i.e. APCs 
and CD4 +  T cells, to inhibit their cross-talking and prevent CTLs differentiation.  

  Fig. 36.3    Priming of T-cell response. The initiation of anti-tumor T-cell response requires the recognition of TAA by 
TCR whose activation launches signaling cascades. This process further requires the presence of adhesion and co- 
stimulatory molecules to stabilize T cells binding into APCs. The direct and indirect inhibitory effects of Gln on this 
process are presented in  bold  and  dashed lines  respectively       
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 No direct effect of Gln on the production of co-stimulatory molecules has been reported at the best 
of our knowledge. However, it has been shown that the expression of glutamine transporter and its 
activity in lymphocytes is dependent on CD28, a co-stimulatory molecule [ 24 ]. Therefore, the tumor- 
mediated down-regulation of CD28 expression triggers the dysfunction of Gln-dependent physiologi-
cal functions in T cells, the most important ones being their proliferation and IL-2 receptor signaling 
pathway (Fig.  36.3 ). 

 Likewise, the role of Gln in TAAs expression has not been specifi cally addressed yet. However, 
Gln was shown to regulate MHC expression. In fact, Gln supplementation increases the expression 
level of human leukocyte antigen, a MHC class II, in monocytes of postoperative and trauma patients 
[ 25 ,  26 ]. So far, evidences of relationships between Gln and immune cell priming were reported in 
different models of immune effector cells but not in the context of immunosuppression. Nevertheless, 
it appears to be of extreme importance to investigate whether Gln is implicated in the prevention of 
anti-tumor-specifi c immune response initiation. In fact, the complex set of interactions occurring at 
the tumor edge may have attracted research efforts on the most potent immunosuppressive mecha-
nism which is downstream T-cell priming step.  

    Metabolism of  L -Gln at the Tumor Edge 

 In addition to preventing APCs differentiation and CTLs activation, the consumption of  L -Gln, per se, 
by tumor cells represents a mechanism of immune tolerance. A similar effect has also been reported 
in endurance athletes where a decrease of  L -Gln concentration is accompanied by transient immuno-
depression [ 27 ]. Namely, the high uptake rate of  L -Gln by tumor cells [ 28 ] and tumor-infi ltrating 
MDSCs [ 29 ] dampens  L -Gln availability at the tumor edge and so inhibits the proliferation of immune 
cells. The in vitro simulation of MDSC maturation showed an increase of  L -Gln consumption rate in 
GM-CSF and IL-6-treated bone marrow (BM) cells [ 29 ]. Similarly,  L -Gln uptake rate was 5 times 
higher in lipopolysaccharides (LPS)-treated murine macrophages and human monocytes, which 
become immunosuppressive via  L -Arg metabolism [ 30 ]. Furthermore, extensive study of  L -Gln 
metabolism by MDSCs showed that  L -Gln signifi cantly contributes to the acidifi cation of the tumor 
microenvironment [ 31 ]. This condition promotes tumor neovascularization, angiogenesis and 
metastasis [ 31 ] and leads to the enforcement of tumor stroma and indirectly to the decrease of  L -Gln 
concentration in the tumor. The in vitro simulation of MDSC maturation process and the inhibition 
of  L -arg metabolizing enzymes (both studies conducted in our laboratory) highlighted the 
immunosuppression- related metabolic events that are summarized in Fig.  36.4  [ 29 ].  

  L -Gln was also shown to be crucial to the replenishment of tricarboxylic acid (TCA) cycle interme-
diates in BM-derived MDSCs and MSC-1 cells, an immortalized cell line derived from mouse MDSCs 
[ 29 ,  31 ]. The high activity of TCA cycle revealed to generate high amounts of NADPH and lactate, 
and this through the NADP + -dependent malic enzyme that converts malate into pyruvate [ 29 ,  31 ]. In 
fact, glutaminase and NADP + -dependent malic enzyme activities, as well as glutamine oxidation and 
lactate secretion, have been shown to be concomitantly up-regulated in LPS/adrenaline/interferon 
(IFN)-γ-treated macrophages [ 32 ]. A similar behavior has been reported in neutrophils, where the 
high glutamine-derived lactate production rate was related to higher demands in NADPH as compared 
to lymphocytes or macrophages [ 33 ]. 

 The effects of the various tumor-derived factors on glutamine transporter or glutaminolysis 
enzymes, at the mRNA level, protein expression or enzyme activity in immunosuppressive cells or 
similar systems (e.g. cytokine-treated macrophages) are not well characterized although the regula-
tion of glutamine uptake and metabolism by cytokines has been reported in other cell types and 
human or animal models. For instance, IFN-α was shown to up-regulate glutaminase mRNA and 
protein level in human immunodefi ciency virus-associated dementia individuals [ 34 ]. A similar effect 
was reported in TGF-β-treated gluconeogenic porcine kidney cells [ 35 ]. 
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 However, implication of Gln in the immunosuppressive activity of tolerogenic DCs neither Tregs 
has been investigated. In fact, in the cancer context, MDSCs are considered as the most potent cells of 
the tumor immunosuppressive network. They trigger the recruitment of Tregs in the tumor microenvi-
ronment and substitute tolerogenic DCs, if suppressed, to ensure tumor escape [ 36 ], and so most of the 
research focusing on Gln in cancer-related immunosuppression have been performed on MDSCs.  

    Cross-regulation of Gln and Arg Metabolisms 

    Gln and iNOS Regulation 

 iNOS enzyme is a bi-domain protein; the C-terminal moiety acts as a reductase domain that con-
tains the bindings site for NADPH, fl avin adenine dinucleotide and mononucleotide and calmodu-
lin, and the N-terminal moiety acts as an oxygenase domain that contains the binding domains for 
 L -Arg, heme and tetrahydrobiopterin [ 37 ]. As previously discussed, Gln ensures the availability of 
an iNOS cofactor, i.e. NADPH, by maintaining high TCA cycle activity and sustained fl ux through 
the NADP + -dependent malic enzyme [ 31 ]. In fact, NO production rate was reduced in the presence 
of glutaminase inhibitor (6-diazo 5-oxo norleucine) in activated murine macrophages and human 
monocytes [ 30 ]. Likewise, the same study conducted by Murphy et al. showed that culturing these 
cells in the absence of iNOS substrate, i.e.  L -Arg, up-regulated Gln uptake to ensure NO synthesis, 
suggesting the presence of Gln-to-Arg pathway [ 30 ]. Similarly, culturing MSC-1 cells in the 
absence of Gln attenuated the production of NO derivatives, while ARG1 activity was not affected 

  Fig. 36.4    Metabolic events occurring during BM cells maturation into MDSCs. The exposure of BM cells to GM-CSF 
and IL-6 activates iNOS and ARG1 activities rendering cells immunosuppressive. This was accompanied by an increase 
in glucose and  L -Gln uptake rates. However, cells revealed to exhibit glycolytic metabolism since cells respiration 
decreases during the maturation process. The AMP-activated protein kinase was activated in response to the energy defi -
cit leading to the increase of TCA cycle activity. Both anaerobic glycolysis and TCA cycle allowed the secretion of high 
amounts of lactate. Moreover, high TCA cycle activity ensured endogenous synthesis of  L -arg and the production of 
NADPH, one of iNOS cofactor. The chronology of these events is hypothetic due to the lack of understanding of the 
AMPK regulatory mechanism       
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[ 31 ]. In fact, several studies focused on the potential regulation of iNOS gene and protein expres-
sion by Gln. Namely,  L -Gln was shown to attenuate iNOS mRNA and protein level in IL-1β-
activated hepatocytes preventing NO-induced mitochondria dysfunction [ 38 ]. Furthermore, 
alanine-glutamine dipeptide, a source of Gln, decreases iNOS mRNA level in hemorrhagic shock 
patients’ liver samples [ 39 ]. Conversely, Gln did not affect iNOS mRNA level in cytokine-treated 
or not treated colorectal cancer cell lines [ 40 ]. So far, the relationship between Gln and iNOS gene 
and protein expression has not been yet specifi cally investigated in immunosuppressive iNOS-
expressing cells despite the aforementioned strong evidences of iNOS activity regulation by Gln. 
Indeed, it has been reported that exposing macrophages to hypoxia and cytokines increases iNOS 
mRNA level and that iNOS promoter depends on hypoxia- inducible factor 1 (HIF-1) and nuclear 
factor κ light chain enhancer of activated B cells (NF-κB) [ 41 ]. Corzo et al. have showed that 
MDSCs express HIF-1α to adapt to quasi-hypoxic conditions in tumors [ 42 ]. Hammami et al. also 
reported a decrease of cell respiration by at least 60 % during BM-derived MDSC maturation pro-
cess [ 29 ]. Studies focusing on Gln deprivation effects on human carcinoma cells showed a reduced 
expression of HIF-1/2α [ 43 ]. Furthermore, stable HIF is dependent on the accumulation of TCA 
cycle intermediates, specifi cally by fumarate, which inhibits HIF hydroxylases [ 44 ]. Gln-dependent 
high TCA cycle activity and accumulation of fumarate, a by-product of  L -Arg endogenous synthesis 
pathway, has been reported in MDSCs and MSC-1 cells [ 29 ,  31 ]. Gln metabolism may then indi-
rectly favor glycolytic metabolism which is known to be exhibited by both MDSCs [ 29 ,  31 ] and 
tumor cells [ 28 ]. Moreover, Gln was shown to regulate the activation of NF-κB signaling pathway 
in LPS-treated peritoneal macrophages [ 45 ,  46 ]. Therefore, Gln plays a central role in the iNOS-
mediated immune suppression and the control of its metabolism may represent a promising 
approach to treat several NO-induced pathologies.  

    Gln and the Endogenous Synthesis of Arg 

 One of the primary strategies that have been explored to overcome tumor escape was based on Arg 
deprivation. This strategy was rapidly abandoned since Arg showed to be endogenously synthesized, 
from citrulline, in several cell types (e.g. kidney cells, aortic endothelial cells, macrophages, etc.) 
[ 33 ]. Moreover, Gln can be converted into citrulline through the enzymatic activities of glutaminase, 
pyrroline-5-carboxylate synthase, ornithine aminotransferase, ornithine carbamoyltransferase and 
carbamoyl phosphate synthetase [ 33 ]. The activities of these enzymes were up-regulated in bacillus 
Calmette-Guérin-stimulated macrophages and in the absence of  L -Arg to ensure continuous NO bio-
synthesis [ 33 ]. In addition to its role as a carbon and nitrogen source for Arg synthesis, Gln regulates 
the enzymatic activity and the gene expression level of ASS, the rate-limiting enzyme of the Arg 
synthesis pathway, through the cytosolic  O -glycosylation of the transcription factor Sp1 [ 47 ]. That is, 
ASS gene expression also depends on the activation of NF-κB signaling pathway which is, in turn, 
Gln-dependent [ 48 ]. In fact, Gln regulates gene expression of several transcription factors implicated 
in signaling pathways which, in turn, regulate cell metabolism, infl ammatory response and cell pro-
liferation, survival and death [ 43 ]. Among these, Gln activates the CCAAT/enhanced binding protein 
β [ 43 ] that has been recently reported as a regulator of MDSC maturation in growing tumors [ 49 ].   

    Gln and Cytokine Production 

 The last mechanism of Gln-mediated immunosuppression consists in the modulation of cytokine 
production by Gln itself or its metabolic byproducts. Indeed, all cells present at the tumor edge, 
including immune, tumor and immunosuppressive cells, produce numerous cytokines that can be used 
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for signaling between different cell compartments or secreted to ensure inter-cellular cross-talk. While 
Th1 or pro-infl ammatory cytokines (e.g. TNF-β, IL-2, IL-6, IL-12 INF-α and γ, etc.) stimulate the 
immune system, Th2 or anti-infl ammatory cytokines (such as TGF-β, IL-4, IL-5 and IL-10, etc.) sup-
press the immune system. These cytokines regulate  L -Arg metabolism; specifi cally, Th1 and Th2 
cytokines induce the activities of iNOS and ARG1, respectively [ 11 ]. As in all the aforementioned 
regulation mechanisms by Gln, the Gln-mediated synthesis of cytokines is cell type-dependent and 
requires a prior stimulation [ 50 ]. 

 First, Gln enhances IL-2 production in challenged immune cells and so the decreased concentra-
tion of Gln in the tumor microenvironment reduces IL-2 synthesis and the initiation of the IL-2- 
dependent signaling pathways, which regulates T-cell immunomodulatory functions [ 50 ]. Moreover, 
the production of TNF-α from macrophages and IL-8 from monocytes are dependent on Gln concen-
tration and high secretion rates of cytokines’ secretion can be attenuated in the presence of a glutami-
nolysis inhibitor or in the absence of Gln [ 51 ]. Similarly, the Gln-mediated production of IL-6 and 
IL-1β was addressed in LPS-treated rat peritoneal macrophages; Yassad et al. suggested that Gln acts 
at the translational level, since unlike mRNA level, cytokine concentration was affected by Gln sup-
plementation or deprivation [ 52 ,  53 ]. Moreover, the enhancement of IL-4 and IL-6 secretion in 
phytohemagglutinin- stimulated lymphocytes was shown to be Gln-dependent, as for IFN-γ synthesis 
by bacillus Calmette-Guérin-treated mononuclear cells [ 50 ]. 

 The modulation mechanisms of cytokine synthesis by Gln in stimulated immune effector cells are 
not completely understood, but the control of gene expression, especially those of transcription fac-
tors, by Gln is likely responsible for this regulatory effect. In fact, Gln regulates the LPS-induced IL-8 
secretion through the signal transducers and activators of transcription-4 pathway, and Gln depriva-
tion in breast cancer cells increases IL-8 gene expression through NF-κB activation [ 43 ]. Further 
investigation is then required to elucidate the regulatory role played by Gln on cytokine secretion in 
the immunosuppression context.  

    Conclusion 

 A complex set of interactions between growing tumors and the immune system triggers the dys-
function of the adaptive immune ability to recognize tumors and prevent their outgrowth. The 
most concentrated amino acid in blood, i.e. Gln, plays a central role in the tumor escape process. 
Gln-mediated immunosuppressive mechanisms have not been only reported in tumor cells but 
also in immune effector cells and in immunosuppressive cell populations derived from immature 
immune cells. Gln effects can be divided to direct effects, where Gln affects gene and protein 
expression levels or enzyme activities, and indirect effects where Gln affects signaling pathways 
and the distribution of carbon intermediates and energy-rich nucleotides required for multiple 
physiological functions (Table  36.1 ).

   Indirect effects can also be associated with the role of Gln as a carbon and/or nitrogen source for 
other amino acids that may also have immunosuppressive potential; this aspect was not reviewed in 
this chapter due to the high number of potential amino acids. Furthermore, Gln can as well be an 
essential amino acid for the folding of crucial proteins, and its absence may conduct to the loss of their 
bioactivity. So far, strong evidences demonstrate that Gln is not only a vital fuel for tumor cells and 
immune cells, but rather works as an immunosuppressive nutrient. Regulatory mechanisms by which 
Gln do control several cellular aspects leading to defective immunosurveillance phenomenon are still 
misunderstood and require further investigation, both in vivo and in vitro, to be able to defi ne effi cient 
therapeutic strategies against Gln-mediated immunosuppression. Box  36.1  states some concerns 
about the clinic application of Gln-based strategies.      
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   Table 36.1    Summary of Gln possible implication on cancer-related immunosuppression   

 Cell type  How Gln promotes immunosuppression? 

 Tumor cells  – High Gln uptake by tumor cells decrease Gln availability and down-regulate 
Gln-dependent T-cell functions 

 – Gln up-regulates the synthesis of specifi c cytokines that induce the maturation and 
recruitment of immunosuppressive cells 

 – Tumor-derived factors may up-regulate glutaminase mRNA and so Gln metabolism 
 – Gln contributes in the acidifi cation of the tumor microenvironment 
 – Potential down-regulatory effect of Gln on MHC expression 

 Immune cells  – Gln down-regulates the expression of adhesion molecules required for the priming 
of immune response both in CTLs and T helper cells 

 – Possible regulation of the synthesis of co-stimulatory molecules by Gln 
 – The decreased availability of Gln reduced IL-2 production and prevent the initiation 

of IL-2 receptor signaling cascade 
 Immunosuppressive cells  – High Gln uptake by BM-derived MDSCs decrease Gln availability and down- 

regulate Gln-dependent T-cell functions 
 – Gln ensures high activity of malic enzyme to produce lactate and NADPH, an 

iNOS cofactor 
 – Gln up-regulates iNOS mRNA level via HIF stabilization and NF-κB activation 
 – Gln may be endogenously converted into Arg whose metabolism represent a very 

potent immunosuppressive mechanism 
 – Gln up-regulates enzymatic activity and gene expression of ASS through the 

NF-κB signaling pathway 
 – Gln enhances the expression of Th1/2 cytokines which in turn regulates iNOS and 

ARG1 activities, respectively 

     Box 36.1: Lab Work Versus Clinical Applications of Gln-Based Therapeutic Strategies 
 Despite the considerable progress in the understanding of Gln role in cancer-related immuno-
suppression, overcoming this role at the clinical point of view is not feasible so far. 

 Gln revealed to be highly implicated in the promotion of cancer-related immunosuppression. 
One may suggest to use Gln-depleted diet or to inhibit Gln transporter or enzymes of the gluta-
minolysis pathway. These strategies may have several benefi cial effects both on tumor regres-
sion and the correction of anti-tumor-specifi c immune response. 

 But,  is it clinically feasible?  
 As seen in this book, Gln is crucial for different physiological conditions and is required for 

the functioning of vital organs including liver, kidney, intestine, central nervous system, etc. 
Then, depleting Gln from the diet of cancer-bearing hosts should be conducted under strict 
supervision of overall patients’ health. Likewise, the use of chemical compounds to inhibit Gln 
transport or metabolism should be targeted to specifi c cells in precise locations. For instance, 
tumor-infi ltrating lymphocytes should be able to consume Gln to ensure its proliferation and 
immunomodulatory functions. However, drug targeting remains an obstacle for the clinic use of 
multiple therapeutic strategies that showed to be promising in vitro. 

 To avoid problems associated with Gln depletion or the inhibition of its uptake or metabo-
lism, researchers and clinicians should act on downstream effects of Gln, such as enzymes 
activities or signaling pathways, etc. with a special concern for targeting. 
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        Key Points 

•     Cancer causes severe changes to carbohydrate, lipid and protein metabolism.  
•   Exercise ensures good muscle strength and protein turnover, guaranteeing a good quality of life.  
•   Glutamine is an amino acid that can ensure the activity of cells by providing energy, carbon and 

nitrogen for several processes.  
•   Nutritional supplementation with glutamine in combination with exercise can help the cancer- 

cachectic state in most patients.     
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    Abbreviations 

    AMPK    AMP-activated protein kinase   
  BCAAs    Branched chain amino acids—leucine valine, isoleucine   
  CaMK    Calmodulin kinase   
  CP    Creatine phosphate   
  CPT-1    Carnitine palmitoyltransferase-1   
  Erk    Extracellular signal-regulated kinase   
  HSL    Hormone-sensitive lipase   
  IFN-γ    Interferon-gamma   
  IGF    Insulin-like growth factor   
  IL-6    Interleukin-6   
  IκB    Inhibitor of NFκB   
  JNK    c-Jun N-terminal kinase   
  LMF    Lipid-mobilising factor   

mailto: cintgoma@unicamp.br
mailto: emisalomao@hotmail.com


488

  MAPKs    Mitogen-activated protein kinase   
  MGF    Mechano-growth factor   
  mTOR    Mammalian target of rapamycin   
  NFκB    Nuclear factor-kappa B   
  PGC-1    Peroxisome-proliferator-activated receptor gamma coactivator-1   
  PIF    Proteolysis-inducing factor   
  PKC    Calcium-dependent protein kinase   
  S6K1    Ribosomal protein S6 kinase   
  TNF-α    Tumour necrosis factor alpha   

       Introduction 

 Physical activity contributes to several benefi cial processes including the management, treatment and 
prevention of various diseases, particularly cardiovascular and metabolic diseases. These well-being 
and health benefi ts include the improvement of the circulatory, respiratory and immune systems, 
reducing the diseases risks. Furthermore, in several studies, cancer prevention has been shown to be 
related to physical activity [ 1 – 3 ]. 

 Among the methods aimed at increasing physical performance, athletes, coaches and scientists use 
different nutritional (ergogenic) compounds that can improve an athlete's performance. This chapter 
presents updated information on the physiological functions of glutamine, especially during exercise, 
and the use of this amino acid as a nutritional supplement for physical activity. In addition, researchers 
are interested in the relation between the physiopathological changes in cancer and physical activity 
as adjuvant therapy [ 1 – 3 ]. Exercise promotes biochemical and physiological adaptations resulting in 
increased energy reserves, which improves the metabolic profi le of various tissues in cancer patients. 
There are several studies showing the role of physical activity in preventing cancer and reducing can-
cer incidence. These studies reveal that individuals that have sedentary jobs or do not perform any 
physical activity have a higher risk of cancer than those who engage in regular physical activity [ 1 – 3 ]. 
However, this relationship has not been observed for all cancers. For example, there is evidence that 
physical activity, when practiced regularly, contributes to a reduction of the risk of certain cancers, 
especially those of the colon and gynaecologic system. Although exercise does not directly reduce the 
risk of cancer recurrence or delay tumour growth, it is the key component for controlling triggering 
factors, such as obesity, overweight, and hormonal, immunological, and other metabolic changes [ 1 , 
 2 ]. Several possible exercise mechanisms have been postulated: it may act on the immune system 
(stimulation of natural killer cells by interleukins), via hormonal changes (primarily on oestrogens) 
and changes in adiposity, via changes in dietary and nutritional habits, and via other secondary actions 
[ 1 – 3 ]. Cancer causes profound mental and physical changes in patients, and despite increasingly effi -
cient and modern cancer treatments, these changes still compromise quality of life and an individual’s 
ability to cope with treatment. Thus, exercise can be an adjuvant therapeutic modality for improving 
patient responses.  

    Physiological Adaptations from Exercise 

 Human beings have different capacities for physical exercise adaptation according to their anatomi-
cal, physiological and behavioural characteristics [ 4 ]. Typical aerobic exercise, known as endurance 
exercise, is continuous and prolonged, and is related to human evolutionary characteristics, as oxygen 
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is necessary for muscle function [ 4 ]. Endurance training works many muscle groups in rhythm; walking, 
running, swimming and cycling are classic examples of aerobic exercise. The stimulation induced by 
endurance exercise generates individual responses during each exercise session that result in a chronic 
adaptive response. Among these responses are an increase in muscle glycogen and lipid content, 
higher intracellular mitochondrial density, and increased protein turnover dedicated to the synthesis 
of proteins, including metabolic enzymes, antioxidants, chaperones, and myofi lament proteins and 
mitochondrial carrier proteins [ 5 ]. This category of exercise brings many benefi ts to the body; for 
example, it reduces the cardiovascular disease risk, as moderate physical activity decreases the syn-
thesis of C-reactive protein and tumour necrosis factor (TNF-α). Moreover, moderate training 
improves quality of life and life expectancy, as it induces slight increases in serum creatine kinase and 
lactate, which induces fat mobilisation. In addition to local skeletal muscle responses, endurance 
training also induces systemic adaptations relevant to the treatment and prevention of pathological 
conditions, such as diabetes, cardiovascular disease, dyslipidaemia and cancer, and this is the main 
focus of this chapter [ 1 ,  2 ,  6 ]. 

 During aerobic exercises, muscle cells consume more oxygen to produce energy. Thus, the cells 
consume large amounts of energy produced during aerobic exercise. Under these conditions, glucose 
is converted into pyruvic acid, which enters into the mitochondrial compartment after being converted 
to acetyl-CoA, and this conversion produces 36 ATPs under aerobic conditions (18-fold more than 
anaerobic exercise). Anaerobic exercise includes any intense physical activity that works different 
muscle groups continuously and rhythmically under high intensity for a short time; examples of 
anaerobic activities are bodybuilding, sprinting, jumping, or any other type of exercise involving 
quick high-intensity movements. Anaerobic exercise is usually practiced by athletes to develop 
strength and muscle mass. The muscle tissue develops better performance under anaerobic conditions 
because creatine phosphate is the main source of energy and anaerobic glycolysis, in which glucose 
is used in the absence of oxygen, provides only 2 ATPs (unlike aerobic exercise). Lactic acid, a by- 
product, is effi ciently removed by adapted, trained muscles. 

 In endurance exercise, the body adapts to preserve glucose because glucose preservation is essen-
tial for the functioning of other tissues such as the brain and blood cells. Thus, energy from glucose is 
replaced by energy provided by beta-oxidation of fatty acids, which are derived mainly from adipose 
tissue and muscle [ 7 ]. Thus, this skeletal muscle response consists of a three- to eightfold increase in 
body metabolic rate that remains for hours after exercise, even in moderate exercise. This residual 
effect of physical activity is largely responsible for its high energy expenditure, and there is an addi-
tional adaptation to gain muscle protein mass, causing an increase in lean mass and a reduction in fat 
mass. During the course of physical training, the muscles adapt to oxidise a higher proportion of fatty 
acids because the enzymes involved in the mechanism of beta-oxidation increase in proportion to 
physical activity. Several studies show that endurance exercise results in divergent responses in sig-
nalling pathways, even in pre- and post-training conditions. Exercise is a potent stimulus for several 
kinases, including mitogen-activated protein kinase (MAPKs, such as extracellular signal-regulated 
kinase (ERK1/2)) and the stress-activated kinases p38 MAPK and c-Jun N-terminal kinase (JNK). 
The local and systemic metabolism factors induced by exercise lead to phosphorylation of MAPK 
signalling pathway proteins and the transcriptional regulation of important genes. Protein kinase B/
Akt is a serine/threonine kinase with two isoforms (Akt1 and Akt2) that are implicated as important 
targets of insulin action. Akt activation leads to glycogen synthesis, GLUT4 translocation and glucose 
transport, and the regulatory responses of these genes in skeletal muscle [ 8 ]. Moreover, during exer-
cise, an increase in the sarcoplasmic Ca 2+  level stimulates the generation of ATP, participates in actin/
myosin coupling that causes contraction, and activates transcriptional responses through calcium- 
dependent signalling pathways via calmodulin kinase (CaMK), calcium-dependent protein kinase 
(PKC) and the Ca 2+ /calmodulin-dependent phosphatase calcineurin [ 9 ]. AMP-activated protein kinase 
(AMPK) appears to be the condition sensor in muscle energy. Intense and sub-maximal exercises 
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increase the activity of AMPK α1 and α2, respectively, but this increase is moderated by the availability 
of glycogen in the muscle [ 9 – 11 ]. On the other hand, individual participation in exhaustive exercise 
results in acute and chronic effects of peroxisome-proliferator-activated receptor γ coactivator-1α 
(PGC-1α) on mitochondrial biogenesis [ 9 ,  12 ,  13 ]. As mentioned above, skeletal muscles require a 
large amount of calories for their activity during aerobic activity, and energy from the β-oxidation of 
fatty acids supplies much of this energy. During activity, there is an intense and rapid activation of 
MAPK, especially the ERK1/2 isoforms, which leads to the activation of hormone- sensitive lipase 
(HSL) [ 14 ,  15 ]. HSL is also regulated by PKC and consequently mobilises intramuscular triglyceride 
[ 7 ]. Moreover, AMPK stimulates muscle fatty acid oxidation by inhibiting acetyl-CoA carboxylase 
and activating malonyl-CoA; this removes the inhibition of mitochondrial fatty acyl-CoA transloca-
tion by carnitine palmitoyltransferase-1 (CPT-1) [ 9 ]. Physical training allows muscle tissue to adapt 
to higher energy consumption, thus increasing muscle mass. Thus, mechanical contraction and hor-
monal stimulation, either individually or in combination, activate muscle cell signalling, ensuring 
protein synthesis [ 16 ,  17 ]. The actions of insulin on protein metabolism are particularly important in 
muscle; in addition to the action of insulin, the insulin-like growth factors (IGFs) are able to stimulate 
cell growth and protein synthesis, thus increasing mRNA transcription [ 16 ,  18 ]. After exercise, cell 
signalling modulates muscle hypertrophy by specifi c pathways that increase the diameter and fi bre 
length (an increase in the number of fi bres in a cross-sectional area) [ 19 ,  20 ]. Endurance exercise 
results in less hypertrophy than rapid short-term exercise, such as bodybuilding [ 20 ]. Insulin also 
mediates the anabolic effects of exercise by inhibiting proteolysis, thus suppressing amino acid release 
and oxidation. Mammalian target of rapamycin (mTOR) is activated by various stimuli including 
insulin, growth factors and amino acids. This kinase is crucial for the protein synthesis because it 
activates ribosomal protein S6 kinase 1 (S6K1) in response to mechanical stimuli [ 17 ,  21 ]. The con-
tractile activity of a muscle appears to be critical for increasing muscle mass and precedes the endo-
crine signals to deplete muscle proteins. The mechanotransduction stimulus promotes muscle 
synthesis of mechano-growth factor (MGF, an IGF isoform) [ 21 ,  22 ]. MGF exerts a potent hypertro-
phic effect in response to strength training. The increased muscle work promotes several biochemical 
reactions associated with increased amino acid uptake by skeletal muscle [ 20 ,  23 ,  24 ]. Studies with 
isolated muscles show that the rate of amino acid transport is directly linked to contractile activity. 
Few studies have evaluated the effects of physical training on muscle protein turnover and glucose 
metabolism in cancer-cachexia states.  

    Cancer-Cachexia Metabolic Changes 

 Cancer modifi es the harmony of metabolic processes through extensive pathophysiological changes 
in the body. These changes are related to anorexia, the consumption of specifi c substrates by neoplas-
tic cells, stimulation of catabolic pathways, and quantitative and qualitative transformation of the 
internal medium. These changes lead to a condition called cachexia, which is associated with the 
increased release of substances synthesised by cancer or host cells [ 25 ,  26 ]. Cachexia is characterised 
by involuntary body weight loss due to deep lean body mass loss and decreased fat stores, and accounts 
for over 20 % of all cancer deaths. The metabolic changes that occur in cachexia and anorexia include 
deviations from the homeostatic metabolism of carbohydrates, lipids, and especially proteins. 

 Involuntary body weight loss that occurs during cancer-cachexia may be related to lower nutrient 
intake and increased basal energy expenditure, which occurs through the mobilisation of glycogen 
and fat stores and muscle protein mass. To expand, the healthy subject (adult male, ~70 kg) adapts to 
a chronic food intake reduction that maintains glycaemia following these phases. In the fi rst phase, 
blood glucose is maintained within normal limits (4–5.5 mmol/L) due to exogenous glucose. In the 
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second phase (considered acute fasting), blood glucose is supplied by the hepatic glycogen reserves, 
and depleted in less than 24 h. In the third phase (transition from acute to prolonged fasting), blood 
glucose is obtained mainly via gluconeogenesis from the oxidation of amino acids from muscle catab-
olism; at this stage, there is a daily protein loss of approximately 75 g. In the fourth phase (adaptation 
to prolonged fasting), the body protein mass is preserved, reducing the gluconeogenesis process, and 
some cells (for example, those in the central nervous system) obtain energy from fat metabolism, thus 
saving lean body mass and obtaining energy from body fat sources. This adaptation allows only a 2 % 
total muscle mass loss in 20 days. 

 In the presence of cancer, the patient loses the ability to adapt his or her metabolism. Thus, gluco-
neogenesis remains high, and the hypercatabolic state with higher nitrogen excretion due to intense 
protein catabolism persists, reducing lean body mass. Tumour cells, particularly those from pancre-
atic, colon and stomach cancers, primarily use glucose as an energy source, altering glucose homeo-
stasis. The glucose demand by tumour cells is increased because of the use of glucose-6-phosphate 
and fructose 6-phosphate for the synthesis of purines, pyrimidines, DNA and RNA and because 
tumour cells are unable to maintain an adequate level of intracellular ATP for more than 4 h in the 
absence of glucose (normal cells can maintain an adequate level for approximately 24 h). Thus, this 
anaerobic metabolism of glucose in tumour cells results in greater lactate production. This lactate is 
converted into glucose by the liver via the Cori cycle, increasing the ineffi ciency of cellular energy 
generation. The activity of the Cori cycle accounts for 50 % of glucose turnover in cachectic patients, 
against to 20 % in healthy individuals. New glucose synthesis is also increased by the gluconeogenic 
substrates alanine, glutamine, and glycerol, which corresponds to an increase of hepatic glucose pro-
duction in weight loss patients of approximately 40 % (Fig.  37.1 ). In this case, the Cori cycle is partly 
responsible for the higher negative energy balance in patients, especially those with lung or pancreatic 
cancer [ 25 ,  27 ]. These changes in carbohydrate metabolism can be the most important factor exacer-
bating the cancer-cachexia state.  

 The fat body, which represents the largest energy stock, is used to fi ll the increased metabolic 
demand caused by tumour growth in the host. The mobilisation of fatty acids can occur even before 
the loss of body weight. In this case, lipid-mobilising factor (LMF) [ 25 ,  26 ] acts directly on adipose 
tissue, promoting the release of fatty acids and glycerol by elevating intracellular cAMP (cyclic ade-
nosine monophosphate) levels. Furthermore, LMF and other cytokines, such as TNF-α, inhibit lipo-
protein lipase, preventing the removal of fatty acid from plasma lipoproteins, and resulting in increased 
circulating lipids in these patients. 

  Fig. 37.1    Carbohydrate metabolism. Scheme ( a ) represents a healthy subject: the supply of glucose/carbohydrate diet 
provides the substrate for the glycogen storage glycogenesis process and also supplies the lipid deposit, and the main-
tenance of blood glucose (~5 mmol/L in fasting state) is guaranteed by the mobilisation of glycogen through glycoge-
nolysis. Scheme ( b ) represents carbohydrate metabolism during endurance exercise. In Scheme ( c ), the catabolic state 
represents the cancer patient; glycogen stores are depleted because glycogenolysis mobilises the glycogen store to 
provide blood glucose, which is decreased due to reduced dietary intake or anorexia. Blood glucose provides energy to 
tumour cells, and the high glucose demand is ensured by gluconeogenesis from lactate produced by the tumour cells 
(through anaerobic glycolysis) and by tissue catabolism (adipocyte storage, which provides glycerol, and muscle tissue, 
which provides amino acids)       
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 The adipocytes of cancer patients respond 2–3 times better to the lipolytic effects of catechol-
amines and natriuretic peptides than those of healthy people. These adipocytes have a 50 % higher 
mRNA expression of hormone-sensitive lipase, which can be stimulated by LMF [ 25 ,  26 ]. Interleukin-6 
(IL-6) levels increase in cancer-cachectic patients, indicating an infl ammatory state mainly in adipo-
cyte tissue. Many authors consider cancer-cachexia a chronic infl ammatory disease (Fig.  37.2 ).  

 The loss of lean body mass is the major factor contributing to the reduction of survival time in 
cancer patients. The increased catabolism associated with reduced protein synthesis is present in the 
skeletal muscles of patients and experimental animals with cancer. Protein synthesis during cachexia 
is approximately 8 % of that in healthy individuals, who have approximately 53 % total body protein 
synthesis. Moreover, certain tissues or organs may have increased protein synthesis, such as the liver, 
which secretes acute phase proteins. The most signifi cant metabolic effect in cancer is the loss of body 
protein, refl ected by an increase in urinary nitrogen excretion and the presence of a negative nitrogen 
balance. Protein spoliation during cancer is mainly related to three different proteolytic pathways 
responsible for the catabolism of skeletal muscle [ 25 ,  26 ,  28 ]. The lysosomal proteolytic pathway 
involves the degradation of proteins, including mainly extracellular and surface membrane proteins. 
A second cytosolic calcium-dependent system operates in trauma situations, tissue necrosis and autol-
ysis by protein breakdown. The third and most important proteolysis process is known as the ATP- 
dependent ubiquitin-proteasome proteolytic pathway, which also occurs during fasting, and extreme 
conditions, such as sepsis, denervation atrophy and metabolic acidosis, and is responsible for the 
accelerated proteolysis in cancer-cachexia [ 28 ,  29 ]. This ubiquitin-ATP-dependent proteolytic path-
way also contributes to the high energy expenditure observed in cancer-cachexia patients [ 26 ,  30 ]. 
Muscle catabolism and weight loss in patients and experimental animals with cancer is also associated 
with cytokines (TNF-α, IL-6 and interferon-γ (IFN-γ)) [ 26 ,  28 ,  29 ,  31 – 33 ] and proteolysis-inducing 
factor (PIF) [ 25 ,  26 ,  33 ,  34 ]. PIF acts by directly stimulating the ubiquitin-proteasome in muscle cells, 
the key element for protein catabolism in cancer-cachexia. Thus, protein catabolism provides amino 
acids, which can stimulate the gluconeogenesis process, increasing the energy needs of the host and 
neoplastic cells. Some amino acids are preferentially used by neoplastic cells because they cannot be 
synthesised; this results in increased amino acid demand by the patient. Glutamine, for example, is not 
synthesised by various types of cancer cells, but is a protein and nucleotide precursor in neoplastic 
cells. In cancer cells, protein synthesis is accelerated due to the increase of enzymes responsible for 
the biosynthesis of DNA, purines and pyrimidines. A consequence of this high demand and activity in 
neoplastic cells is that the host’s protein intake is insuffi cient to provide nitrogen balance. Furthermore, 
healthy subjects adapt to low nutrient intake, increasing fatty acid mobilisation (Fig.  37.2 ) and 

  Fig. 37.2    Lipid metabolism. Scheme ( a ) represents a healthy subject, in which the triacylglycerol supply is provided 
by the diet, and most of the energy supply is obtained through the fatty acid β-oxidation process, thus ensuring high ATP 
production. In addition, the high levels of triacylglycerol ensure the lipid stock process (adipose tissue through lipogen-
esis). Scheme ( b ) represents energy distribution during endurance exercise. Scheme ( c ) represents the cachexia-cancer 
state, in which the high glucose demand by neoplastic cells causes an increase in glucose production from the gluconeo-
genesis process; due to this deposit, the lipid is mobilised (lipolysis), thus ensuring the provision of triacylglycerol, free 
fatty acids and glycerol to supply power to the host cells. These substrates are also used (to a lesser extent) by neoplastic 
cells for components for cellular synthesis and energy       

 

M.C.C. Gomes-Marcondes and E.M. Salomão



493

 reducing protein catabolism, a condition which would produce less glucose from amino acids. 
The lack of nutrients and anorexia caused by the evolution of the cancer promote the non-adaptation 
of the cancer patient’s protein metabolism, resulting in the severe loss of lean body mass (Fig.  37.3 ).   

    Physical Activity, Glutamine and Cancer 

 Physical exercise promotes primary and secondary preventive effects against the development of 
various types of cancer, but little is known about the use of physical exercise during treatment. During 
cancer development and treatment, many patients experience physical side effects, including asthe-
nia, anaemia, nausea, vomiting, sarcopenia, osteopenia, neutropenia, changes in body composition, 
reductions in vascular and cardiopulmonary function, pain and fatigue. Other psychological factors, 
such as anxiety, mood changes, reduced self-esteem, and depression, are also present during cancer 
evolution. These effects can persist for months or years after treatment [ 35 ,  36 ]. Fatigue and loss of 
physical performance characterise the reduced quality of life in cancer patients before, during and 
after treatment [ 35 – 39 ] and can affect more than 75 % of patients in the fi rst cycle of chemotherapy 
[ 35 ]. On the other hand, studies show that aerobic exercise, when properly monitored, improves 
physical performance in cancer patients, reducing fatigue and muscle loss and consequently, enhanc-
ing host responses and quality of life [ 40 ]. Nutritional intervention and exercise can help to reduce the 
rates of tumour growth and metastasis in mice, thus decreasing neoplastic symptoms [ 37 ,  38 ,  41 ,  42 ]. 
Studies show that supplementation with amino acids, particularly leucine, decreases protein degrada-
tion and stimulates skeletal muscle protein synthesis due to an anabolic effect on muscle protein 
metabolism [ 43 – 46 ]. Glutamine may also be involved in the increased protein synthesis of skeletal 
muscle and also decreases catabolism [ 29 ,  41 ]. A diet supplemented with glutamine in combination 
with exercise improved immune function and reduced tumour growth in an experimental cachexia 
model [ 24 ,  47 – 50 ]. 

 Glutamine is synthesised by various tissues and is the most abundant amino acid in the body, where 
approximately 80 % is found in skeletal muscle; muscle glutamine concentrations (15–20 mmol/L) 
are 30 times higher than those in plasma (0.6 mmol/L) [ 44 ,  47 ]. In a hypercatabolic state, such as 
infection and cancer, where a negative nitrogen balance and increased muscle breakdown occur, glu-
tamine demand increases, resulting in a signifi cant reduction in plasma levels. In contrast, low- and 
medium-intensity exercises have benefi cial effects on the immune system when compared to seden-
tary states. The plasma glutamine concentration decreases immediately after exhaustive exercise and 

  Fig. 37.3    Protein metabolism. Scheme ( a ): in healthy subjects, the supply of body amino acids/nitrogen is provided by 
the diet, which directs the substrates to protein synthesis and reuse from the catabolic process, ensuring the equilibrium 
of protein turnover and nitrogen balance. Scheme ( b ) represents protein metabolism during endurance exercise. In 
Scheme ( c ), the cancer patient is unable to adapt to the chronic lack of substrates imposed by anorexia. In this case, there 
is an increase in the proteolysis and a decrease in synthesis because the amino acids mobilised from body protein will 
be consumed by tumour growth. Furthermore, the amino acids are used for the synthesis of glucose via gluconeogenesis 
to fulfi l the high energy demand of tumour cells       
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during an exercise recovery period, suggesting that there could be an immunosuppression mechanism 
that acts on lymphocyte proliferation and macrophage phagocytosis [ 48 ]. Glutamine is a major cel-
lular substrate; additionally, it is an energy source for cell proliferation and an important vehicle for 
nitrogen and carbon transport from various tissues as well as a substrate for the synthesis of other 
substances, such as nucleic acids. Glutamine is synthesised and released into the blood compartment 
through muscle tissue; in particular, exercise may differentially affect the production of glutamine by 
muscle cells and its plasma availability [ 47 ]. During rest, different types of muscle fi bres have differ-
ent concentrations of glutamine, depending on physical training and nutrition. The muscle fi bres of 
type I (oxidative fi bres) and type I/II (mixed fi bres) have high amounts of glutamine, which can 
ensure greater availability of ATP for cellular activity. The intramuscular concentration of ATP is 
small enough for short periods of muscle contraction. During intense exercise, the increased ATP 
demand is met by re-synthesis of ATP from creatine phosphate (CP). Subsequently, ATP is supplied 
by anaerobic glycolysis, forming lactic acid, which occurs during intense exercise. However, during 
moderately intense exercise, the large supply of ATP by oxidative phosphorylation occurs under aero-
bic conditions. In oxidative phosphorylation, the amino acids also provide a supply of ATP. In moder-
ate intensity endurance exercise, the main substrate used for ATP supply is glycogen; muscle glycogen 
stores are depleted, increasing the metabolism of branched chain amino acids (BCAAs) and fatty 
acids. In this case, the concentration of glutamine in the muscle increases during the fi rst moments of 
exercise activity, and returns to normal after glutamine is released into the circulation. Glutamine is 
used for gluconeogenesis primarily in the liver and kidneys. Glutamine and alanine act as transporters 
of the ammonia resulting from deamination of BCAAs. This process avoids the accumulation of toxic 
ammonia in the muscle. In addition, as glycogen storage is related to the cell volume, glutamine pro-
motes glycogen deposition in the muscles and liver, because this amino acid is co-transported with 
sodium, which increases the volume of intracellular water. Thus, the uptake of glutamine by muscle 
causes an increase in water uptake and glycogen re-synthesis after exercise. The increase in cell vol-
ume also modulates the activity of glycogen synthase, most likely resulting in stimulation of glycogen 
synthase phosphatase [ 48 ]. Glutamine also provides the carbon-chain for glycogen re-synthesis. In 
the Krebs cycle, glutamine is converted to α-ketoglutarate, which under the action of malic enzyme, 
forms malate, which is subsequently converted into phosphoenolpyruvate. The other reactions that 
lead to gluconeogenesis characterise glucose-6-phosphate synthesis; specifi cally, it is not possible to 
transform glutamine into free glucose in muscle cell due to the absence of glucose-6-phosphatase. 
Thus, the increased availability of glucose-6-phosphate stimulates the activity of the enzyme glyco-
gen synthase. Another possible role of glutamine is to increase the intramuscular content of other 
Krebs cycle intermediates during the fi rst minute of the exercise, which then increases the energy 
generated via oxidative phosphorylation, thereby affecting athletes’ performance. This hypothesis is 
confi rmed experimentally by glutamine supplementation (0.125 g/kg body weight) 1 h prior to an 
ergometric cycle of 70 % of VO 2  max exercise. This supplementation increases the pool of Krebs 
cycle intermediates after 10 min of exercise, most likely due to α-ketoglutarate    [ 51 ]. However, no 
change in endurance capacity is observed because the depleted phosphocreatine content and accumu-
lation of lactate do not restrict fl ow to the Krebs cycle. Among supplements, glutamine can act on 
physical performance because it can regulate the acid–base balance by increasing the buffering capac-
ity of the blood and tissues in situations of acidosis resulting from high-intensity exercise, as shown 
by the increased lactate concentration associated with H +  ion content. Supplementation with 2 g of 
glutamine results in increased plasma bicarbonate ions (HCO 3 ), altering the acid–base balance in 
healthy subjects after an absorptive period of 90 min. Moreover, in experimental cachexia, lactate 
production is decreased in Walker tumour-bearing rats subjected to 4 % glutamine-rich diets and 
exercise (Fig.  37.4 ) [ 50 ]. In the case of exercise, the progressive increase in intensity during 6 weeks 
of exercise signifi cantly enhances the plasma glutamine content at rest. This physiological adaptation 
is necessary to protect the body from glutamine depletion. In intense catabolism, such as that which 
occurs in cancer, muscle tissue increases the rate of glutamine synthesis and release into the 
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bloodstream in response to the increased glutamine demand from other organs and tissues, especially 
tumour cells. Glucocorticoids rise during these catabolic states, leading to physiological changes, 
such as increased fl ow of glutamine from muscle due to the enhanced activity of glutamine synthetase 
and decreased muscle glutamine store [ 52 ]. All of these changes seem to be insuffi cient to maintain 
plasma glutamine levels because the glutamine use exceeds the rate of synthesis and release from 
muscle tissue, decreasing the plasma concentration. Defi ciency of glutamine metabolism under condi-
tions of intense catabolism, which occurs in cancer, can lead to progressive intestinal atrophy and may 
result in septic syndrome and multiple organ failure. Some clinical studies have shown that glutamine 
supplementation can lead to shorter hospitalisations by reducing the catabolism of BCAAs in skeletal 
muscle of cachectic patient, decreasing the muscle release of glutamine and alanine. As mentioned 
above, in the cancer catabolic state, glutamine metabolism is highly diverted to the gluconeogenic 
process, energy production and cellular activity. Glutamine can produce an increase in cell differen-
tiation because glutamine also participates in the proliferation of neoplastic cells, as this cell machin-
ery prioritises the use of glutamine for synthesis and energy processes. However, tumour cells contain 
a lower amount of intracellular glutathione, a sub-product of glutamine metabolism, leading to 
increased toxicity from chemotherapy and radiotherapy in these cells [ 53 ]. This lack of glutathione 
occurs in neoplastic cells because of the imbalance of intracellular reduced and oxidised glutathione; 
glutathione redox balance would modulate the redox-sensitive protein kinases protecting against oxi-
dative injury, as part of natural antioxidant system in normal cell. Furthermore, glutathione directly 
infl uences the phosphorylation of IkB, activating nuclear factor-kappa B (NFkB), which initiates the 
infl ammatory process and, in muscle, activates the proteolytic process. The immune cells use large 
amounts of glutamine and its demand is high in skeletal muscle and other organs during intense exer-
cise. Moreover, glutamine supplementation in combination with exercise can divert the supply of 
nutrients for tumour growth, increasing the proliferation of immune cells and resulting in an improve-
ment of the cachectic state in tumour-bearing animals [ 50 ]. Glutamine supplementation and exercise 
can increase protein synthesis, improve nitrogen balance, and enhance glutathione concentration in 
the liver after exercise. Increased liver glutamine concentration increases the process of detoxifi cation 
and antioxidant defence, refl ecting the body's ability to combat reactive oxygen species and decrease 
oxidative stress. Glutamine infl uences cell function and signalling pathways. In experimental models 
of cachexia, glutamine supplementation can minimise the loss of myosin, the major muscle protein, 
and improve protein balance in trained animals (Fig.  37.5 ) [ 50 ]. Thus, glutamine can reduce the rate 
of infection, delaying the infl ammatory response and activation of T cells in the cancer host. Moreover, 
glutamine can reduce the toxic effects that occur due to radiotherapy and chemotherapy, thus 

  Fig. 37.4    Serum lactate content in young tumour-bearing rats subjected to a glutamine-rich diet (4 %) and aerobic 
exercise (swimming). C, control rats; CE, exercised rats; W, Walker 256 tumour-bearing rats; WE, exercised tumour- 
bearing rats; GE, exercised rats fed a glutamine-rich diet; WGE, exercised tumour-bearing rats fed a glutamine-rich diet       
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improving the quality of life for cancer patients. Currently, there is great interest in understanding the 
role of glutamine as a link between the metabolism of muscles and immune cells during and after 
exercise. In acute and chronic exercise, there is greater glutamine uptake and utilisation by certain 
tissues, cells and organs, while skeletal muscle glutamine release is increased during catabolic states, 
such as cancer. Therefore, there is interest in the use of nutritional supplements, especially amino 
acids, which may help to maintain glutamine concentrations and improve the cancer-cachectic patient.    

    Conclusions 

 Amino acid supplementation and exercise increase the protein synthesis, improve nitrogen balance, 
and increase glutamine and glutathione synthesis; these changes improve the oxidative stress and 
immune responses. Glutamine enhances muscle energy and increases muscle mass and strength when 
associated with endurance exercise. In the cancer catabolic state, glutamine nutritional supplementa-
tion and exercise as adjuvant therapy can improve patient response, quality of life and survival.     
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   Key Points 

•     Conditional essential amino acids are a group of amino acids naturally produced in the body, 
although during catabolism processes the consumption and utilization of these amino acids exceed 
the synthesis capacity, given exogenous supply.  

•   Glutamine is one of the most important amino acids of the intermediate metabolism during the 
catabolism process, especially to muscle cells.  

•   Oxidative damage leads to the activation of the infl ammatory process contributing to the catabolism 
of muscle mass by oxidative stress, activating heat shock proteins (HSPs) and lowering glutamine–
glutathione (GSH) axis.  

•   Free amino acids or dipeptides supply, like exogenous  L -glutamine or  L -alanyl– L -glutamine, are 
important nutritional solutions to attenuate the lower availability of glutamine in the body.  

•   The differences of the effects in skeletal muscle of free and dipeptides forms of  L -glutamine still 
remain to be clarifi ed.    
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  JNK    Janus kinase   
  MAPK    p38 Mitogen-activated protein kinase   
  NFkB    Nuclear factor kappa-B   
  NH 3     Ammonia   
  NH 4  +     Ammonium ion   
  NO    Nitric oxide   
  PgE 2     Prostaglandin E 2    
  PKC    Protein kinase C   
  TNF-α    Tumor necrosis factor alpha   

       Introduction 

    Of the group of 20 amino acids which covalently bonded in linear sequences to form all proteins from 
the oldest bacteria to the most complex forms of life, glutamine deserves special attention. For many 
mammals, including human beings, glutamine, especially intermediate metabolism of amino acids of 
muscle cells, is the most abundant free amino acid in the body and is important in many cell types, 
playing an important role in a number of essential functions. In high catabolism conditions, such as 
diseases and exhausting exercise, the synthesis of glutamine does not supply the needs demanded by 
the organism. In this process, one of the most important sites of glutamine synthesis is the skeletal 
muscle, not for its synthesis capacity per se, but because it represents at least 40 % of total bodily 
mass. Furthermore, studies demonstrate, by means of molecular biology, that glutamine can also 
infl uence a number of cell signaling pathways, specially the heat shock proteins (HSPs) expression 
response and the antioxidant system, mainly mediated by glutathione (GSH). As it is a conditionally 
essential amino acid, science has been searching for exogenous forms for its replacement, mainly 
focusing on attenuating the reduction of muscle stores of glutamine in areas ranging from the clinic 
to sports. The present chapter shows and discusses aspects of glutamine metabolism in the skeletal 
muscle tissue as well as its supplementation and possible benefi ts in catabolic situations in healthy 
patients and recovery from disease. 

    Glutamine Metabolism and Functions in Skeletal Muscle 

 The fi rst scientifi c reports to consider glutamine as molecule with biologically important properties 
date back to the eighteenth century. Hlaziwetz and Habermann, Schulze and Bosshard, and Damodaran 
and his collaborators signifi cantly contributed to the description and understanding of glutamine 
metabolism. However, only after the work of Sir Hans Krebs, who in 1935 showed the cell capacity 
for synthesizing or degrading glutamine, did a number of researchers show greater interest in this part 
of metabolism. 

 After World War II, studies by Eagle showed that glutamine is important for cell growth and 
maintenance. In culture, cells utilize glutamine in quantities greater than any other amino acid [ 1 ]. 
This fact had been already verifi ed by Eagle et al. who observed the structural degeneration of iso-
lated fi broblasts of mice cultivated in conditions deprived of glutamine, followed by cell death. Other 
works with diverse types of cells, such as lymphocytes, macrophages, enterocytes and HeLa cells 
showed that cell development can be increased and cell structures and functions can be maintained 
in cultures containing glutamine. In every cell, glutamine can donate nitrogen atoms to the synthesis 
of purines, pyrimidines and amino sugars [ 2 ]. Such results show the importance of glutamine for a large 
number of metabolic pathways and these mechanisms, depending on glutamine, have been called 
glutaminolithic pathways. 
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 Individuals considered healthy, weighing about 70 kg show an amount of 70–80 g of glutamine, 
distributed in a number of body tissues. In blood, glutamine concentration is about 500–
700 μmol/L. Whether it is in tissue or in blood, glutamine concentration can suffer infl uence in accor-
dance with the activity of enzymes involved in the glutamine metabolism, namely, glutaminase (GLS, 
EC 3.5.1.2) and glutamine synthetase (GS, EC 6.3.1.2). There are a number of enzymes that are found 
in the glutamine metabolism; however, starting from the availability of glutamate and ATP, glutamine 
synthetase promotes glutamine synthesis, as it is an endergonic reaction of Δ G  < 0. It is important to 
note that glutamate is synthesized from alpha-ketoglutarate and ammonia (NH 3 ). Glutamine hydrolysis 
occurs by means of the glutaminase enzyme, releasing the ammonium ion (NH 4 ) [ 3 ] (Fig.  38.1 ).  

 Some types of cells, such as the immune system cells, the kidneys and the intestine, show a higher 
use of glutamine, by means of glutaminase enzyme, and are therefore considered predominantly gluta-
mine consuming tissues. Glutaminase is seen in a number of metabolic processes and can be found in 
bacteria, plants and animals. In mammalians, glutaminase can be found in two isoforms: one (less 
frequent) in the liver and the other in all other tissues, such as the kidneys, the brain, leucocytes and the 
intestinal tract [ 4 ]. However, its more active form mainly appears in the mitochondria [ 3 ]. On the other 
hand, the skeletal muscles, the lungs, the liver, the brain and fat tissues have a higher capacity for glu-
tamine synthesizing by means of the glutamine synthetase enzyme, and therefore are predominantly 
considered glutamine synthesizing tissues (Fig.  38.2a ). As the organism can synthesize glutamine, it is 
nutritionally classifi ed as a non-essential or dispensable amino acid. This classifi cation, however, 
depends on body homeostasis and if we consider the glutamine compounds family, in catabolic situations 
such as sepsis, infections [ 5 ], surgeries, trauma [ 6 ], and intense and prolonged physical exercise [ 7 ], the 
glutamine synthesis does not supply the needs required by the organism (Fig.  38.2b ).  

 The liver is the tissue that exhibits the highest capacity for glutamine synthesis. However, quanti-
tatively, the main tissue for glutamine synthesis, storage and release is the skeletal muscle. Actually, 
this is not due to a high glutamine synthetase activity per se, but to the capacity of metabolizing amino 

  Fig. 38.1    Glutamine metabolism in skeletal muscle cells. From glutamine, glutamate is produced through glutaminase 
activity (GLS), releasing ammonium ion (NH 4  + ). Inside mitochondria or in the cytosol, glutamate is an important pre-
cursor for the synthesis of the intermediate metabolism of amino acids, such as alanine, antioxidant defenses, such as 
glutathione (GSH) and cell repair, such as heat shock proteins (HSP). Cells, especially muscle cells, can synthesize 
glutamine through glutamine synthetase (GS), using glutamate, ATP and ammonia (NH 3 ). Glutamine is transported 
inside the cell through active transport with sodium (Na + ) potassium (K + ) ATPase, which increases the absorption of 
water, altering the volume of the cell, stimulating the resistance to damage, and can also serve as anabolic stimuli       
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acids of the branched chain amino acids, which contributes to the glutamine metabolism [ 8 ], and 
because this tissue represents an average of 40 % of the total bodily mass [ 3 ]. The BCAA are predomi-
nantly metabolized on the skeletal muscle tissue, which means that they are outside the liver metabo-
lism, quickly increasing their plasma concentration after ingestion. In the intermediary metabolism of 
amino acids, the BCAA play an important role through transamination as an energy source or for the 
synthesis of other amino acids. This is the case of the glutamine synthesis, which can be synthesized 
in the skeletal muscle from the BCAA by branched chain amino acids aminotransferase. Studies dem-
onstrate that BCAA can be transaminated, releasing α-ketoglutarate and glutamate, which can supply 
its amino group to pyruvate, generating alanine or incorporate free ammonia, for de novo synthesis of 
glutamine (Fig.  38.3 ).  

 The glutamine synthesis ratio in the skeletal muscle is approximately 50 mmol/h, higher than any 
other amino acid [ 2 ]. During the catabolism process, a number of organs and tissues such as the 
immune system cells and liver show a high demand for glutamine, and the skeletal muscle tissue 

  Fig. 38.2    Predominance 
( thick arrows ) in the 
synthesis and degradation of 
glutamine in various tissues 
and organs in a healthy or fed 
state ( a ), and catabolic 
situations or disease ( b ).  CNS  
central nervous system, NH 3  
ammonia,  GLN  glutamine. 
Adapted from [ 11 ]       
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becomes an important site for the synthesis and release of this amino acid. Additionally, in catabolic 
situations [ 6 ], an intense muscle proteolysis is observed, and a number of tissues begin to depend 
on the ability of the skeletal muscle to supply the organism glutamine needs through the plasma [ 3 ]. 
This effect can contribute to the disequilibrium of the intermediary metabolism, with the loss of 
homeostasis in the kidneys, intestine and lymphoid organs as the glutamine synthesis and degradation 
capacity represent an important form of metabolic interaction [ 9 ]. Additionally, glutamine serves as 
an important energetic and metabolic substrate, acting as a major respiratory fuel, gluconeogenic 
precursor, and carrier of nitrogen [ 4 ]. 

 While in plasma the glutamine concentration is about 20 % of the total free amino acids, in skeletal 
muscle this percentage is about 40–60 %. The predominance of the muscle fi ber type can infl uence the 
glutamine synthesis [ 10 ]. According to Table  38.1 , type 1 fi bers have about three times more glutamine 
storage that type 2 fi bers [ 10 ,  11 ]. This fact is attributed to a higher activity of glutamine synthetase and 
to the higher availability of ATP for glutamine synthesis. Depending on the muscle under study, when 
the de novo synthesis of glutamine is inhibited, the intramuscular storages can be depleted in about 7 h. 
The synthesis of glutamine in the skeletal muscle, during the post-absorptive state, can occur through 
the availability and uptake of glutamate from the blood circulation. Glutamate is responsible for 40 % 
of the glutamine synthesis, and, compared to other amino acids, is the most abundant intracellular 
amino acid (reported concentrations vary between 2 and 20 mM), and glutamine is the most abundant 
extracellular amino acid in vivo (0.7 mM compared to an approximate  L -glutamate concentration of 
20 μM) [ 9 ,  12 ].  L -glutamate cannot readily cross the cell wall of skeletal muscles because it has an 
overall charge of −1 at pH 7.4, and the amino acid transporter is able to transport glutamate into the cell, 

  Fig. 38.3    The glutamine 
metabolism in skeletal 
muscles, and its relationship 
with intermediate metabolism 
of amino acids.  BCAA  
branched chain amino acids, 
 GLU  glutamate       

    Table 38.1    Concentration of alanine, glutamine and glutamate, and the type of fi bers predominant in skeletal 
muscles at rest   

 Amino acids 

 Skeletal muscle tissues 

 Vastus lateralis (human)  Gastrocnemius (mouse)  Soleus (mouse) 

 Alanine (μmol/g fresh tissue)  1.7–3.2  0.8–2.7  1.1–2.3 
 Glutamine (μmol/g fresh tissue)  12.8–18.2  2.6–5.2  7.8–17.3 
 Glutamate (μmol/g fresh tissue)  2.3–4.8  0.8–2.1  3.6–11.0 

  Adapted from [ 13 ]  
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present at low density in the plasma membrane [ 9 ]. Hence, in order to increase glutamine concentration 
in skeletal muscles and the availability of glutamate in these tissues, glutamate cannot be replaced by 
glutamic acid, but rather must be in the form of glutamine supplementation. It is important to note that 
in the skeletal muscles of mammalian species the quantities of amino acids other than glutamine and 
glutamate, such as alanine and glycine, are high [ 12 ] (Table  38.1 ).

   Hormones like insulin and insulin growth factors (IGFs) stimulate glutamine transport to the 
intracellular medium, whereas glucocorticoids stimulate the release of glutamine to the extracellular 
medium [ 12 ]. The transmembrane gradient for glutamine through the skeletal muscle is high, while 
its diffusion through the cell membrane is restricted. In this way, glutamine needs to be transported in 
an active form to inside the cells, through a sodium-dependent channel system (Fig.  38.1 ), whose 
outcome is a consumption of ATP. Additionally, it is important to remark that the transport of gluta-
mine through the cell membrane is faster than all the other 20 amino acids [ 14 ]. 

 When transported inside the cell, glutamine simultaneously promotes the absorption of water and 
the release of potassium (K + ), which increases the cell hydration state and infl uences its volume 
(Fig.  38.1 ) [ 15 ]. The increase in cell volume can stimulate the protein synthesis, which is considered 
an anabolic signal or resistance to injury [ 11 ,  15 ]. During intense exercise, for example, the skeletal 
muscle fi bers volume changes rapidly, and must return to its normal value during recovery. It is likely that 
membrane depolarization contributes to cell swelling during exercise, and the acidifi cation accompanying 
intracellular lactate production acts to preserve cell volume and resistance to damage [ 15 ]. 

 The lower glutamine availability in the organism impairs the intracellular supply of glutamate to 
the synthesis of the most important and more concentrated non-enzymatic antioxidant in the cell, the 
γ- L -glutamyl– L -cysteinylglycine (GSH). Made up of cysteine residues, glutamic acid and glycine, 
GSH is found in high concentrations in cells and can directly react with reactive oxygen species 
(ROS) in non-enzymatic reactions, as well as acting as an electron donor in the peroxide reduction, 
catalyzed by glutathione peroxidase enzyme (GPx) [ 6 ,  7 ]. 

 During catabolic states, which include diseases such as sepsis and exhausting physical exercises, 
an elevated oxidative stress can be observed as the intracellular redox state is raised. This shift can be 
obtained from the ratio between the intracellular concentration of glutathione disulfi de (GSSG) and 
GSH, which is the ratio [GSSG]/[GSH], resulting in a reduction of GSH and an increase in the 
amounts of GSSG [ 16 ]. The redox state of the cells is consequently related to GSH concentrations, 
which are also infl uenced by the availability of amino acids. A higher glutamine/glutamate ratio 
reinforces the substrates availability for GSH. This mechanism can be seen by observing the GSH 
metabolism in red blood cells and, hepatic and muscle cells. The effects or consequences of oxidative 
stress are shown in Fig.  38.4 .  

 According to the cell type and the mechanism involved, GSH has high concentration, protecting 
the cell’s membrane, maintaining the concentration of a number of proteins and its sulfhydryl group 
(–SH) in the reduced form, which are necessary for the antioxidant synthesis. In this way, defi ciencies 
in the GSH synthesis in animal cells have very serious consequences, such as, for instance, the lyse of 
erythrocytes [ 17 ]. 

 Quantitatively, the liver is the main organ for the de novo synthesis of GSH, being responsible for 
nearly 90 % of the circulating GSH in physiological conditions. The elevated concentration of hepatic 
GSH is mainly due to the high activity of glutathione reductase in this tissue. In the liver, the presence 
of compounds that are transformed into mercapturic acids, such as paracetamol, diminishes the GSH 
concentration, and consequently, the liver’s ability to eliminate peroxides by the action of GPx is also 
reduced. In this way, the generation of large quantities of hydrogen peroxide by the cells can promote 
high amounts of oxidized glutathione (GSSG). The GSH self-oxidation can also be catalyzed by iron 
and copper ions, leading to the formation of the tiil radical    as an intermediary and further generation 
of GSSG, the superoxide radical (O 2  ⋅− ), hydroxyl radical (OH ⋅ ) and hydrogen peroxide (H 2 O 2 ). Other 
important oxygen and nitrogen reactive species are shown in Table  38.2 .

   In catabolic situations, the liver, under hormonal infl uence, exports GSH to the plasma, especially 
through glucagon, vasopressin and catecholamines. The muscle tissue is responsible for the increased 
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capture of GSH from plasma, mainly with the function of the compensation of the increased production 
of ROS. However, the GSH synthesis depends on the cysteine and glycine concentrations, and mainly 
on glutamate (Fig.  38.5 ), which represents the fi rst and probably the most important step in the 
synthesis of integrating GSH compounds, and is dependent on the availability and transport of glutamine 
to inside the cell.  

 Glutathione depletion in skeletal muscle can increase caspase-independent signaling, as well as 
increasing mitochondrial-associated apoptotic events to subsequent cell death stimuli [ 18 ]. It is 
important to notice that alternatives to increase the GSH concentration through its supplementation or 
even glutamate, are not effective and can be toxic, sometimes accelerating the cell senescence process 
[ 19 ]. A number of studies demonstrate that glutamine supplementations can represent an effective 
option when the increase of the availability of GSH in the organism is required [ 7 ,  20 ]. Furthermore, 
is important to note that gradual stimuli, such physical activity stimulates per se the  hormesis  and 
adaptation of the organism, stimulating the antioxidant mechanism [ 19 ,  21 ,  22 ]. 

 On the other hand, the importance of glutamine for the induction of heat shock proteins (HSPs) 
response, specifi cally HSP-70, is well-documented [ 23 ]. HSPs are a family of polypeptides clustered 

  Fig. 38.4    In some cases, 
excess of oxidative stress 
affects health and many other 
parameters in athletes       

   Table 38.2    Important oxygen and nitrogen reactive species   

 Name  Symbol 

 Free radicals  Superoxide anion  O 2  ⋅−  
 Hydroxyl radical  OH ⋅  
 Alkoxyl  RO ⋅ /LO ⋅  
 Peroxyl  ROO ⋅ /LOO ⋅  
 Hydroperoxyl radical  HO 2  ⋅  
 Nitric oxide  NO ⋅  
 Nitric dioxide  NO 2  ⋅  

 Not radical compounds  Hydrogen peroxide  H 2 O 2  
 Hypochlorous acid  HOCL 
 Ozone  O 3  
 Singlet oxygen   1 DO 2  
 Lipid peroxides  LOOH 
 Peroxynitrite  ONOOH 
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according to molecular weight, whose main inductor factor is the occurrence of denatured proteins in 
the intracellular medium. This mainly happens due to variations in body temperature, the infl ammatory 
process, and oxidative stress. The fi rst report on them was documented in the salivary gland cells of 
 Drosophila buskii  after a serendipitous heat shock by Ritossa in 1962 [ 24 ]. At lower temperatures, genes 
decrease the strength of these proteins. Thus these proteins, described in 1974, were denominated 
temperature-sensitive; in other words, thermal or heat shock proteins [ 24 ]. 

 Actually, HSPs could also be more properly called stress-sensitive proteins, as further studies by 
Ritossa showed that a number of agents or metabolic stressing conditions stimulate the HSPs. Being 
stress-sensitive, various events such as exposition to heavy metals, UV radiation, amino acid analogs, 
bacterial or viral infections, infl ammation, cyclooxygenase inhibitors (including acetylsalicylic acid), 
oxidative stress, cytostatic drugs (anti-cancer), growth factors, cell development and differentiation 
can induce the expression of HSPs [ 24 ]. All of these factors strongly activate the transcription of the 
main thermal shock eukaryotic factor (heath shock factor—HSF-1), leading to the expression of 
HSP- 70 [ 25 ]. 

 HSF-1 is a transcriptional factor found in its inactive form not bonded to DNA, and its activation 
occurs as a result of a number of stress stimuli that trigger inactive latent monomers phosphorylation 
of this transcriptional factor, found in the cytoplasm of the cells. As phosphorylated, these monomers 
combine and form a homotrimer. The HSF-1 homotrimers, being activated, migrate to the nucleus of 
the cell and bond to specifi c sites of the promoting region of the HSP genes, denominated thermal 
shock elements (HSEs). This mechanism allows specifi c signs to initiate the process of synthesis, 
transcription and translation of RNAm    of the HSPs. The higher rate of HSPs has been related to a 
stronger resistance of cells to death under stress challenging situations [ 26 ]. Glutamine is an impor-
tant stimulus for HSP-70, and the reduction of the concentration of glutamine in the body may con-
tribute to cell death. This relation is not dependent and may still be controversial, especially in skeletal 
muscle cells [ 27 ,  28 ].  

    Supplementation of Glutamine: Effects on Skeletal Muscle 

 In vitro studies with various cell types, such as muscle cells, intestinal mucosa, the immune system, 
and specifi c neurons of the central nervous system, hepatocytes, β cells, among others, have demon-
strated that glutamine, when added to a culture medium, can alter a variety of cell functions [ 14 ,  29 ]. 

  Fig. 38.5    Route of synthesis 
of glutathione (GSH) 
involving three amino acids 
as precursors, cysteine, 
glycine and glutamate, which 
can be donated by the 
hydrolysis of glutamine       
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Whether it is to transport ammonia between tissues, to contribute to the intermediary metabolism or 
gluconeogenesis, it is diffi cult to imagine the survival, maintenance and proliferation of cells without 
the participation of glutamine. 

 As glutamine is a conditionally essential amino acid, science aims to study the possible effects of 
exogenous replacement with  L -glutamine through supplementation. The exogenous administration 
of  L -glutamine is usually made by utilizing its free form, as an isolated amino acid. Another very 
common form is the supplementation of  L -glutamine together with another amino acid, usually the 
dipeptide  L -alanyl– L -glutamine. 

 The effects of the utilization of  L -glutamine in dipeptide form on glutamine availability has been 
attributed to the fact that enterocytes have a more effi cient transport mechanism for the absorption of 
dipeptides and tripeptides than for the absorption of free amino acids. The glycopeptide transport 
protein (PepT-1), which is located in the luminal membrane of the jejunum, followed by the ileum, 
has a broad substrate specifi city and actively transports dipeptides and tripeptides from the diet into 
the intestines of humans and animals [ 30 ,  31 ]. Research utilizing radioactively labeled glutamine 
dipeptides has shown that nearly 90 % of the radioactivity accumulates intact in the cytosol. In this 
manner, glutamine can avoid intracellular hydrolysis and subsequent metabolism by enterocytes, pro-
ceeding directly to systemic circulation [ 32 ,  33 ]. On the other hand, rates above 50 % of total free 
 L -glutamine absorbed from the small intestine are subsequently metabolized in this tissue and the 
liver, weakly contributing to the muscle cells or even the immune system. Parenteral solutions seem 
to be more effective than oral or enteral solutions when the maintenance of glutamine concentration 
in the body is desired. The most common glutamine solutions available are cited in Table  38.3 .

   Research on the transport and utilization of glutamine in the small intestine is very important when 
the dietitian desires muscle and systemic effects of  L -glutamine supplementation. The importance of 
 L -glutamine supplementation is well-documented in diverse post-surgical patients submitted to total 
parenteral nutrition (TPN), to which  L -glutamine was added, either in free form or as a dipeptide form. 
Certain studies show that the supplementation of  L -glutamine in parenteral nutrition enhanced the 
clinical conditions of individuals with transplanted bone marrow [ 34 ], cutting the reduction of GSH 
[ 6 ], diminishing muscular atrophy during the metabolic stress of surgery, reducing the rate of hospital 
infection [ 35 ], and improving the nitrogen balance, thereby lowering the overall hospital costs. Most 
of these studies with postoperative patients show that a daily i.v. or TPN  L -glutamine dosage (20–
30 g) or 0.3–0.5 g/kg body weight can reduce the dramatic decrease in glutaminemia and glutamine 
in tissues such as skeletal muscles [ 36 ]. Additionally, in i.v. or TPN,  L -glutamine is typically given as 
a dipeptide,  L -alanyl– L -glutamine, which can be found in commercial product in concentration of 
200 g/L, with an osmolality <900 mOsm. In this sense, parenteral solutions seem to be more effective 
than oral or enteral solutions, when the maintenance of glutamine concentration in the body is desired 
[ 36 ]. However, these solutions are very invasive and may expose the patient to increased risk of infec-
tions, so that, as far as possible, enteral alternatives should be chosen. Moreover, enteral routes are 
much more physiological and provide the physiological generation of other amino acid derivatives 
(e.g. citrulline and arginine), which can only be accounted for if  L -glutamine is given enterally [ 37 ]. 
Thus  L -glutamine has become an effective supplement in clinical nutrition, especially parenteral nutrition. 

   Table 38.3    Common types of glutamine supplements available on sports market or 
hospital solutions   

 Name  Form  Most common utilization 

  L -Glutamine  Free  Oral solution 
  L -Alanyl– L -glutamine  Dipeptide  Parenteral solution 
  L -Glycyl– L -glutamine  Dipeptide  Parenteral solution 
  L -Arginyl– L -glutamine  Dipeptide  Parenteral solution 
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However, the same utilization as a nutritional supplement for sports or enteral nutrition has raised 
many doubts and controversies [ 32 ]. 

 The muscle glutamine metabolism can be altered in a number of catabolic conditions, including 
cancer, sepsis, diabetes, prolonged or exhausting physical exercise [ 38 ]. Serious muscle damage and 
catabolism lead to the activation of local and acute infl ammatory response [ 33 ]. These processes 
increase the cell consumption of glutamine, promoting the imbalance of the synthesis and degradation of 
this amino acid [ 14 ]. The lower concentration of ATP and glutamate in skeletal muscles under cata-
bolic stimuli can also inhibit the action of the key enzyme for glutamine synthesis, glutamine synthe-
tase. This avoids the removal of ammonia in the form of glutamine. Ammonia can be toxic to the cells 
promoting cell apoptosis and hyperammonemia [ 39 ]. The reduction of the glutamine concentration 
and the higher infl ammatory response increase the protein breakdown, which can reduce the cell 
antioxidant concentration and promote immunosuppression [ 38 ]. 

 Interestingly, in other catabolic situations, such as diabetes, a disease essentially related to the 
concentrations of glucose and lipids, little is known about the alterations in the concentration of amino 
acids, the metabolism and the eventual effects of in vivo supplementation [ 40 ]. In a recent study, the 
concentration of glutamine in patients diagnosed for type 2 diabetes showed a signifi cant reduction 
(20 %), when compared to healthy individuals [ 41 ]. Besides glutamine, arginine amino acid also 
showed low plasma concentration in type 2 diabetic individuals [ 41 ]. 

 As glutamine can be transaminated and converted into arginine, its reduction in the organism has 
an effect on the intermediary metabolism of the arginine, which is a precursor of nitric oxide (NO), a 
free radical essential for the signaling in intracellular molecules, which is responsible for the regula-
tion of blood fl ux, arterial pressure and function of cells in the immune system. In a study with type 2 
diabetic subjects, the concentration of nitric oxide metabolites (e.g. nitrite and nitrate) was reduced in 
the skeletal muscle, which could be related to the worsening of the resistance to insulin [ 42 ]. 
Hyperglycemia and the high concentration of free fatty acids induce the activation of signaling path-
ways to stress and pro-infl ammatory sensitive proteins, which alters the secretion and action of insu-
lin, aggravating diabetes type 2. Among the intracellular signaling pathways involved in this process, 
the pathways of Nuclear Factor Kappa-B (NFkB), p38 Mitogen-Activated Protein Kinase (MAPK), 
Janus Kinase (JNK) and Protein Kinase C (PKC) are included. More recently, mechanisms such the 
expression of HSPs and their relation to intra- and extracellular concentration, can be involved in the 
pathogenesis development of type 2 diabetes [ 43 ]. 

 The supplementation with  L -glutamine has been studied with the aim of reducing the catabolic 
effects associated with the reduction of glutamine concentration in humans and in animal models. 
However, the effi cacy of this oral nutritional intervention is frequently questioned due to the high 
metabolization of glutamine by the small intestine, and the alternative to break through the intestinal 
barrier has been the utilization of  L -alanyl– L -glutamine. 

 Studies in animal models with acute oral  L -glutamine supplementation, in free form or as a dipeptide, 
demonstrate an increase in the plasmatic glutamine concentration between 30 and 120 min after 
supplementation [ 44 ]. The concentration and the area under the curve of the dipeptide acutely supple-
mented group was 26 % superior to the free  L -glutamine supplemented group, 30 min after the supple-
mentation [ 44 ]. This result can be explained by the higher presence of the peptide transporter 1 
(Pept-1), which actively transports dipeptides inside the enterocytes and intracytoplasmatic dipepti-
dases, which increase the release of glutamine and alanine deriving from acute supplementation with 
 L -alanyl– L -glutamine, and consequently promotes a higher release into the circulation. The same 
study shows a higher liver and muscle glutamine concentration after the chronic supplementation with 
 L -alanyl– L -glutamine. In another study, animals submitted to exhausting physical exercise and chronic 
supplementation with  L -alanyl– L -glutamine demonstrated that the nutritional intervention may attenu-
ate the reduction of glutamine concentration in soleus and gastrocnemius muscles immediately and 
1 h after the exhausting exercise [ 32 ]. 

J. Tirapegui and V.F. Cruzat



509

 However, the hypothesis that the dipeptide composition could affect its more effi cient absorption 
and further release into blood was not tested. It was observed that supplementation with the  L -alanyl–
 L -glutamine dipeptide and a solution containing  L -glutamine and  L -alanine, both in free form, in rats 
submitted to training and long duration exercises, was able to increase the hepatic and muscular con-
centration of glutamine and glutamate, which in turn increased the tissue concentration of GSH anti-
oxidant, attenuating the oxidative stress induced by long duration physical exercise [ 7 ]. In another 
study, the same supplementations reduced the release of creatine kinase and pro-infl ammatory cyto-
kines, such as tumor necrosis factor alpha (TNF-α) and prostaglandin E 2  (PgE 2 ), in trained animals 
submitted to exhausting exercise [ 33 ]. 

 Under catabolic stimuli, active muscles release alanine and glutamine into the circulation (60 % of 
the overall amino acid delivery into the blood). Alanine can be synthesized from pyruvate with nitro-
gen, and glutamine from ammonia production with glutamate and ATP [ 45 ,  46 ]. These events are 
important mechanisms for cell defense and survival, trying to maintain homeostasis. Both amino acids 
are important and can alter the intermediate metabolism during and after the catabolic process in skel-
etal muscle. Nutritional solutions with glutamine supplementations (dipeptide vs. free amino acids) are 
important when the effects on skeletal muscle and other tissues than the gut are considered; however, 
results from pancreatic β cells (which are also tightly dependent on alanine and glutamine metabolism) 
shed light on another possible mechanism explanation. Accordingly,  L -alanine oxidation was required 
for the synergistic effect on glucose-stimulated insulin secretion and was also accompanied by an 
increase in intracellular glutamate concentration [ 2 ], while glutamine is important for β-cell viability and 
function [ 46 ,  47 ]. Furthermore, alanine may protect cells from apoptosis induced by pro-infl ammatory 
cytokines (the same observed in endotoxemic states), by enhancing antioxidant defenses [ 47 ]. In 
another study, subjects were supplemented with  L -glutamine in the free form and as dipeptide form 
( L -alanyl– L -glutamine) or free  L -glutamine from wheat protein. The results showed a greater increase 
in glutaminemia with  L -alanyl– L -glutamine and free  L -glutamine from wheat protein, compared to 
controls and free  L -glutamine alone [ 48 ]. 

 Orally taken together, free  L -glutamine  plus   L -alanine supplementation seems to have similar meta-
bolic effects when compared to  L -alanyl– L -glutamine dipeptide, and either form could be utilized in 
clinical and sports nutrition, although certain controversies still remain, especially regarding the 
mechanisms involved in this process.   

    Conclusions 

 Glutamine is a conditional essential amino acid which is important for many cells and their functions, 
especially the recovery of muscle cells and survival of diseases. If there is insuffi cient glutamine avail-
able in the body, the exogenous supply is needed to enhance cell defenses and prevent apoptosis or 
excess of infl ammation, but many questions on the type of supplementation of glutamine when given 
orally can be discussed. In clinical nutrition, physicians and dietitians may use glutamine in i.v. or TPN 
solutions, and the effi cacy of this nutritional intervention is clearly important for the intermediate metab-
olism of amino acids and the recovery of the patient. However, in sports nutrition glutamine supplemen-
tation should be provided only when really necessary, especially for non-professional athletes. 
The standard dosage of  L -glutamine supplementation is 20–30 g per day or 0.3–0.5 g/kg body weight, 
although the frequency of this nutritional intervention needs to be observed and controlled. Based on 
the literature in the area, the total amount of  L -glutamine per day may be divided to more than one 
single dosage, observing the kinetics of glutamine in plasma. The exact frequency and other questions, 
like the effi cacy of administration together with other amino acids, need to be studied. It is important to 
note that  L -glutamine supplementation may not prevent the infl ammatory response and muscle damage 
or enhance performance, but may help the recovery of cells, including skeletal muscle.     
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   Key Points 

•     Skeletal muscle mass depends on the balance between protein synthesis and degradation rates.  
•   Muscle wasting in pathological states is mainly associated with activation of protein breakdown 

above control levels.  
•   Myostatin is a negative regulator of skeletal muscle mass, acting on both myogenesis and protein 

turnover.  
•   Increased myostatin expression is a frequent fi nding in diseases characterized by the occurrence 

of muscle atrophy.  
•   Glutamine levels are generally decreased in acute and chronic illnesses, and glutamine supplemen-

tation to critically ill patients results in improved clinical conditions.  
•   Myotube atrophy induced by glucocorticoid or proinfl ammatory cytokine exposure can be reverted 

by glutamine treatment. Such an effect is associated with normalization of myostatin hyperexpres-
sion and signaling.  

•   Glutamine effectiveness in restoring normal myostatin pathway could depend on the inhibition of 
proinfl ammatory cascades as well as on the regulation of microRNA expression.    
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  BMP    Bone morphogenetic proteins   
  ERK    Extracellular signal-regulated kinase   
  FLRG    Follistatin-related gene   
  FoxO    Forkhead box O   
  GASP-1    Growth and differentiation factor-associated protein-1   
  GLUT-4    Glucose transporter type 4   
  HSP70    Heat shock protein 70   
  IGF-1    Insulin-like growth factor 1   
  IL-6    Interleukin-6   
  JNK    c-Jun N-terminal kinase   
  LPS    Lipopolysaccharide   
  MAPK    Mitogen-activated protein kinases   
  MuRF1    Muscle ring fi nger 1   
  Myd88    Myeloid differentiation primary response gene (88)   
  NF-κB    Nuclear factor κB   
  PI-3K    Phosphoinositide 3 kinase   
  Smad    Small mother against decapentaplegic   
  TGFβ    Transforming growth factor β   
  TLR    Toll-like receptor   
  TNFα    Tumor necrosis factor α   
  TRAF    TNF receptor-associated factor   

       Introduction 

 The skeletal muscle has been considered for a long time just a protein storage tissue, despite the relevance 
of its contribution to whole body metabolism. Indeed, it contributes to regulate energy balance, heat 
production, and insulin sensitivity, also producing humoral mediators called myokines. 

 The skeletal muscle mass mainly refl ects protein content, and strictly depends on the balance 
between protein synthesis and degradation rates, that is regulated by both anabolic and catabolic 
signals [ 1 ]. Alterations in this equilibrium lead to mass accretion (hypertrophy) or depletion (atrophy), 
depending on the prevailing pathways (anabolic or catabolic). 

 Muscle hypertrophy has long believed to essentially depend on increased protein synthesis rates, 
although many years ago also modulations of protein degradation have been proposed to play a role. 
By contrast, muscle atrophy describes a change occurring as a result of disuse (e.g., immobilization, 
denervation, muscle unloading), aging, starvation, and a number of disease states (sepsis, diabetes, 
cancer cachexia). Several molecular triggers and signaling pathways differently contribute to the 
generation of muscle wasting in the above conditions, leading to a marked increase in protein degra-
dation, associated or not with reduced protein synthesis rates, that results in decreased protein content 
and myofi ber diameter. However, most of the signaling pathways involved in atrophy also play a role 
in the induction of hypertrophy, and in this regard considering the former just as the converse of the 
latter could be questionable (see [ 1 ]).  

    Skeletal Muscle Wasting 

 Several chronic and degenerative pathologies are characterized by signifi cant loss of skeletal muscle mass. 
Functionally, hypotrophy results in decreased muscle strength, with asthenia and reduced physical 
performance, and declining effi ciency of respiratory muscles with hypoventilation and respiratory 
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failure. In some circumstances, the mobilization of muscle protein may serve the purpose of providing 
substrates for energy production and gluconeogenesis, synthesis of acute phase reactants or other 
anabolic processes. In other instances, however, muscle protein depletion in wasting syndromes 
appears basically purposeless, in part at least, and it is obviously so if the catabolic state persists when 
excess nutrients are supplied by parenteral feeding. Protein loss may primarily affect the skeletal 
muscle compartment (primary or neurogenic muscular disorders) or may refl ect the role of skeletal 
muscle as main protein reserve of the organism (wasting syndromes). However, despite this dichotomy, 
at least some of the mechanisms operating in the wasting syndromes (Fig.  39.1 ) appear to apply also 
to muscle atrophy occurring in primary or neurogenic muscular disorders.  

 As reported above, muscle atrophy mainly depends on enhanced protein breakdown rates. The role 
played by the different intracellular proteolytic systems in this regard, however, is still controversial, 
since the Ca 2+ -dependent, the ATP-ubiquitin-dependent and the autophagic lysosomal pathways have 
all been involved [ 1 ]. 

 Muscle protein hypercatabolism in chronic diseases has been frequently associated with increased 
levels of proinfl ammatory cytokines, TNFα in particular, as suggested by studies performed in experi-
mental models as well as in human subjects (see references in [ 1 ]). Consistently, activation of NF-κB, 
one of the main targets of TNFα, has been involved in causing muscle atrophy by downregulating the 
muscle-specifi c transcription factor MyoD. This observation has been confi rmed by a study reporting 
that NF-κB activation in mice overexpressing in the skeletal muscle a constitutively active form of 
IκB kinase β results in severe wasting (reviewed in [ 1 ]). TNFα may concur to skeletal muscle wasting 
also by downregulating anabolic signaling pathways such as those activated by insulin and IGF-1. 
As an example, inhibition of insulin signaling by TNFα has been demonstrated in different cell types 
such as adipocytes, hepatocytes, or C2C12 myocytes. Such an effect seems to rely on reduced phos-
phorylation of both the insulin receptor and the insulin receptor substrates, together with downregu-
lated expression of the glucose transporter GLUT-4 (reviewed in [ 2 ]). 

 IGF-1 is an anabolic growth factor that stimulates muscle protein synthesis as well as proliferation 
and differentiation of satellite cells, the muscle-specifi c stem cell population. IGF-1 has been reported 
to exert anti-apoptotic effects on muscle cells, to suppress proteolysis and to inhibit both the ubiquitin- 
proteasome system and the autophagic degradation [ 1 ]. Catabolic states such as sepsis and cancer 

  Fig. 39.1    Mechanisms involved in the pathogenesis of skeletal muscle wasting. Several factors, of extracellular and/or 
intracellular origin, may activate signaling pathways that directly or indirectly converge to modulate protein turnover 
rates, eventually resulting in skeletal muscle atrophy       
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have been associated with reduced levels of circulating IGF-1 (reviewed in [ 2 ]) as well as with increased 
concentrations of proinfl ammatory cytokines, such as TNFα (see references in [ 1 ]). The interplay 
between IGF-1 and TNFα has also been proposed in an experimental model of sepsis, where the auto-
crine production of muscle IGF-1 is impaired by LPS administration to rats, and similar observations 
have been reported in C2C12 myocyte cultures exposed to TNFα (reviewed in [ 2 ]). Engagement of both 
the insulin and the IGF-1 receptors results in the activation of different signal transduction pathways. 
Particularly relevant to the homeostasis of muscle mass seems to be the insulin receptor substrate-1/
PI-3K/Akt axis, which has been involved not only in the activation of protein synthesis but also in 
the downregulation of protein degradation by maintaining transcription factors of the FoxO family in 
the inactive state [ 1 ]. 

 In addition to IGF-1, other signaling pathways have been involved in the pathogenesis of skeletal 
muscle atrophy. Particularly relevant, in this regard, is the one regulated by myostatin, that, in some 
circumstances at least, has been shown to be modulated by TNFα [ 3 ,  4 ].  

    Myostatin 

 Myostatin (“growth and differentiation factor-8”) is a factor belonging to the BMP/TGF-β superfamily 
(reviewed in [ 5 ]). It has been characterized by McPherron in 1997 (see [ 5 ]), and very rapidly has emerged 
as an important regulator of skeletal muscle mass and repair. Indeed, its expression is largely restricted 
to the skeletal muscle, while small amount of myostatin mRNA have been detected also in the adipose 
tissue. Muscle myostatin expression is different between genders, being lower in males than in female 
mice, in face of higher body and muscle mass. An opposite phenotype can be observed in mice geneti-
cally deprived of myostatin, females being bigger than males ([ 5 ] and references therein). 

 Inactivating mutations in the myostatin gene have been identifi ed in cattles, sheeps and dogs showing 
muscle hypertrophy, and also in human beings. Consistently, both targeted deletion of the myostatin 
gene and myostatin blockade by short hairpin RNA lead to increased muscle mass in experimental 
animals (reviewed in [ 5 ]). Expression of truncated or inactive forms of myostatin results in increased 
muscle fi ber number (hyperplasia) and/or size (hypertrophy). In this regard, satellite cells lacking 
myostatin show a proliferative advantage compared with cells from wild-type animals [ 5 ], suggesting 
that myostatin exerts its growth-promoting effect by increasing satellite cell/myofi ber number. 
However, according to other reports myostatin would regulate muscle mass just by inducing hypertro-
phy (discussed in [ 5 ]). In this regard, blocking myostatin in the  mdx  mouse, an experimental model of 
Duchenne muscular dystrophy, results in improved skeletal muscle mass associated with increased 
fi ber cross-sectional area but not with changes in the number of fi bers or myonuclei. Similar observa-
tions have been reported in healthy animals treated with anti-myostatin antibodies (see [ 5 ]). 

 Consistently with its role as negative regulator of muscle mass, myostatin hyprexpression gener-
ally results in muscle atrophy. High myostatin gene expression and circulating levels have been asso-
ciated with weight loss in patients with AIDS, and muscle myostatin protein levels are increased in the 
sarcopenia of aging, as well as in atrophy due to denervation or unloading (see [ 5 ]). Upregulation of 
myostatin expression and myostatin-dependent signaling have been reported in experimental cancer 
cachexia as well as in cancer patients [ 3 ,  6 ]. In addition, pathological states characterized by muscle 
wasting frequently present with high glucocorticoid circulating levels, associated with myostatin 
upregulation [ 7 ], and increased myostatin expression has been shown in experimental models of 
Addison’s disease or chronic obstructive pulmonary disease. Finally, confi rming the existence of a 
cross-talk between muscle and the adipose tissue, this latter too is affected by increased myostatin 
levels (see [ 5 ]). 

 The mechanisms by which myostatin hyperexpression induces muscle atrophy are not completely 
understood. As reported above, myostatin has been proposed to interfere with myogenesis, 
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modulating both satellite cell proliferation and differentiation [ 5 ]. On the other side, muscle wasting 
is well known to be associated with activation above control levels of different intracellular proteo-
lytic pathways. Among these, myostatin has been involved in the activation of the ubiquitin-protea-
some system, leading to increased transcription of the muscle-specifi c ubiquitin ligases atrogin-1 and 
MuRF1. Indeed, the signaling pathway activated by myostatin has been demonstrated to inhibit the 
IGF-1/PI-3K/Akt axis, previously shown to play a role in maintaining FoxO transcription factors in 
the inactive state, thus modulating protein breakdown rates (see [ 1 ,  5 ]).  

    Expression, Processing, and Binding of Myostatin Protein 

 Similar to other TGF-β family members, myostatin is produced as a secreted protein, fi rst synthesized 
as a precursor and then processed by proteolysis. Following removal of the 24 amino acid signal pep-
tide, myostatin is further cleaved into an amino-terminal propeptide and a 110 amino acid biologically 
active carboxyl terminus. The cleavage occurs at a dibasic cleavage site, but the nature of the enzyme 
responsible for this event is unknown, although in cell-based systems co-expression of furin proved 
capable of increasing active myostatin levels. Circulating myostatin is maintained in the inactive con-
formation by binding to the propeptide itself or to other myostatin-binding proteins [ 5 ]. 

 Several experimental evidences suggest that the propeptide may regulate myostatin activity both 
in vivo and in vitro. Myostatin-producing Chinese hamster ovary cell lines secrete a biologically inac-
tive carboxy-terminal dimer non-covalently bound to the propeptide. This complex can be activated 
by heat or acid treatment in a way similar to the activation of TGF-β latent complexes. Moreover, 
propeptide has been shown to bind to the mature carboxy-terminal dimer and to inhibit its activity. 
Further, increased muscle mass is observed in mice injected with purifi ed propeptide and in transgenic 
mice overexpressing the propeptide itself. Finally, the propeptide is one of the proteins associated 
with myostatin in human or mouse serum (see [ 5 ]). 

 Among other myostatin-binding proteins, particularly interesting is follistatin, originally shown to 
inhibit the secretion of follicle stimulating hormone. Follistatin can bind to and inhibit myostatin 
activity with high affi nity, as proved by simultaneously overexpressing both molecules in adult skel-
etal muscle, thus preventing myostatin ability to induce muscle loss [ 5 ]. Targeted follistatin overex-
pression in skeletal muscle has been shown to cause a marked increase in tissue weight, resulting from 
a combination of hyperplasia and hypertrophy. Remarkably, the increase in muscle mass is far greater 
than that observed following myostatin gene deletion. One possible explanation for these differences 
is that follistatin is likely to antagonize other molecules in addition to myostatin that may also act as 
muscle growth inhibitors ([ 5 ] and references therein). 

 In addition to follistatin, also FLRG and GASP-1 can complex with mature myostatin, resulting 
in its inhibition. The former, in particular, is able to interact also with other members of the TGF-β 
family [ 5 ]. 

 Following activation of the latent complex, the mature myostatin carboxy-terminal dimer binds to 
receptors and activates a signal transduction cascade similar to that described for TGF-β (Fig.  39.2 ). 
Active myostatin binds with high affi nity the ActRIIB and, to a lesser extent, the related ActRIIA, 
leading to recruitment of a low affi nity type I receptor, either ALK-4 or ALK-5, to form a heteromeric 
complex. ActRIIB can thus transphosphorylate ALK-4/5 and activate its serine/threonine kinase 
domain, leading to phosphorylation of Smads 2 and 3 and to their interaction with co-Smad 4. 
The resulting complex translocates to the nucleus, where it regulates the transcription of myostatin 
target genes [ 5 ]. In addition to receptor-regulated Smads and co-Smads, there are also inhibitor Smads 
such as Smad 6 and Smad 7. While the former takes part primarily to the BMP signaling pathway, 
inhibiting its activity through competition with the receptor-regulated Smads (Smad 1 and 5) for the 
Smad 4 cofactor, the latter has been implicated as a negative regulator of TGF-β signaling. 
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Interestingly, both TGF-β and myostatin signaling induce Smad 7 mRNA, probably activating a negative 
feedback loop to inhibit TGF-β signaling. Moreover, Smad 7 has been reported to accelerate myogenic 
differentiation, leading to cellular hypertrophy through a positive feedback loop with MyoD, which, 
in turn, can activate the Smad 7 promoter. Therefore, Smad 7 may physically associate with MyoD 
and potentiate its transactivation properties [ 5 ].  

 In addition to the canonical Smad-dependent transduction pathway, myostatin has been reported to 
signal also by activating the ERK/MAPK [ 8 ] or the JNK-dependent [ 9 ] pathways.  

    Experimental Anti-myostatin Approaches 

 Taking into account the involvement of myostatin as negative regulator of skeletal muscle mass, as 
well as the occurrence of myostatin increased levels and activity in different conditions associated 
with muscle atrophy, it is not surprising that several strategies have been developed to inhibit 
myostatin- dependent signaling (Table  39.1 ).

   Anti-myostatin antibodies such as JA16 or PF-354 have been pioneers in this regard. Their use in 
preclinical studies have led to the fi rst phase I/II clinical trial using the humanized antibody MYO- 
029 in patients affected by muscle dystrophy (see references in [ 5 ]). 

 Besides neutralizing antibodies, a number of potential inhibitors of myostatin have been made 
available that might be used as therapeutic agents. In this regard, myofi ber hypertrophy has been 
reported in mice after myostatin inhibition by plasmid-mediated delivery of mutant myostatin pro-
peptide [ 10 ]. Another work shows that SB-505124 inhibits the activity of TGF-β type I receptors 

  Fig. 39.2    Myostatin-dependent signaling pathway. Engagement of the ActRIIB results in dimerization with ALK-4,5 
followed by recruitment and phosphorylation of Smad 2/3, binding to Smad 4 and subsequent nuclear localization and 
transcriptional activation. Smad 7 can inhibit this signaling pathway by interfering with Smad 2/3 interaction with the 
active receptor complex       
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ALK- 4/-5, thus reducing Smad 2/3 phosphorylation [ 11 ]. However, further studies are needed to 
clarify whether SB-505124 could effectively prevent the activation of myostatin signaling both in vitro 
and in vivo. Also follistatin has been proposed as a successful inhibitor of myostatin, although it may 
also inhibit other TGF-β family members. Furthermore, follistatin expression has been recently 
reported to be enhanced in satellite-derived myotubes and embryonic muscles by nitric oxide produc-
tion. This may foster fusion-induced hypertrophy of myotubes (see references in [ 5 ]). 

 Interesting results have been reported demonstrating the possibility to improve muscle wasting in 
experimental cancer cachexia by treatment with an ActRIIB-extracellular domain/Fc fusion protein 
[ 12 ]. These observations have been confi rmed by another study showing reduced muscle wasting and 
prolonged survival in tumor-bearing animals administered soluble ActRIIB [ 13 ]. 

 Small interfering or antisense RNA approaches have proved effective in reducing muscle myo-
statin protein expression and increasing muscle mass in murine models (see [ 5 ]). Similarly, systemic 
myostatin inhibition obtained in dystrophic mice through liver-targeted gene transfer of a secretable 
dominant negative myostatin has been shown to improve muscle phenotype [ 14 ]. 

 Finally, histone deacetylase inhibitors have been described as very promising tools in the treatment 
of muscle wasting diseases, muscle dystrophies in particular [ 15 ]. Despite this report, treatment of mice 
bearing the C26 colon adenocarcinoma with the histone deacetylase inhibitor valproic acid effectively 
counteracts the increased myostatin levels and activity, without modifying muscle wasting [ 16 ].  

    Modulation of Myostatin Expression/Activity by Nutritional Factors 

 As described in the Introduction, muscle mass depletion results from protein degradation exceeding 
protein synthesis rates. Consistently, low dietary protein intake leads to muscle hypotrophy associated 
with negative nitrogen balance, that until a certain point can be easily counteracted by refeeding. 
While this is a well accepted concept, little is known about the involvement of myostatin in calorie 
restriction-induced muscle atrophy, as well as about the regulation of myostatin expression by nutri-
tional factors. In this regard, circulating myostatin remains comparable to control levels in healthy 
volunteers fasted for 72 h [ 17 ]. Also patients affected by type II diabetes do not show changes in cir-
culating myostatin, but its gene expression in the skeletal muscle is signifi cantly increased [ 18 ]. 
Recently, myostatin expression has been shown to be upregulated in experimental animals prone to 
develop obesity when fed a high fat diet (see [ 5 ]), and increased myostatin secretion from the muscle 
has been reported in obese subjects [ 19 ]. 

    Table 39.1    Molecules and mechanism of action of myostatin inhibitors   

 Molecule  Mechanism 

 Myostatin propeptide  Interacts with mature myostatin, blocking the myostatin/receptor interaction 
 Follistatin  Endogenous inhibitor, blocks myostatin/receptor interaction 
 FSTL3 (FLRG)  Follistatin-like 3, blocks myostatin/receptor interaction 
 GASP-1  Interacts with propeptide and mature myostatin, blocks myostatin/receptor interaction 
 sActRIIB  Soluble activin IIB receptor/Fc fusion protein, blocks myostatin/receptor interaction 
 Anti-myostatin Ab  Myostatin neutralizing antibody 
 Anti-myostatin oligo  Small interfering or antisense RNA 
 SB505124  ALK-4,-5 inhibitor, prevents Smad 2/3 phosphorylation 
 Valproic acid  Histone deacetylase inhibitor, induces follistatin expression 
 Trichostatin A  Histone deacetylase inhibitor, induces follistatin expression 
 Smad7  Competes with Smad4 avoiding the formation of the transcriptional complex Smad2/3/4 

  See [ 5 ,  10 – 13 ,  15 ,  16 ] and references therein  
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 Circulating myostatin appears regulated also by physical activity. In this regard, resistance training 
programs have been shown to decrease the plasma levels of myostatin and to increase those of GASP- 1, 
one of the myostatin-binding proteins (see above). Such an effect is potentiated when volunteers 
assume creatine during the training period [ 20 ]. Creatine is frequently used to increase skeletal muscle 
mass and performance, effects that have been ascribed to its ergogenic properties. The study by Saremi 
and coworkers [ 20 ] discusses the possibility that creatine effectiveness could result from stimulation 
of satellite cell activation over that induced by exercise training. This hyperstimulation is suggested to 
depend on reduced myostatin production, especially in type II glycolytic myofi bers. 

 Finally, supplementation with protein and amino acids is frequently used as a mean to both enhance 
muscle protein synthesis and reduce degradation. As an example, protein and/or amino acid assump-
tion have been reported to preserve muscle strength after bed rest and to improve disuse-induced 
muscle wasting and protein hypercatabolism [ 21 ]. By contrast, protein and amino acid supplementa-
tion does not appear to exert any effect on myostatin hyperexpression in the atrophic muscle of immo-
bilized human volunteers [ 22 ]. Another study reports that an essential amino acid supplement provided 
to volunteers during bed rest and the subsequent active recovery effectively corrects muscle myostatin 
hyperexpression only when coupled to resistance training exercise [ 23 ].  

    Glutamine and Myostatin 

 Glutamine is the most abundant amino acid in the body, mainly synthetized in the skeletal muscle from 
glutamic acid. It is an important nutrient for rapidly dividing cells such as lymphocytes, enterocytes, or 
tumor cells, and is a precursor for the endogenous antioxidant glutathione. In particular, muscle levels 
of reduced glutathione and glutamine positively correlate in critically ill patients (reviewed in [ 24 ]). 
Glutamine participates to nitrogen transport in the body, induces the expression of stress proteins and 
stimulates nucleotide synthesis. Signals involved in the regulation of cell differentiation, such as the 
ERK MAPK, are activated by glutamine [ 25 ]. Reduced muscle glutamine levels are associated with 
cell shrinkage; this modifi cation has been proposed to act as a sensor that modulates protein catabo-
lism. Consistently, a relation among myotube size, inferred from intracellular water content, nitrogen 
balance and glutamine content has been shown in catabolic patients (reviewed in [ 24 ]). 

 Glutamine is a “conditional essential amino acid” in catabolic states [ 24 ]. Its muscle levels 
markedly decrease in severe illnesses despite increased muscle production and release. Not only, in 
addition also chronic pathologies characterized by muscle wasting are associated with reduced gluta-
mine availability. As an example, plasma glutamine levels in tumor-bearing rats are markedly 
decreased [ 26 ], and low circulating glutamine has been associated with worse prognosis in septic 
patients (see [ 24 ]). Reduced glutamine availability could result in activation of the metabolic sensor 
AMPK. This kinase regulates energy-saving strategies, inhibiting processes that need ATP while 
potentiating those involved in the maintenance of cell integrity [ 24 ]. 

 Glutamine supplementation to critically ill patients results in decreased morbidity and mortality, 
also reducing the duration of hospital stay. Acute diseases are frequently associated with increased 
circulating glucocorticoids, and glutamine effectiveness has been proposed to derive from action on 
these hormones. Indeed, glutamine has been shown to prevent glucocorticoid or sepsis-induced muscle 
atrophy [ 7 ,  27 ]. Not only, glutamine supplementation attenuates muscle protein waste in cancer 
patients [ 28 ] and glutamine administration to LPS-treated mice has been demonstrated to preserve 
muscle force without modifying circulating TNFα, suggesting that glutamine target(s) is/are down-
stream of cytokine production [ 29 ]. Finally, glutamine treatment results in improved muscle atrophy 
by modulating protein turnover in diabetic rats [ 30 ]. 

 Some years ago the possibility that glutamine improvement of muscle wasting could be associated 
with effects exerted on myostatin has been taken into consideration, starting from the observation that 
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pathological states associated with low circulating glutamine also present with increased myostatin 
signaling (Table  39.2 ). Just few studies explored such possibility, however. Salheian and coworkers 
[ 27 ] have investigated if glutamine effectiveness on glucocorticoid-induced muscle atrophy refl ects 
modulations of myostatin expression. Muscle wasting induced in rats by dexamethasone treatment is 
associated with activation of proteasome-dependent proteolysis and with increased myostatin expres-
sion at both gene and protein levels. The action of glucocorticoids on myostatin transcription may 
depend on the presence, on the myostatin promoter, of several glucocorticoid responsive elements ([ 7 ] 
and references therein). Consistently, dexamethasone-induced myostatin hyperexpression can be 
abrogated by treatment with the glucocorticoid receptor antagonist RU486 [ 7 ]. Recent observations 
propose that the mechanism by which glucocorticoid induce muscle atrophy also involves a myostatin- 
dependent inhibition of satellite cell activation and self-renewal [ 31 ]. Glucocorticoid administration 
also results in depletion of both muscle and circulating glutamine. When this amino acid is provided 
to glucocorticoid-treated animals at doses markedly higher than those normally introduced with the 
diet, signifi cant improvement of muscle atrophy and partial normalization of myostatin expression 
can be observed [ 27 ]. These observations have also been confi rmed in C2C12 myocytes exposed to 
dexamethasone in the presence or in the absence of glutamine. In particular, glutamine addition to 
C2C12 myoblast culture medium results in about 50 % inhibition of myostatin promoter transcription 
[ 27 ], that increases from two- to threefold after dexamethasone exposure [ 7 ]. The authors suggest that 
also the reduced myostatin expression attained by glutamine administration in the whole animal could 
derive from direct or indirect inhibition of glucocorticoid interaction with the glucocorticoid respon-
sive elements on the myostatin promoter.

   Myostatin expression and protein hypercatabolism can be modulated in C2C12 myocytes as well 
as in tumor-bearing rats by the proinfl ammatory cytokine TNFα [ 3 ,  16 ]. Starting from these observa-
tions, Bonetto and coworkers [ 4 ] have investigated if glutamine supplementation can restore normal 
levels of myostatin expression and activity as well as of Ca 2+ -dependent proteolysis in C2C12 myo-
tube cultures exposed to TNFα. 

 The procatabolic effect exerted by this proinfl ammatory cytokine on muscle cells is well known: in 
myotubes exposed to TNFα the levels of myosin heavy chain (MyHC) are markedly reduced, while 
those of the muscle-specifi c ubiquitin ligase atrogin 1 are increased ([ 4 ] and references therein). Also the 
Ca 2+ -dependent proteolysis [ 4 ] and the proteasome proteolytic system (Table  39.3A ) are hyperacti-
vated by TNFα in C2C12 myotube cultures, while recent observations have shown that the autophagic 
lysosomal degradative system is perturbed as well [ 32 ]. Treatment of C2C12 cells with TNFα results in 
signifi cant myostatin hyperexpression associated with unchanged follistatin, indicating an activation 
of the myostatin-dependent signaling pathway above control levels [ 4 ]. This is further confi rmed by 

   Table 39.2    Diseases and conditions characterized by muscle wasting and general infl ammatory state, and 
associated with reduced glutamine levels, and increased myostatin signaling   

 Disease state  Reduced glutamine levels  Increased myostatin signaling 

 HIV/AIDS  ✓  ✓ 
 Sepsis  ✓  ✓ 
 Cancer  ✓  ✓ 
 Burn injury  ✓  ✓ 
 Sarcopenia  ✓  ✓ 
 COPD  ✓  ✓ 
 Heart failure  ✓  ✓ 
 Kidney failure  ✓  ✓ 
 Ulcerative colitis  ✓  Unknown 
 Chronic fatigue syndrome  ✓  Unknown 
 Overtraining syndrome  ✓  Unknown 

  See [ 24 ,  44 ] and references therein  
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the increased Smad 2/3 DNA-binding activity [ 4 ]. Similar observations have been reported in rats 
bearing the Yoshida ascites hepatoma AH-130. In these animals, treatment with pentoxifylline, an 
inhibitor of TNFα synthesis, results in signifi cant protection against muscle wasting and perturbations 
of myostatin expression and signaling [ 3 ].

    No information are available about the modulations of myostatin expression pattern in tumor- 
bearing rats supplemented with glutamine, but Bonetto and coworkers clearly show that when this 
amino acid is added to C2C12 myotube cultures exposed to TNFα, normal myostatin levels are restored. 
Interestingly, also the levels of active calpain [ 4 ] and atrogin-1 (Table  39.3A ) are reduced to values 
close to those of control cells. Normalization of myostatin expression has also been obtained by treat-
ing C2C12 cells exposed to TNFα or mice bearing the C26 tumor with the histone deacetylase inhibitor 
valproic acid (Fig.  39.3 , Table  39.3B ) [ 16 ]. Deacetylase inhibitors represent a prototype of epigenetic 
drugs. The therapeutic versatility of these compounds has been demonstrated by treating different 
pathologies, including cancer, genetic diseases (i.e. muscular dystrophy) and degenerative disorders. 
The knowledge that histone acetyltransferases promote and deacetylases inhibit skeletal muscle gene 
expression has suggested the potential effectiveness of deacetylase inhibitors in modulating skeletal 
myogenesis (see references in [ 16 ]). The effects exerted by valproic acid on TNFα- induced myostatin 

  Fig. 39.3    Treatment of C2C12 cells exposed to TNFα with glutamine or valproic acid. Phase contrast images of 
myotube cultures treated for 24 h with TNFα (100 ng/ml) in the presence or in the absence of glutamine (8 mM) or 
valproic acid (5 mM)       

     Table 39.3    Molecular modifi cations induced by glutamine or valproic acid in C2C12 
myotubes exposed to TNFα   

 A 

 Atrogin-1 

 TNF  TNF + Gln 

 mRNA  6 h  110 ± 2*  91 ± 1* ,$$  
 24 h  108 ± 2  99 ± 16 

 B 

 Follistatin  Myostatin 

 TNF  TNF + VPA  TNF  TNF + VPA 

 mRNA  24 h  222 ± 72  136 ± 13  222 ± 20*  136 ± 34 $  
 48 h  131 ± 33  218 ± 16** ,$   61 ± 20  75 ± 4 

 Protein  24 h  67 ± 12  225 ± 61* ,$   147 ± 21*  36 ± 10** ,$$  
 48 h  80 ± 8  157 ± 35 $   72 ± 7  69 ± 20 

  A: Atrogin-1 mRNA expression in C2C12 exposed to either TNFα or TNFα + Gln for 6 and 
24 h. B: Follistatin and myostatin mRNA and protein expression in C2C12 myotubes exposed 
to either TNFα or TNFα + VPA for 24 and 48 h. Data (means ± SD;  n  = 3) are expressed as 
percentage of controls (C). Signifi cance of the differences: * p  < 0.05, ** p  < 0.01 versus C; 
 $  p  < 0.05,  $$  p  < 0.01 versus TNFα  
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hyperexpression are likely due to the epigenetic modifi cations. However, recently, glutamine synthetase 
activity has been shown to be transiently increased in the hippocampus of rats exposed prenatally to 
valproic acid [ 33 ], suggesting that a similar mechanism could operate also in the skeletal muscle, 
possibly contributing to the effects of valproic acid on myostatin and follistatin expression.  

 Glutamine supplementation has been reported to improve glucose homeostasis and muscle atrophy 
in experimental diabetes, but no data are available about its possible effectiveness on myostatin hyper-
expression [ 18 ]. Myostatin has been proposed to act as a pro-oxidant factor [ 34 ], and oxidative stress 
is a well-known causative factor for muscle atrophy in diabetes [ 35 ]. In addition, the hyperproduction 
of reactive oxygen species also appear to induce myostatin expression itself [ 34 ]. In this regard, 
glutamine effectiveness on muscle wasting in diabetes, and likely on myostatin hyperexpression, 
could depend on the antioxidant property displayed by this amino acid [ 36 ]. 

 Recent observations report that exogenous myostatin induces autophagy in C2C12 myocytes [ 37 ]. 
Autophagy is a physiological process required for the degradation of cellular constituents. Basal levels 
of autophagy can be increased in stress conditions such as nutrient deprivation, organelle damage, and 
death-inducing stimuli. The hyperactivation of autophagy has been demonstrated in several experimen-
tal models of muscle atrophy, such as fasting, denervation, or cancer [ 1 ,  32 ]; and recently, myostatin 
hyperexpression has been shown to induce atrophy in trout myotubes activating both autophagy and the 
proteasome [ 38 ]. Amino acids, leucine in particular, have long been known as potent inhibitors of 
autophagy. As for glutamine, its depletion or supplementation have been demonstrated to result in 
hyperactivation or inhibition of autophagy, respectively (reviewed by [ 39 ]). In this regard, there is the 
possibility that glutamine effect on autophagy may depend, at least in part, on downregulation of 
myostatin hyperexpression. This hypothesis, however, remains to be demonstrated. 

 The mechanisms underlying glutamine effectiveness in reducing myostatin hyperexpression and 
muscle/myotube atrophy are completely unknown. In this regard, a recent report suggests that the low 
myostatin expression that accounts for the double-muscle phenotype in Piedmontese cattles is associ-
ated with upregulation of microRNA-27b (miR-27b) [ 40 ]. The hypertrophy-promoting effect of miR- 
27b has previously been shown in cardiomyocytes (see references in [ 40 ]). Myostatin 3′-untranslated 
region contains a putative binding site for miR-27a and b, suggesting that modulating the expression 
of this microRNA could well result in regulation of myostatin levels. Consistently, myostatin hyper-
expression induced by glucocorticoid treatment appears to depend on downregulation of miR-27a and 
b [ 41 ] and/or upregulation of miR-1 [ 42 ]. No information are actually available about the expression 
of miR-27b in skeletal muscle atrophy, and no report link glutamine to the regulation of miR-27b. 
However, essential amino acid administration to human volunteers has been shown to result in upreg-
ulation of some miRs (1, 23a, 208b, 499, pri-miR-206), associated with decreased myostatin gene 
expression and increased follistatin mRNA levels in skeletal muscle biopsies [ 43 ]. In this regard, 
glutamine behaves as an essential amino acid exclusively during disease states (see above). 
Glucocorticoid-induced miR1 upregulation in muscle has been shown to result in reduced expression 
of the HSP70. The expression of this constitutively active, cytoprotective protein, is known to increase 
in stress conditions. Consistently, HSP70 hyprexpression results in protection against sarcopenia of 
aging or muscle damage, while reduced HSP70 levels have been reported in conditions characterized 
by skeletal muscle wasting. The protection afforded by HSP70 hyperexpression toward muscle wast-
ing could partially rely on its direct association with the glucocorticoid receptor in the cytoplasm, 
thereby preventing its nuclear translocation. When miR1 is upregulated, HSP70 levels are reduced, 
resulting in enhanced activation of the glucocorticoid receptor ([ 42 ] and references therein). Keeping 
in mind the data reported by Ma and coworkers [ 7 ], myostatin promoter contains several glucocorti-
coid responsive elements, thus reduced HSP70 expression could contribute to the increased expres-
sion of myostatin in glucocorticoid-treated skeletal muscle. Interestingly, glutamine has been shown 
to induce both transcription and synthesis of heat shock proteins [ 44 ], providing another possible 
mechanism to explain its effectiveness in inhibiting myostatin hyperexpression in glucocorticoid- 
treated skeletal muscle. 
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 Finally, glutamine has been proposed as an immunonutrient. The concept of immunonutrition 
derives from the observation that immune functions are frequently impaired in conditions characterized 
by malnutrition. The rationale of immunonutrition is to supply supranormal quantities of nutrients in 
order to achieve pharmacological effects via the enteral or parenteral route [ 44 ]. Previous observa-
tions have shown that glutamine is able to inhibit proinfl ammatory cascades such as those activated 
by lipopolysaccharide involving the TLR4, MyD88, and TRAF6 (reviewed in [ 44 ]). More recently, 
glutamine has been shown to inhibit IL-6 and TNFα in human monocytes stimulated with lipopoly-
saccharide. Glutamine-induced reduction of proinfl ammatory cytokines has also been reported in 
septic patients and in other stress situations such as postoperative period or pancreatitis ([ 45 ] and 
references therein). On this basis, a mechanistic hypothesis trying to explain the overall glutamine 
effects on the regulation of myostatin expression is proposed in Fig.  39.4 .   

    Conclusions 

 Glutamine is among the most studied amino acids. Plasma and muscle glutamine pools have been 
found to decrease in life-threatening conditions associated with muscle wasting such as sepsis, cancer 
cachexia, burn injury and trauma, while the expression of the muscle negative regulatory factor 
myostatin is frequently increased (see Table  39.1 ). Such an apparent inverse correlation between 
myostatin and muscle wasting on one side and the extent of glutamine pools on the other have sug-
gested that glutamine supplementation may prove effective in correcting both muscle depletion and 

  Fig. 39.4    Hypothetical mechanism by which glutamine supplementation could modulate myostatin expression. Local 
and/or systemic infl ammation may result in muscle wasting by activating intracellular pathways that lead to reciprocal 
interference among cytokines, glucocorticoids and reactive oxygen species. All of these enhance myostatin expression 
and eventually protein breakdown rates and muscle atrophy. Glutamine may exert a protective effect by inhibiting both 
the activity of infl ammation-driven transcription factors and cytokine production       
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myostatin hyperexpression. Indeed, improvement in clinical outcome and nitrogen balance has been 
reported when glutamine and glutamine-containing dipeptides are given to critically ill patients 
(see above). In addition, glutamine supplementation results in correction of myostatin hyperexpres-
sion in glucocorticoid or TNFα-induced muscle/myotube atrophy. The mechanisms underlying such 
effects are unknown at present, and a couple of hypotheses have been proposed in the present review. 
Another very interesting point is whether modulations of the myostatin pathway either follow or pre-
cede the activation of muscle protein breakdown that leads to tissue wasting. In this regard, treatments 
known to affect protein breakdown directly (glutamine supplementation; [ 4 ,  27 ]) or cytokine block-
ade (pentoxifylline) [ 3 ], are able to modulate myostatin expression/signaling pathway, suggesting that 
this factor can causally contribute to the hypercatabolic state. 

 Therefore, the evaluation of this signaling pathway as a target of nutritional strategies aimed at 
preventing or delaying the onset of muscle wasting is conceivable.     
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    Introduction 

 The role of glutamine in metabolism has been recognized for over 40 years. Glutamine is an essential 
nutrient for all rapidly proliferating cells and growing tissues, including cancer. Glutamine supple-
mentation may be benefi cial to patients with longstanding infl ammatory activity, who are not produc-
ing suffi cient quantities of glutamine. The availability of glutamine may be reduced by malnutrition or 
failure to meet the demands of imposed by critical illnesses [ 1 ]. This is supported by observations 
suggesting that glutamine supplementation may be benefi cial in critically ill patients, particularly those 
who have suffered trauma or burns. Although results are contradictory, some large multicentre studies 
have shown that glutamine may reduce infectious complications and improve insulin sensitivity [ 1 ]. 

 Examples of the applications of glutamine can be found in this book and also via the recommended 
resources in the tables below. 
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   Key Points 

•     Glutamine has signifi cant clinical value in modern medicine.  
•   This chapter lists the most up-to-date resources on the regulatory bodies, journals, books, profes-

sional bodies and websites that are relevant to an evidence-based approach to the use of glutamine.    
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 Tables  40.1 ,  40.2 ,  40.3 ,  40.4 , and  40.5  list the most up-to-date information on the regulatory bodies 
(Table  40.1 ), professional bodies (Table  40.2 ), journals (Table  40.3 ), books (Table  40.4 ), and websites 
(Table  40.5 ) that are relevant to an evidence-based use of glutamine in health and disease.

    Table 40.1       Organizations and regulatory bodies with interests in glutamine   

 American Association for Cancer Research 
   www.aacr.org/     
 American Society for Parenteral and Enteral Nutrition (ASPEN) 
   www.nutritioncare.org     
 British Association for Cancer Research 
   www.bacr.org.uk     
 Centers for Disease Control and Prevention 
   www.cdc.gov     
 Department of Health and Human Services 
   www.hhs.gov     
 European society for clinical nutrition and metabolism (ESPEN) 
   www.espen.org     
 Food and Drug Administration 
   www.fda.gov     
 Institute of Cancer Research 
   www.icr.ac.uk     
 Johns Hopkins School of Public Health 
   www.jhsph.edu     
 National Cancer Institute 
   www.cancer.gov     
 National Institutes of Health 
   www.nih.gov     
 Nutrition 
   www.nutrition.gov     
 SBNPE 
   www.sbnpe.com.br     
 US National Library of Medicine and National Institutes of Health 
   www.ncbi.nlm.nih.gov/pubmed     
 World Health Organization 
   www.who.int/en     

  This table lists the regulatory bodies and organizations relevant to glutamine  

    Table 40.2    Professional societies   

 American Association of Cancer Research 
   www.aacr.org     
 American Association of Immunologists 
   www.aai.org     
 American Cancer Society 
   www.cancer.org     
 American Chemical Society 
   www.acs.org     
 American Gastroenterological Association (AGA) 
   www.gastro.org     
 American Physiological Society 
   www.the-aps.org     
 American Society for Nutrition 
   www.nutrition.org     

(continued)
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 American Society for Neurochemistry 
 American Society for Parenteral and Enteral Nutrition 
   https://www.nutritioncare.org     
   AminoAcids.com     
   www.aminoacids.com/index.html     
 Brazilian Society of Food and Nutrition 
   www.sban.com.br     
 European Society of Intensive Care Medicine 
   www.esicm.org     
 European Wound Management Association (EMWA) 
   www.ewma.org/english.html     
 Federation of American Societies for Experimental Biology (FASEB) 
   www.fasebj.org     
 International Council on Amino Acids Science 
   www.icaas-org.com     
 International Society for Hepatic Encephalopathy and Nitrogen Metabolism 

(ISHEN) 
   www.ishen.org     
 Italian Society for Human Nutrition 
   www.sinu.it     
 Italian Society for Artifi cial Nutrition and Metabolism 
   www.sinpe.org     
 Nutrition Society 
   www.nutritionsociety.org     
 Sociedad Española de Nutrición Parenteral y Enteral (SENPE) 
   www.senpe.com     
 Società Italiana di Nutrizione Artifi ciale e Metabolismo 
   www.sinpe.org     
 Society for Inherited Metabolic Disorders 
   www.simd.org     
 Society for Nutrition Education and Behavior 
   www.sneb.org     
 Society of Nuclear Medicine 
   www.snm.org     
 Society on Sarcopenia, Cachexia and Wasting Disorders (SCWD) 
   www.cachexia.org     

  This table lists the professional societies involved with glutamine  

    Table 40.3    Journals on glutamine   

 Acta Cirúrgica Brasileira 
   www.scielo.br/scielo.php?script=sci_serial&pid=0102-8650&lng=

en&nrm=iso     
 American Journal of Clinical Nutrition 
   ajcn.nutrition.org     
 Am. J. Physiology GI and Liver Physiology 
   ajpgi.physiology.org     
 Amino Acids 
   www.link.springer.com/journal/726     
 BMC Cancer 
   www.biomedcentral.com/bmccancer     
 Cancer Cell 
   www.cell.com/cancer-cell     

Table 40.2 (continued)
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Table 40.3 (continued)

 Cancer Immunology, Immunotherapy 
   www.springer.com/medicine/oncology/journal/262     
 Cancer Research 
   cancerres.aacrjournals.org     
 Cell Metabolism 
   www.cell.com/cell-metabolism     
 Clin Dev Immunol 
   www.hindawi.com/journals/cdi/2012/749189     
 Clinical Hemorheology and Microcirculation 
   www.iospress.nl/journal/clinical-hemorheology-and-microcirculation     
 Clinical Nutrition 
   www.journals.elsevier.com/clinical-nutrition     
 Critical Care Medicine 
   journals.lww.com/ccmjournal     
 European Wound management (EMWA) Journal 
   ewma.org/english/publications/ewma-journal/latest-issues.html     
 Helicobacter 
   onlinelibrary.wiley.com/journal/10.1111/(ISSN)1523-5378     
 International Journal of Diabetes & Metabolism 
   ijod.uaeu.ac.ae     
 J Endocrinol Metab 
   jcem.endojournals.org     
 Journal of Immunology 
   jimmunol.org     
 Journal of Infectious Diseases 
   jid.oxfordjournals.org     
 Journal of Neurochemistry 
   onlinelibrary.wiley.com/journal/10.1111/(ISSN)1471-4159     
 Journal Nuclear Medicine 
   jnm.snmjournals.org     
 Journal of Nutrition 
   jn.nutrition.org     
 Journal of Nutrition and Metabolism 
   www.hindawi.com/journals/jnume/2011/617597     
 Journal of Nutritional Biochemistry 
   www.jnutbio.com     
 Journal of Parenteral and Enteral Nutrition 
   pen.sagepub.com     
 Journal of Physiology and Pharmacology 
   www.jpp.krakow.pl     
 Mediterr J Nutr Metab 
   www.springer.com/food+science/journal/12349     
 Metabolic Brain Diseases 
   link.springer.com/journal/11011     
 Neurotoxicology 
   www.journals.elsevier.com/neurotoxicology/CachedSimilar     
 Nuclear Medicine and Biology 
   www.sciencedirect.com/science/journal/09698051     
 Nutrition 
   www.nutritionjrnl.com     
 Nutricion Hospitalaria 
   www.nutricionhospitalaria.com     
 Toxicological Sciences 
   www.bioxbio.com/if/html/TOXICOL-SCI.html     

  This table lists the journals publishing original research and review articles 
related to glutamine  
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    Table 40.4    Relevant books   

 Abbas AK, Litchman AHH. Basic Immunology. Elsevier, 2006, USA 
 Campos ACL. Tratado de Nutrição e Metabolismo em Cirurgia, Editora Rubio, 2013, Brazil 
 Dink T. Global Perspective on Diabetic Foot Ulcerations. InTech Europe, 2011, Croatia 
 Hall JE. Guyton and Hall Textbook of Medical Physiology. Saunders, 2011, USA 
 Katz DL. Nutrition in Clinical Practice, 2nd Edition. Lippincott Williams & Wilkins, 2008, USA 
 Kindt TJ, Goldsby RA, Osborne BA. Immunology. W.H. freeman and Company, 2007, New York, USA 
 Mahan LK, Escott-Stump S, Raymond JL. Krause’s Food & the Nutrition Care Process. Saunders, 2011, USA 
 Mora J. Glutamine: Metabolism, Enzymology, and Regulation. Academic Press Inc., 1980, USA 
 Salway JG. Metabolism at a Glance. Blackwell Publishing Ltd, 2004, USA 
 Seyfried T. Cancer as a Metabolic Disease: On the Origin, Management, and Prevention of Cancer. John Wiley & 

Sons, Inc., 2012, USA 
 Tirapegui J. Nutrição, Metabolismo e Suplementação na Atividade Física (Nutrition, Metabolism and 

Supplementation on Physical Activity). Atheneu, 2012, Brazil 
 Tirapegui J. Nutrição - Fundamentos e Aspectos Atuais (Nutrition fundamentals and current aspects). Atheneu, 2006, 

Brazil 
 Hassinger DH, Sies H. Glutamine Metabolism in Mammalian Tissue, Springer Verlag, 1984, Germany 
 Waitzberg DL. Nutrição oral, enteral e parenteral na prática clínica. Editora Atheneu, 2009, Brazil 

  This table lists books on glutamine  

    Table 40.5    Relevant internet resources   

 Bioparadigms 
   www.bioparadigms.org     
 BodyBuilding.com, LLC 
   www.bodybuilding.com/fun/bbinfo.php?page=Glutamine     
 British Nutrition Foundation 
   www.nutrition.org.uk     
 Complementary Medicine 
   www.umm.edu/altmed/articles/glutamine-000307.htm     
 COSMIC 
   cancer.sanger.ac.uk/cancergenome/projects/cosmic     
 Critical Care Nutrition at the Clinical Evaluation Research Unit, Kingston 

General Hospital, Canada 
   www.Criticalcarenutrition.com     
 DISEASES 
   diseases.jensenlab.org     
 GenMANIA 
   www.genemania.org     
 HighWire 
   highwire.stanford.edu     
 Human Protein Reference Database 
   www.hprd.org/     
 KEGG Pathway 
   www.genome.jp/kegg/pathway.html     
 Livestrong Glutamine supplement 
   www.livestrong.com/glutamine/     
 National Institutes of Health grants: 
   www.nih.gov     
 NCI Gastric Cancer home page 
   https://www.google.com/#q=nci+gastric+cancer     
 Overview of the major metabolic pathways 
   www2.ufp.pt/~pedros/bq/integration.htm     

(continued)

40 Web-Based Resources and Suggested Readings

http://www.bioparadigms.org/
http://www.bodybuilding.com/fun/bbinfo.php?page=Glutamine
http://www.nutrition.org.uk/
http://www.umm.edu/altmed/articles/glutamine-000307.htm
http://cancer.sanger.ac.uk/cancergenome/projects/cosmic
http://www.criticalcarenutrition.com/
http://diseases.jensenlab.org/
http://www.genemania.org/
http://highwire.stanford.edu/
http://www.hprd.org/
http://www.genome.jp/kegg/pathway.html
http://www.livestrong.com/glutamine/
http://www.nih.gov/
https://www.google.com/#q=nci+gastric+cancer
http://www2.ufp.pt/~pedros/bq/integration.htm


532

            Acknowledgements   We would like to thank the following authors for contributing to the development of this resource: 
J. Ampuero, M. Aschner, K. Ban, G. Briassoulis, M.R. Ciriolo, A. Cooper, P. Costelli, J.F. Cunha Filho, K. Frauwirth, 
L. Gianotti, M.C.C. Gomes-Marcondes, C. Grewer, S. Hagen, I. Hammami, W. Hu, M. Jones, H. Kung, A. Le, 
C.H. Lehmann, P.R. Leitão de Vasconcelos, G. Mercadal, R.K. Rao, S. Sookoian, G.C. Teodoro, J. Tirapegui.  

   References 

     1.    Wischmeyer PE. Glutamine: mode of action in critical illness. Crit Care Med. 2007;35(Suppl):S541–4.    

 PESCADOR platform 
   cbdm.mdc-berlin.de/tools/pescador/     
 Pubmed 
   www.ncbi.nlm.nih.gov/pubmed     
 Purine and Pyrimidine Metabolism 
   library.med.utah.edu/NetBiochem/pupyr/pp.htm     
 Scielo 
   www.scielo.org     
 ToppGene Suite 
   toppgene.cchmc.org     
 Transporter Classifi cation Database 
   www.tcdb.org/     
 University of Maryland Medical Center 
   umm.edu/health/medical/altmed/supplement/glutamine     
 UpToDate 
   www.uptodate.com/home     
 Worthington Enzyme Manual 
   www.worthington-biochem.com/index/manual.html     

  This table lists some internet resources on glutamine  
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  A 
  AAV.    See   Adeno-associated virus (AAV)  

  Acid-base balance , 8, 324, 494   

  Acquired immunodefi ciency syndrome (AIDS) , 15, 328, 

334, 394, 516   

  Acute lymphoblastic leukemia (ALL) 

 asparagine , 89  

 pediatric , 105   

  Acute phase response , 5   

  Adeno-associated virus (AAV) , 418, 419   

  Adhesion 

 CD11b expression , 465  

 endothelial proteins , 448, 449  

 Gln/AlaGln administration , 388  

 glutamine , 389–390  

 intercellular molecule 1 , 343  

 intestinal venules , 388  

 lesions , 448  

 leukocyte–endothelial interactions , 389  

 leukocytes , 385, 388  

 LPS challenge , 388  

 mesenteric venules , 388  

 NF-κB , 470   

  Aerobic glycolysis 

 aberrant process , 78  

 cancer cells , 45  

 energy , 488  

 TCA cycling , 83, 481   

  Alanine , 4, 6–9, 12, 24, 30, 31  

 amino acids , 220  

 ammonia detoxifi cation , 224–225  

 blood-brain barrier , 224  

 transamination reactions , 222   

  Alanine aminotransferase (ALT) 

 as biomarker, metabolic derangement , 262  

 epidemiological and clinical data , 260, 261  

 serum levels , 260–262  

 transamination reactions , 259   

  Alanine production , 4, 9   

  Alanine transaminase (ALT) 

 and AST , 260  

 circulating levels , 259  

 coronary events , 260  

 enzymatic activity , 262   

  Alanyl-glutamine (Ala-Gln) , 17, 185, 186, 189, 190   

  Alanyl-glutamine dipeptide.    See     Glutamine dipeptide  

  Alternative therapies,  H. pylori  
 AA-induced injury , 361  

 dietary Gln , 361  

 gastric histopathology , 361  

 Gln supplementation , 362–363  

 hyperplasia histopathology , 361, 362  

 IL-1b expression , 361  

 infl ammation , 361, 362  

  L -glutamine , 358  

 protein nitration and enzyme inactivation, AA , 363   

  ω-Amidase , 39–41, 43–45   

  Amino acids 

 alanine , 220  

 BCAA , 502  

 description , 500  

 exchange , 60  

 fi bers type predominant , 503  

 glucogenic , 9  

 glutamine   (  see  Glutamine) 

 specifi city , 39, 47  

 transport 

 glutamate glutamine cycle , 33–34  

 glutamine , 22  

 physiological processes , 34  

 SAT   (  see  System A type transporter (SAT)) 

 SLC1 and SLC38 families , 22, 23  

 system ASC transporters   (  see  System ASC 

transporters) 

 system N transporters   (  see  System N transporters)  

  Aminoacrylate , 45, 46   

   α -Aminoadipate aminotransferase , 49   

  Aminoethylcysteine ketimine (AECK) , 47   

  Ammonia (NH 3 ) 

 ammoniagenesis , 29  

 assimilation , 364, 365  

 in cirrhosis , 231, 232  

 detoxifi cation , 224–225  

 formation , 8  
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 Ammonia (NH 3 ) (cont.)
glutamine uptake , 4  

 HE   (  see  Hepatic encephalopathy (HE)) 

 hyperammonemia effects , 223–224  

 intestinal glutaminase activity , 233  

 jejunum and via bacterial action in colon , 10  

 α-ketoglutarate , 37, 50  

 LOLA and SB role , 234  

 metabolism in brain , 222–223  

 MSC , 51  

 OGC test , 230, 231  

 portosystemic shunt , 233  

 production , 9  

 response , 231   

  Ammonia/ammonium (AA) 

 assimilation , 364–365  

 CSF glutamine , 432  

 cytotoxicity , 360–361  

 detoxifi cation pathways , 363  

 Gln/Glu , 364  

  GLUL  gene , 428  

 glutamine–glutamate–GABA cycle , 417  

 glutamine protects , 360–361  

 glutamine synthetase , 428  

 hepatic failure , 403  

  H. pylori  damages cells , 358, 361  

 NH 4 Cl , 360  

 RGM1 cells , 360  

 SHMT , 441   

  AN.    See   Artifi cial nutrition (AN)  

  Anaphase-promoting complex/cyclosome (APC/C) , 90   

  Anaplerosis , 6   

  Anaplerotic substrate , 3, 5, 6, 8–10   

  Anterior pituitary 

 adrenocorticotropic hormone (ACTH) , 70  

 follicle-stimulating hormone (FSH) , 70  

 growth hormone , 70  

 luteinizing hormone (LH) , 70  

 pars distalis and pars tuberalis , 70–71  

 prolactin , 70  

 thyroid-stimulating hormone (TSH) , 70   

  Antibiotics 

 infectious complications , 186  

 and protein restriction , 4  

 treatment, cost , 315   

  Anti-cancer immune response , 476, 477, 484   

  Anti-infl ammatory cytokines , 183  

 AP-1 , 470  

 HO-1 , 471  

 in  H. pylori  infection , 361  

 IL-1β induced production , 352  

 immune homeostasis , 352  

 iNOS , 470  

 NF-κB , 470  

 syndecan-1 , 471–472   

  Anti-myostatin approaches , 518–519   

  Antioxidant systems 

 glutathione , 453–454  

 in I/R kidney , 456–457   

  Arginase (ARG) , 360, 478   

  Arginine (Arg) 

 amino acid supplementation , 315, 316  

 benefi ts , 317  

 endogenous synthesis , 482  

 Gln dipeptide , 377, 379  

  L -arginine , 478, 479, 483  

 renal I/R , 455  

 small intestinal hypoxic injury 

 animal studies , 374  

 glutamine , 373  

 NO synthesis , 373  

 supplementation studies , 374–377   

  Arginyl-glutamine dipeptide 

 cytoprotective agent , 370  

 hypoxia-mediated gut injury , 370  

 “nonvital” organs , 370  

 pathophysiologic conditions , 370  

 premature infants , 370  

 small intestinal hypoxic injury   (  see  Small intestinal 

hypoxic injury)  

  Arteriovenous fl ux amino acids , 4   

  Arteriovenous fl uxes glucose , 8   

  Arteriovenous fl ux lactate , 8   

  Artifi cial nutrition (AN) , 159, 167   

  ASCT2 

 amino acid transport , 26  

 antisense RNA expression , 26  

 and ASC , 26  

 and ASCT1 , 404  

 astrocytes , 25  

 benzylserine , 25  

 blockers , 25  

 in brain , 25  

 cancer cells , 25  

 chloride with hydrophobic anions , 26  

 function , 27  

 glutamine transporters , 24  

 mRNA coding , 25  

 pharmacology , 24  

 regulation , 27  

 serine biphenyl-4-carboxylate blocked activity , 24  

 and SNAT3 , 404, 408, 410  

 stoichiometry and anion fl uxes , 26   

  Asparaginase , 89, 105, 106   

  Aspartate aminotransferase (AST) 

 and ALT , 259  

 as biomarker, metabolic derangement , 262  

 epidemiological and clinical data , 261  

 mitochondrial , 262  

 serum level , 260–262  

 in transamination reactions , 259   

  Aspartic acid , 3, 9   

  Astrocytes 

 Alzheimer type II astrocytosis , 222  

 GABAergic cells , 220  

 GDH , 222  

 glutamine synthesis , 223  

 oxidative stress , 223  

 PAG and GS , 220  

 swelling , 223   
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  ATP-dependent potassium (K ATP ) channels 

 chronic activation , 251  

 exendin- (9-39) administration , 248  

 as “gate-keeper”, insulin release , 247  

 hyperinsulinism (HI) , 247  

 protein-induced hypoglycemia , 247  

 protein-sensitive , 240   

  Autophagy , 102, 106, 523    

  B 
  Bacteraemia , 186   

  Bacterial translocation , 186, 324, 327–329, 463, 464, 

466, 469  

 Caco-2 monolayers , 376  

 GLN supplementation , 384  

 gut barrier function , 386  

 intestinal I/R injury , 463  

 and leukocyte activation , 385  

 mucosal integrity , 385  

 tissue hypoxia , 385   

  Barrier function.    See   Gut barrier function  

  Basal 

 autophagy , 102  

 breast cancer cells , 89  

 GLS2 level , 93  

 glutamine targeting therapy , 96  

 and luminal cancers , 91  

 luminal cells , 88  

 Myc , 92–93   

  BCAA.    See   Branched-chain amino acids (BCAA)  

  Binding 

 AECK , 47  

 alanine , 31  

 inhibitor benzylserine in ASCT2 , 25  

 Na +  binding site , 26, 29, 31, 32  

 SNAT1 , 31  

 SNAT2 , 31, 32  

 sodium , 31   

  Biomarkers 

 ALT   (  see  Alanine aminotransferase (ALT)) 

 AST   (  see  Aspartate aminotransferase (AST))  

  Body composition , 493   

  Bolus , 190   

  Books , 531   

  Bowel integrity , 3, 17   

  Bowel permeability , 13–14   

  Brain injury , 182, 186   

  Branched-chain amino acids (BCAA) 

 abnormal circulating concentrations , 257  

 high-throughput metabolomics , 258  

 and metabolites , 258  

 skeletal muscle tissue , 502, 503   

  Breast cancer 

 “basal”-type , 92–93  

 GLS1, GLS2 and GS , 91–92  

 glutamine synthetase and glutaminase , 94  

 “luminal”-type , 93–94  

 metabolic symbiosis , 94–95   

  3-Bromopyruvic acid (3-BrPA) , 107–108   

  Burn injury , 184, 324, 328, 329, 334    

  C 
  Cachexia , 490–493, 519   

  Caco-2.    See   Colon adenocarcinoma cell line (Caco-2 )  

  Cancer 

 anticancer properties , 49, 50  

 ASCT2 , 25  

 cachexia metabolic changes , 490–493  

 cells 

 3-bromopyruvate , 107–108  

 ETC , 100  

 glutamine fuels , 101–103  

 glutamine-related enzymes , 103–104  

 glutamine synthetase (GS) , 101  

 targeting glutamine metabolism , 104–106  

 “Warburg effect”/ “aerobic glycolysis” , 100–101  

 “double-edged sword” , 45  

 immunohistochemical staining , 43  

 immunosuppression   (  see  Cancer immunosuppression) 

 infl ammatory state , 16  

 non-cancerous cells , 45  

 non-depleted colorectal , 11  

 physical activity , 493–496  

 plasma glutamine levels , 13  

 SELECT , 50  

 stress starvation , 9  

 TCA cycle , 45   

  Cancer-cachexia metabolic 

 blood glucose level , 490–491  

 body pathophysiological changes , 490  

 carbohydratemetabolism , 491  

 fat body, energy stock , 491  

 glucosedemand , 491  

 lipid metabolism , 492  

 nutrient intake , 490  

 protein metabolism , 492–493  

 protein spoliation , 492  

 protein synthesis , 492   

  Cancer immunosuppression 

 anti-tumor-specifi c immune function , 476, 477  

 cancer patients nutritional status , 476  

 clinic application, Gln-based strategies , 483, 484  

 cross-regulation 

 Arg and Gln , 482  

 Gln and iNOS regulation , 481–482  

 cytokine production and Gln , 482–483  

 direct effects and indirect effects , 483, 484  

  L -Gln metabolism , 480–481  

 MDSCs , 478–479  

 mechanism strategy , 477–478  

 MHC and adhesion/co-stimulatory molecules , 

479–480  

 Tregs immunosuppressive , 478  

 tumor immunesurveillance concept , 477   

  Carbohydrate physiopathological changes , 490, 491   

  Cardiovascular risk , 256, 258   

  CASP.    See   Colon ascendens stent peritonitis (CASP)  

  Catabolic , 183, 184   

  Catabolism , 182, 183   

  Cataplerosis , 5, 7   

  C2C12 , 516, 521–523   

  Cell proliferation , 10, 15   

Index



536

  Cell signalling , 324, 326, 490   

  Cell swelling , 10   

  Central nervous system (CNS) 

 dysfunction , 416  

 glutamine (Gln) , 402, 403, 416  

 glutamine-glutamate-GABA cycle , 417  

 Mn transport , 406   

  Chemopotentiation , 109   

  Chemoprevention , 49   

  Chemotherapy , 105, 296, 394, 493, 495   

  Children 

 critically ill   (  see  Critically ill children) 

 GDH , 242  

 SCHAD , 244   

  Chronic encephalopathy , 432, 435   

  Chronic hyperammonemia , 434, 435   

  Cirrhosis 

 glutamine deamidation , 231  

 and HE , 231  

 OGC test   (  see  Oral glutamine challenge (OGC)) 

 survival prognosis , 233   

  Citrulline , 4   

  Claudin , 329–331   

  CNS.    See   Central nervous system (CNS)  

  Collagen , 9   

  Colon adenocarcinoma cell line (Caco-2 ) 

 acetaldehyde, barrier disruption , 329, 330  

 glutamine synthetas , 327  

 and IEC-6 , 326  

 tight junctions , 331–333   

  Colon ascendens stent peritonitis (CASP) , 385   

  Compartmentalization 

 amino acid concentration , 143, 144  

 dose-response relationship , 149–150  

 measurements, glutamine rate , 144  

 refl ection, amino acid fl uxes , 144, 145   

  Compensatory anti-infl ammatory response syndrome 

(CARS) , 183   

  Complications 

 abdominal surgery , 155  

 CRP levels , 298  

 CVD , 261  

 gastrointestinal , 214  

 glutamine supplementation, mortality 

and SOFA , 186  

 non-infective , 308  

 rate , 159  

 sepsis   (  see  Sepsis) 

 TPN , 160   

  Continuous 

 glutamine , 434  

 LPS , 128  

 TCA cycle , 102   

  Cori-cycle , 8, 9   

  Cotransport , 26, 28–30, 33   

  Counter-regulatory hormones , 183   

  C-reactive protein (CRP) , 187–189   

  Critical illness , 14, 15, 17  

 anti-infl ammatory effect , 161  

 antioxidant activity , 162  

 clinical outcomes, ICU , 162–165  

 glucose metabolism and insulin sensitivity , 

161–162  

 glutamine depletion , 211–212  

 glutamine dipeptide , 150  

 HSP70 , 210  

 hyperglutaminemia , 147  

 ICU admission , 146  

 liver, metabolic pathways , 130  

 metabolic changes, trauma , 183–184  

 multiple trauma   (  see  Multiple trauma) 

 muscle catabolism , 182  

 pool sizes, free glutamine , 144  

 potential benefi cial effects , 160–161  

 potential functions and mechanisms , 184, 185  

 prevention, gut failure , 161  

 safety, glutamine supplementation , 184–185  

 standard mortality ratio , 146  

 tissue protection , 161   

  Critically ill children 

 amino acids , 208  

 glutamine depletion , 211–212  

 HSP70 , 210–211  

 immunonutrition , 214  

 infants, glutamine supplementation , 212–213  

 infl ammatory response , 209–210  

 nutrition support , 209  

 organs and skeletal muscle , 208–209  

 paediatric sepsis , 209  

 preterm and ELBW , 213–214   

  Critically ill patients 

 glutamine dipeptide   (  see  Glutamine dipeptide) 

 insulin sensitivity   (  see  Insulin sensitivity)  

  μ-Crystallin (CK) , 47, 48   

  C-type glutaminase (CGA) , 230   

  C-X-C motif ligand 1 (CXCL1) , 378   

  Cyclic adenosine monophosphate (cAMP) , 47   

  Cyclic ketimines , 47–48   

  Cystathionine-γ-lyase , 47, 48, 50   

  Cystathionine ketimine (CysK) , 47, 48   

  Cysteine  S -conjugate β-lyases 

 aminoacrylate , 45  

 bioactivation , 46  

  CCBL1  , 47  

 GTK and GTL , 47  

 imino acid , 45  

 mammalian tissues , 47  

 Michael nucleophile , 46  

 nucleofuge , 45  

 PLP-containing enzymes , 45–46  

  S - (1,2-dichlorovinyl)- L -cysteine (DCVC) , 46  

  Se -conjugates , 48  

  S - (1,1,2,2-tetrafl uoroethyl)- L -cysteine (TFEC) , 46  

 structure XCH 2 CH (NH 3  
+ )CO 2 ̄  , 46  

 trichloroethylene and tetrafl uoroethylene , 46   

  Cytokine 

 anti-infl ammatory , 352  

 chemotactic protein-1 , 467  

 Crohn’s disease and ulcerative colitis , 342  

 expression in  H. pylori  , 361  
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 HO-1 expression , 471  

  in vitro  cytokine-induced injury models , 353  

 IL-4 , 343  

 innate immune system , 342  

 NFκB-controlled infl ammatory , 343  

 production , 390–391  

 pro-infl ammatory   (  see  Pro-infl ammatory cytokines) 

 T-cell , 343  

 T H 2 , 343  

 Tregs immunosuppressive , 478   

  Cytotoxin , 358, 359    

  D 
  Deoxyribonucleic acid (DNA) 

 binding activity , 522  

 chromatin condensation , 408  

 methylation , 91  

 and polyamine synthesis , 145  

 and RNA replication , 317   

  Depletion 

 glutamine levels , 182  

 intracellular and plasma , 184   

  Dextran sulfate sodium (DSS) , 350, 352, 353   

  Diabetes 

 arginine, glutamine and HMB , 316  

 mellitus 

 GABA shunt , 251  

 hydrolysis, glutamine , 268, 270  

 NIDDM , 15, 270  

 plasma metabolic profi ling , 257  

 T2DM , 234, 257  

 type 2 , 200, 315   

  Diabetic foot ulcers 

 description , 314  

 diabetic wounds , 314–316  

 metabolic response , 318–319  

 surgical wounds , 317–318   

  Diabetic wounds 

 amino acid supplementation , 315–316  

 favorable  vs.  unfavorable wounds , 314, 315  

 glutamine, arginine and HMB , 316, 317  

 metabolic response , 318–319   

  Dietary supplements , 316   

  Dipeptide , 184, 185  

 arginyl-glutamine dipeptide   (  see  Arginyl-glutamine 

dipeptide) 

 intestinal microcirculation   (  see  Intestinal 

microcirculation) 

  L -alanyl- L -glutamine , 384   

  Dipeptide-bound glutamine 

 intestinal microcirculation   (  see  Intestinal 

microcirculation) 

 in sepsis   (  see  Sepsis)  

  Dose 

 glutamine dipeptide , 184  

 MOF , 191  

 plasma glutamine levels , 185   

  Double-blind (DB) , 187–189   

  DSS.    See   Dextran sulfate sodium (DSS)  

  Dysregulated metabolism , 89    

  E 
  EGF.    See   Epidermal growth factor (EGF)  

  ELBW.    See   Extremely low birth weight (ELBW)  

  Electrogenic transport , 28, 31, 33   

  Electroneutral transport , 26   

  Electron transport chain (ETC) , 100   

  Electrophysiology , 26   

  β-Elimination reactions 

 β-chloro- L -alanin , 46  

 cysteine  S -conjugates , 46  

 γ-elimination reactions , 50  

 MSC , 49  

 non-physiological , 37  

 PLP , 45, 50  

 selenocysteine  Se -conjugates , 48   

  Endocrine organs 

 glutamate in adrenal glands , 70  

 pituitary gland , 70–71   

  Endothelial cells 

 coronary , 385  

 dipeptide Arg-Gln , 379  

 ET-1–NO interaction , 371  

 Gln-treated rat aortic , 393  

 HUVECs , 389  

  in vitro  , 390  

 and leukocyte interactions , 385, 391, 394  

 vascular , 363   

  Endothelium , 385, 390, 393   

  Endotoxemia 

 coronary capillaries , 385  

 Gln and AlaGln in rats , 386  

 and glutamine 

 in intestine , 126–127  

 in liver , 130–131  

 in lung , 132–135  

 skeletalmuscle , 132  

 supplementation , 128–129  

 intestinal barrier function , 324, 327, 328  

 intestinal mucosal injury , 352  

 pro-infl ammatory cytokine , 391  

 TNF in animals , 392   

  Endotoxin , 7, 8, 14, 15   

  Energy expenditure , 189, 190   

  Enhanced green fl uorescent protein  (eGFP) , 418, 419   

  Enteral administration , 17   

  Enteral feeding , 374   

  Enteral, glutamine supplementation , 213–214   

  Enteral nutrition (EN) , 181, 185–189  

 Caco-2 cell monolayers , 331  

 intestine , 325  

  L -glutamine 

 glycolytic metabolism , 175–176  

 immune system , 173–174  

 and immunonutrients, intensive care , 176–177  

 intestinal barrier , 175  

 oxidative stress , 174  

 sepsis , 170–173   

  Enterocyte 

 fuel , 327, 329  

 growth , 326  

 progenitor cells , 325   
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  Entero-endocrine  L -cells , 278, 280   

  Epidermal growth factor (EGF) , 326, 331, 333   

  Epilepsy 

 chronic diphenhydramine treatment , 422, 423  

 chronic neurological disorders , 420  

 GABA defi cit , 422  

 GLT-1 and GLAST , 423  

 GS   (  see  Glutamine synthetase (GS)) 

 microdialysis studies , 420  

 MSO , 421–422  

 MTLE , 420–421  

 seizures , 420  

 TLE , 420   

  Epithelium 

 gut barrier function , 327–329  

 tight junctions , 329–334   

  Ergogenic nutrient , 488   

  Essential amino acid (EAA) , 17, 184, 188   

  Euglycemic hyperinsulinemic clamp , 196–199   

  Evidence, websites , 528–532   

  Evoked inhibitory post-synaptic currents (eIPSCs) 

 amplitudes , 419  

 GABA , 422   

  Exercise 

 adjuvant therapeutic modality , 488  

 energy reserves , 488  

 physical activity , 493–496  

 physiological adaptations , 488–490   

  Expression level 

 ASCT2 , 27  

 SNAT2 , 32   

  Extremely low birth weight (ELBW) , 213–214, 374    

  F 
  Fatty acid oxidation , 9, 15   

  Fatty acid synthase (FAS) , 9, 10, 90, 106   

  Fatty liver , 256, 261   

  FCD.    See   Functional capillary density (FCD)  

  Fc receptor (FcγRI/CD64) , 190   

  Fetal metabolic programming , 272–273   

  First-pass elimination , 145–146, 149   

  Foot ulcer.    See   Diabetic foot ulcers  

  Free fatty acids oxydation , 196   

  Free radicals (FR) antioxidants 

 cell injury , 447  

 electrons layers 

 molecular oxygen , 450  

 superoxide radicals (O 2 ) , 450, 451  

 formation of hydroxyl radicals , 452  

 gastrointestinal injury , 371  

 H 2 O , 451  

 hydrogen peroxide , 452  

 metabolic pathway , 448  

 oxidation-reduction reactions , 450  

 oxygen/ROS , 447  

 reactive pathogenic agents , 451  

 ROS , 451, 452  

 superoxide , 448, 452  

 TAC , 456  

 tetravalent reduction of molecular oxygen (O 2 ) , 451  

 TROS , 451   

  Functional capillary density (FCD) , 385–387    

  G 
  γ-Aminobutyric acid (GABA) 

 GGC , 404–405  

 and glutamate , 428  

 and glutamatergic neuron, metabolic interactions , 221  

 glutamine–glutamate , 416–423  

 immune system , 173  

 shunt in insulin secretion 

 description , 221  

 and GDH interaction , 250  

 in SUR1-KO mice , 251  

 in type 2 diabetic human islets , 251   

  Gamma- L -glutamyl- p -nitroanilide (GPNA) , 107   

  Gastric and duodenal ulcers , 359   

  GATA3 , 88, 93–95   

  GDH.    See   Glutamate dehydrogenase (GDH)  

  Genome-Wide Association Studies (GWAS) , 271–272   

  γ-Hydroxybutyrate (GHB) , 251, 252   

  Glasgow Coma Scale (GCS) , 189   

  GLDH/GDH.    See   Glutamate dehydrogenase 

(GLDH/GDH)  

  GLN.    See   Glutamine (GLN)  

  GLS.    See   Glutaminase (GLS)  

  Glucagon-like peptide-1 (GLP-1) 

 cAMP and asparagine , 281  

 C-peptide , 284  

 diabetes and hyperglycemia , 278  

 entero-endocrine secretion , 278  

 gastric emptying , 285–286  

 GIP and insulin , 286  

 GLP-1 and insulin , 281–282  

 GLP-1 secretion , 279–280  

 glutamine ingestion , 283  

 incretin synthesis and secretion , 278  

  L -glutamine , 280  

 oral glutamine doses , 287–289  

 plasma glucagon concentrations , 285   

  Gluconeogenesis , 7–9, 31   

  Glucose defi cient microenvironment , 82   

  Glucose-independent glutamine-driven TCA cycle 

 cancer , 78  

 glycolysis , 78  

 lymphoma B cell   (  see  Lymphoma B cell) 

 Warburg effect , 78   

  Glutamate (Glu) 

 alpha-ketoglutarate and ammonia , 501  

 ammonia, incorporation , 222  

 concentration , 503–504  

 dehydrogenase   (  see  Glutamate dehydrogenase 

(GLDH/GDH)) 

 and fetal metabolic programming , 272–273  

 GGC   (  see  Glutamine-glutamate-GABA cycle (GGC)) 

 and glutamine cycle , 33–34, 221  

 GSH synthesis , 505  

  L -glutamate , 503–504  
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 metabolism in brain , 220–221  

 and  15 N , 243  

 oxidative deamination , 242  

 parenteral glutamine supplementation , 185  

 rotransmitters , 403  

 synthesis , 503  

 transamination reactions , 259   

  Glutamate-ammonia ligase (GLUL) , 88, 101, 255, 270, 

271, 428–430   

  Glutamate-aspartate transporter (GLAST) 

 and EAAT1 , 404  

 and GlnT-1 transporters , 405, 407  

 Mn-induced downregulation , 408  

 and PKC isoforms , 408   

  Glutamate cysteine ligase (GCL) , 438   

  Glutamate decarboxylase (GAD) , 417, 418   

  Glutamate dehydrogenase (GDH) , 222, 224, 225, 417, 

418, 423   

  Glutamate dehydrogenase (GLDH/GDH) , 364  

 bovine , 246  

 dehydrogenase 1 (GLUD1) , 263, 265  

 dehydrogenase 2 (GLUD2) , 270, 271  

 EGCG inhibition , 246  

 enzymatically catalyzed chemical reactions , 222  

 and GABA shunt , 250  

 gain of function and insulin secretion , 242–243  

 glutaminolysis , 240  

 H454Y GDH mutation , 243–244  

 reaction , 45  

 “run-down” phenomenon , 241–242  

 SCHAD-GDH interaction , 244–245  

 TCA cycle , 45, 80, 81   

  Glutamate–glutamine cycle , 33–34, 220, 221   

  Glutamate receptor 

 GluRs , 69  

 G protein-coupled receptor , 69  

 ionotropic receptor , 69  

 neurochemical mechanisms , 68–69   

  Glutamate transport , 24, 26, 33, 34   

  Glutamate transporter (GLT1) 

  H. pylori  , 363, 364  

 and manganese (Mn) , 407–408   

  Glutamic acid 

 amidation , 6  

 anaplerosis , 6  

 cells/growing tissues , 7  

 fl uxes, glutamine and alanine , 8  

 genes/proteins , 263–265  

 glucose , 3, 5  

 glutathione synthesis , 10  

 hepatic , 9  

 α-oxoglutarate , 3  

 starvation , 9   

  Glutaminase 2 (GLS2) 

 expression position, kidney type , 93  

 glutamine transporter , 72  

 mRNA expression , 73  

 text mining , 268–269   

  Glutaminase (GLS).    See also  Glutaminase activity 

 ammonia production after OGC , 233  

 in cirrhosis , 231  

 drugs , 234  

 glutaminase II pathways , 40, 41, 43  

 and glutamine synthetase , 94  

 mitochondrial , 230  

 phosphate-dependent (PDG) , 240–242  

 reaction, rat tissues , 38–39  

 in skeletal muscle cells , 501   

  Glutaminase activity 

 ammonia production , 234, 235  

 asparaginase , 105  

 drugs tested with OGC , 234  

 intestinal mucosal , 128  

 OGC test , 232–233  

 skeletal muscle , 132   

  Glutaminase II pathway , 40, 43–45   

  Glutaminase inhibition , 82   

  Glutaminase inhibitors , 82, 107, 234, 481   

  Glutamine (Gln) 

 abundant amino acid , 447  

 administration , 17  

 ammonia, HE , 219–225  

 applications 

 books and internet resources , 531–532  

 journals , 529–530  

 organizations and regulatory bodies , 528  

 professional societies , 528–529  

 arginine and HMB , 316, 317  

 cancer immunosuppression   (  see  Cancer 

immunosuppression) 

 catabolic states , 520  

 C2C12 myoblast , 521  

 cell signaling pathways , 500  

 cells, immune system , 56–57  

 clinical signifi cance , 334–335  

 CNS , 402, 403, 416  

 critical illness , 160–165  

 critically ill children , 207–215  

 deamidation , 363, 364  

 defi ciency , 4, 16  

 degradation , 11  

 development, gastrointestinal tract , 325  

 and diabetic wounds , 314–316  

 dipeptides and cocktails , 294–295  

 elective surgery, intensive care , 155–160  

 enteral nutrition and immunonutrients , 176–177  

 and epilepsy   (  see  Epilepsy) 

 epithelial tight junctions , 329–334  

 gastrointestinal mucosa , 325  

 GGC   (  see  Glutamine-glutamate-GABA cycle (GGC)) 

 GLP-1   (  see  Glucagon-like peptide-1 (GLP-1)) 

 glucocorticoid administration , 521  

 and glutamine–glutamate-GABA cycle , 416–420  

 glycolytic metabolism , 175–176  

 gut barrier function , 327–329  

 immune system , 57–58, 173–174  

 immunonutrition , 524  

 infl ammation   (  see  Infl ammation) 

 and insulin secretion   (  see  Insulin secretion) 

 insulin sensitivity , 527  
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 Glutamine (Gln) (cont.) 
 intestinal barrier , 175  

 intestinal mass , 325–326  

 intracellular concentration , 11  

 I/R injury   (  see  Ischemia–reperfusion (I/R)) 

 leukocytes , 56, 59–63  

 levels hepatic failure , 11  

  L -glutamine , 324  

 macrophages , 56–57  

 mechanisms of action , 154, 155, 440–442  

 metabolism , 40, 43  

 metabolism and functions, skeletal muscle 

 BCAA , 502, 503  

 catabolic situations , 504–505  

 cell growth and maintenance , 500  

 concentration , 501  

 de novo synthesis , 502, 503  

 description , 500  

 glutaminase , 501  

 glutamine hydrolysis , 501  

 glutaminolithic pathways , 500  

 glutathione depletion , 505  

 GSH , 504–506  

 HSF-1 , 506  

 HSPs , 505–506  

 immune system cells , 501  

 insulin growth factors (IGFs ) , 504  

 muscle fi ber type predominance , 503  

 oxidative stress , 504, 505  

 oxygen and nitrogen reactive species , 504, 505  

 stress-sensitive proteins , 506  

 synthesis and degradation , 501, 502  

 and Mn transport , 403–404  

 MODS and mortality , 155  

 and myostatin , 520–524  

 neutrophils , 57  

 nitrogen transport , 520  

 non-toxic nitrogen carrier , 10  

 osmolyte , 10  

 oxidative stress , 174  

 and palatoplasty , 295–298  

 parenteral infusion , 9, 17, 18  

 pathophysiologic conditions , 326  

 physical activity , 493–496  

 production , 14, 16  

 proinfl ammatory cytokines , 524  

 protective effects , 154  

 protective mechanisms , 160, 161  

 reduce infectious complications , 527  

 and renal ischemia/reperfusion , 455–457  

 sepsis , 170–173  

 sources , 13  

 status , 18  

 supplementation   (  see  Glutamine supplementation) 

 and surgical wounds , 317–318  

 synthetase (GS) , 416  

 transporters , 58–59  

 trauma , 295  

 vertebrate immune system , 56   

  Glutamine ammonia ligase gene  (GLUL  gene) , 428–430   

  Glutamine and glutamic acid 

 description , 68  

 on endocrine organs   (  see  Endocrine organs) 

 glutamate receptor , 68–69  

 in pars distalis , 71  

 pars tuberalis , 72–74   

  Glutamine and metabolic imaging 

 intracellularmetabolism , 114–115  

 PET imaging , 115–122   

  Glutamine depletion , 184   

  Glutamine dipeptide 

 and insulin sensitivity , 195–204  

 gluconeogenesis , 196  

 glucose metabolism , 196–197  

 glycaemia , 201–202  

 hyperglycaemia , 196  

 insulin sensitivity   (  see  Insulin sensitivity) 

 time-series analysis , 202–203  

 variability and dynamics, glycaemia , 200–201  

 parenteral nutrition , 301–310   

  Glutamine fuels 

 ammonia , 102  

 asparaginase , 105  

 autophagy in cancer , 102–103  

 enzymes, cancer cells , 103–104  

 function , 102  

 nitrogen , 101–102  

 PA/PB , 105  

 TCA cycle , 102   

  Glutamine-glutamate-α-ketoglutarate (Q-E-αKG) , 

240, 250, 252   

  Glutamine-glutamate-GABA cycle (GGC) 

 ammonia metabolism , 417  

 astrocytes and neurons , 402, 404, 405  

 astrocytic glutamine synthesis , 418  

 carriers transporting , 404–405  

 CNS , 417  

 components , 423  

 concentration of vesicular GABA , 418–419  

 concentrations ( μM), amino acids , 416–417  

 eGFP , 418  

 and epilepsy   (  see  Epilepsy) 

 GABAergic neurons , 418  

 glutamatergic neurons , 417  

 GS , 417, 420  

 and Mn   (  see  Manganese (Mn)) 

 MSO , 418  

 muscle stores , 423  

 Na + -dependent glutamate transporters , 418  

 PAG , 417  

 and potential sites , 405  

 TCA , 418  

 VGLUT , 417–418   
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  Glutathione antioxidant system , 453–454   
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  Glycaemia variability , 200–201   
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 lymphocytes and macrophages , 173, 176–177   
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  Intestinal microcirculation 
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 Metabolic syndrome (MS) (cont.) 
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 C2C12 myocytes , 521, 522  
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 Perioperative glutamine dipeptide (cont.) 
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