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Preface

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 efficacy that glutamine alone.
Furthermore the efficacy of conjugated glutamine is enhanced when administered in complex cock-
tails that may contain other nutraceuticals. The science of glutamine is thus complex, and finding all
the relevant information in a single source has hitherto been problematic. This is however addressed
in Glutamine in Clinical Nutrition.
It has five major sections:

Section 1: Basic Processes at the Cellular Level and in Animal Models
Section 2: Glutamine Use in Critically Il 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 deficiency, 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 field, and trendset-
ters. Emerging fields 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 figures; (6) identification 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 findings 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; define 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 field, discuss their own research, and relate the research findings 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 exemplifies 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, inflammation, chronic diseases, and fetal development make
it sufficiently 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 figures, 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

vii
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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 first
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 fields 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 first 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 five 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 identified using ani-
mal models. The first 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 insufficient to maintain muscle mass. Tables and figures 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 figures 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 influx and efflux 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
figures 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. Specific 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 fifth chapter examines the roles of the glutamine transaminases. The authors describe and
include important figures 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 significantly 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 find cancer drug candidates. Because
glutamine is so central to normal cell function, there has been limited success in finding a drug candi-
date that provides an acceptable risk:benefit ratio; however, research continues. Chapter 9 expands
upon the role of glutamine in cancer cells by exploring the diagnostic potential of this activity to find
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 influences 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 final chapter in the first 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 modifies 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 inflammation. In the lung, glutamine supplementation attenuated pulmo-
nary inflammation 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 first 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 figures 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 benefit.

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 inflammatory 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 significantly,
remaining low for up to 21 days, and are associated with increased morbidity and mortality. Data have
consistently shown benefits 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 findings are inconsistent.
Differing routes of administration, dose, degree of illness, and cause of childhood illnesses may be
some of the reasons for the inconsistent findings. Further clinical studies that are randomized and
double blind, of sufficiently long duration, and with a physiologically efficacious dose of glutamine
for preterm infants are recommended as a first step in developing criteria for use in this patient popula-
tion that is known to be at significant 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
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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 final 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 first 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-a-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 figures 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
proinflammatory states, and polycystic ovarian syndrome. The pathogenesis of the metabolic syn-
drome is linked to insulin resistance. The first link between the metabolic syndrome and glutamine/
glutamate is the finding of significantly 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 figures 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 beneficial 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 significantly 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 identified 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 five 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 influence of glutamine on tight junction integrity in the
intestinal epithelium. Chapter 25 includes useful figures 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 inflammatory bowel
disease (IBD) is an idiopathic chronic condition of the gastrointestinal tract characterized by intermit-
tent periods of inflammation and remission. The pathogenesis of IBD includes interactions between
genetic, enteric microbiota, environmental, and immunological factors. The anti-inflammatory and
immunoenhancing functions of glutamine have led to its use in animal models of this complex dis-
ease. Although benefits 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 finding that
H. pylori can use glutamine as an energy source and that glutamine supplementation in H. pylori
models actually enhanced inflammation, 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 deficiencies as
the placenta is no longer supplying amino acids and the stressed preterm infant may not be able to
synthesize sufficient 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 final 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 beneficially affects intestinal microcirculation include maintenance of functional
capillary density, microvascular integrity, enhancement of leukocyte rolling, and adherence to intesti-
nal microcirculation. Glutamine also influences 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 benefit from glutamine supplementation or are a
consequence of disruption in glutamine metabolism. The first three chapters examine the importance
of glutamine in the human brain and the adverse consequences to disruption in normal glutamine
levels. The first 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 beneficial 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 significantly 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 significantly 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 benefit 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
inflammatory 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 inflammation, 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 beneficial 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/
benefits 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 benefits immune
cells and reduces the function of tumor cells. Yet, the potential to reduce systemic glutamine levels has
not proven to be efficacious, 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 benefit 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 significant 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 inflammatory
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 inflam-
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 inflammatory 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 findings consistently point to the potential for glu-
tamine supplementation to either reduce the adverse effect or, in some instances, improve clinical
outcomes. The final 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 benefits as a supplement for certain patient populations. Each chapter
includes Key Points, Keywords, and complete definitions of terms with the abbreviations fully defined
for the reader and consistent use of terms between chapters. Key features of this comprehensive volume
includes over 200 detailed tables and informative figures, 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 specifically 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 figures 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 significantly 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., FA.C.N., FA.S.N.
Series Editor
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Chapter 1
Glutamine Structure and Function: A Starter Pack

Peter B. Soeters

Key Points

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

* Glutamine is an anaplerotic substrate. Its breakdown yields glutamic acid and subsequently
a-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-
eficial effects on infections and bowel integrity in inflammatory 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.

Keywords Glutamine metabolism ¢ Anaplerosis * Cataplerosis * Redox status ¢ Cell proliferation
¢ Glutamine production * Inflammatory activity * Glutamine administration ® Glutamine status
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Abbreviations

ICW Intracellular water

AIDS Acquired immunodeficiency syndrome
NIDDM  Non-insulin-dependent diabetes mellitus
Rd Rate of disposal

Ra Rate of disappearance

NADPH Reduced nicotinamide adenine diphosphate
NH, 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,, 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 specified. 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 detoxification 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 flow. 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 influenced 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 findings 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] Benefit 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 deficiency [9]. Basic research and clinical applica-
tion of modulated nutritional formulas have simultaneously been undertaken before metabolism
had been clearly defined and shortages confirmed. Still today modulated feeds are administered
without full knowledge of their metabolism. In several publications, the benefit of the supplementa-
tion of glutamine has been postulated to result from different mechanisms without apparent
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Table 1.1 Proposed roles of glutamine in stressed states (infection, trauma,
inflammation, 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-inflammatory
Attenuation of NF-kB/stress kinase activation
Enhanced peroxisome proliferator-activated receptor-y 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

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 deficient and how to assess this, and
situations in which supplementation with glutamine may be beneficial, 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;. Glutamate in turn is either transformed to
a-ketoglutarate by means of its dehydrogenase or transaminated to equally yield a-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,
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inside the blue box shows the “R-group” responsible for the specific 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.
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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)

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
specified 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 a-oxoglutarate. Alanine, produced in muscle after transamination of
glucose derived pyruvate and the amino group of glutamic acid, is the major gluconeogenic amino
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permission [11])

Pyrimidines

Oxaloacetate

L Malate et Malate

&
#

~

“u

m Fifutate

Fumarate

Malate <= Oxaloacetate 4—|—D
Citrate 1

Fatty acids, amino acids

Acelyi-0A o = = -

Acetyl-coA

Malonyl-coA

Succinate

Citrate
bsocitrate
Arginine
Proline
€0,
e e  Glutamate
oy
) Purines
Succin! CoA
— —

Mitochondrial Membrane

pmol.kg bw-1.h-1

pmel.kg bw-1.h-1

-10

50

10

Fatty acids
Sterols

—
-
Porphyrins
Heme

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

P<0.05

P<0.01

80

Disposal

P<0.01

Production Net balance

) ;ﬂ h
° —I|J
40
P<0.01
-80
Disposal Production Net balance

- Control
[ aanemx

1 control
[T 2anEX



8 P.B. Soeters

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 (figures 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 pmol/minute/kg bodyweight (figures reproduced from Bruins MJ et al, Clin Sci (Lond). 2003 Feb;104(2):
127-41. PubMed PMID: 12546635 with permission [11])

acid in the liver, in addition producing urea or donating its amino group to a-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 superfluous nitrogen, to preserve anaplerotic substrate and to maintain
acid base balance. Accelerated gluconeogenesis in liver and kidney is necessarily accompanied by
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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 inflammatory 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 myofibrillar 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 a-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, reflects 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-five 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 flux [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 first 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 a-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 specifically 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 specific 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 a-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 trafficking of glutamine between organs plays another role. In the first step of the
degradation of glutamine NHj 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 NHj; in the first degradation step.
These tissues are anatomically located in such a way that the NHj; 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;. 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 specific 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 confirmed in later
research [22].

It may be concluded that in traumatized/diseased/growth conditions, glutamine has more specific
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 flux in biosynthetic processes would be compromised.
This will specifically 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 Significance 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 pmol/L. Plasma concentrations drop to 75 % of preop-
erative values after surgical trauma in non-depleted colorectal cancer patients to around 450 pmol/L
and generally decrease in inflammatory 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 pmol/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 fluid very high levels have been found in acute hepatic failure
[27]. Recent data confirm 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 specifically glutamine. Intracellular
glutamine concentrations may however also be influenced 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 fivefold difference between mucosal and
muscle intracellular glutamine concentration shows that tissue-specific factors must also play a role.
Different metabolic situations may exert specific 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 flow x a factor extrapolating from this limb flow
to total peripheral flow) 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 flow) 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?%24 h or g/1.7 m?24 h) or (g/100 ml muscle and skin mass/24
or g/40 L of assumed total muscle and skin volume/24 h)

Septic Septic
First authors ~ Unit of measurement Control ~ Trauma  Sepsis Survivers non-survivers
Clowes g/m*24 h g/1.7 m*24 h 239 76.7 49.5
(Ann. 40.6 130.4 84.1
Surgery)
ICU
Vesali (Clin 0.056
Nutr) 233
ICU
Gore (JPEN) 0.14
Burns 56.7
Carli (Clin g /100 ml leg volume/24 h or total ~ 0.051 0.11
Sci Lnd) g/24 h (extrapolated to 40 L of  20.4 44
Mjaaland assumed peripheral tissue) 0.12 0.15
(Ann 46.7 61.5
Surgery)

Net peripheral release of GLUTAMINE (g/m?/24 h or g/1.7 m*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 g/m?24 h g/1.7m’/24 h 13.8 12.2 (NS)
(Ann. 23.6 20.8
Surg.)

ICU

Fong 0.056 0.065
(Surgery) 223 25.8

Vesali (Clin 0.020
Nutr) 8.2

Gore (JPEN) 0.014

54

Carli (Clin g /100 ml leg volume/24 h or total ~ (0.048 0.083
Sci Lnd) g/24 h (extrapolated to 40 L of  19.1 33.0

Mjaaland assumed peripheral tissue) 0.012 0.029
(Ann 49 11.5
Surgery)

Net peripheral release of ALANINE (g/m?/24 h or g/1.7 m?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 g/m?/24 h 10.3 6.5
(Ann. g/1.7m/24 h 17.5 11.1
Surgery

Vesali (Clin 0.019
Nutr) 7.5

Gore (JPEN) 0.014

5.4

Carli (Clin 2/100 m1/24 h or total g/24 h 0.051 0.068
Sci Lnd) (extrapolated to 40 L of 12.1 27.0

Mjaaland assumed peripheral tissue) 0.017 0.027
(Ann 6.9 10.8

Surgery)
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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 deficiency 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 inflammatory 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 influence plasma amino acids levels, which
makes it difficult 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 significantly 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 reflecting inflammatory activity [23]. The postoperative drop of plasma gluta-
mine levels in cancer patients on the second day after operation, also indicates that these levels reflect
the inflammatory influence of trauma and resuscitation rather than glutamine shortage [25].

An important factor, potentially influencing the generalized hypoaminoacidemia in most (sub-)
acute inflammatory 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. Inflammation 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, fluid, and
other components from the circulation to the extravascular extracellular space and increases extravas-
cular extracellular volume. These effects of inflammatory 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
define the contribution of each single factor. We conclude that it is unlikely that low plasma levels of
glutamine can be reliably interpreted as reflecting 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 significantly
lower (and intestinal permeability higher) in the group exhibiting inflammatory activity, whereas
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percentage weight loss in the absence of inflammatory activity was not significantly 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- a, produced in
inflammatory 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 reflect inflammatory activ-
ity and not always glutamine shortage. However, long-standing inflammatory 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*/min [6] or as
g/100 ml leg volume/minute. We extrapolated these data to g/1.7 m?*/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 confirmed the hypothesized net efflux 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 finding shows that immune cells (as represented by the spleen)

Fig. 1.7 Net fluxes (A-V differences times flow) 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 (figure 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 specifically 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
efflux of glutamine in severely undernourished patients. Although this measure might throw light on
whether the body furnishes sufficient quantities of amino acids (specifically 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 difficulty with the glutamine tracer methodol-
ogy is firstly 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 flow) (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 significant 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 finding that in traumatized or septic
patients the net release of glutamine from muscle increases (Table 1.2), we can explain our finding
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 findings 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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Before surgery
Muscle
%/ Ra Ra
Blood
W Rd Rd Liver
After surgery
Muscle
//// Ra Ra
Blood
’%/ Rd Rd Liver

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 figure proposes
that flux is generated by increasing the rate of appearance (Ra) in muscle and simultaneously decreasing the Ra in the
other organs. In this way, flux can be generated without increasing whole body turnover

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 flux. 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 beneficial effects of the supplementation of glutamine should
provide proof for the presence of glutamine deficiency.

Theoretical Reasons for Increased Glutamine Requirements

The inflammatory state is present in acute trauma/infection but many inflammatory elements also play
a role for instance in cancer and pregnancy [37]. In host response efficient 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 deficient. In theory, gluta-
mine production by peripheral tissues may be compromised in the severely malnourished state, in
which diminished muscle mass may preclude sufficient 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, inflamma-
tion may require large quantities of glutamine, which may fail to be produced when severe



1 Glutamine Structure and Function: A Starter Pack 17

inflammation 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 benefit from gluta-
mine supplementation.

Practical Facts Supporting a Shortage of Glutamine

There is some support for the claim that enteral glutamine supplementation is beneficial in patients
with burns or trauma, while studies looking at other categories of critically ill patients failed to prove
benefit. 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
finding. An additional explanation for lack of benefit of enterally administered glutamine may be the
strong first 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 inflammatory 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 fluxes 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 benefit 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 inflammatory 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 benefit is only achieved in the
presence of overt and long-standing inflammation, 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
beneficial 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 beneficial effects.
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Conclusions

Solid scientific data supporting an absolute shortage of glutamine in patients are lacking. Decreased
plasma concentrations are determined by many factors, including acute inflammatory 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 inflammatory and control conditions do not provide reliable information regard-
ing glutamine status.

Sufficient 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 beneficial in patients
with long standing inflammatory activity, that are not producing sufficient quantities of glutamine
either due to malnutrition or because they cannot meet the demands of the extremely severe inflam-
matory illnesses of patients in our present day intensive care units. In line with this, clinical data show
that benefit of parenteral glutamine supplementation is especially achieved in critically ill patients,
i.e., patients with substantial inflammation or sepsis. Benefit 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 beneficial
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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Chapter 2
Amino Acid Transporters and Glutamine

Catherine Zander, Zhou Zhang, Thomas Albers, and Christof Grewer

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 specificity, as well as cation dependence and mechanistic properties.

* The molecular identification of the relevant genes has allowed the determination of physical trans-
port mechanisms, as well as the identification 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 e System A ¢ System N ¢
System ASC ¢ Glutamate-glutamine cycle
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Cl- Chloride

EAAT Excitatory amino acid transporters
EGF Epidermal growth factor

GABA y-Aminobutyric acid

GltPh Archaeal aspartate transporter

K; Dissociation constant

K. Michaelis—Menten constant

LAT Large-neutral amino acid transporter
LeuT Bacterial leucine transporter
MAPK Mitogen-activated protein kinases
MeAIB 2-(Methylamino)-isobutyrate
Mhpl 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
™ 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 classified 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 specificity profile 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
(SLCI1, [5]) and SLC38 families [6]. These transporters were assigned to the classically-identified
transport systems ASC (neutral amino acid transporters from the SLCI1 family [5]), and systems A
and N (SLC38 members [6]), summarized in Table 2.1. ATB®* is another Na*-dependent amino acid
transporter with broad specificity and below mM affinity 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 alanine, serine, and cysteine, from which its name was derived [10]. However, system ASC also
transports glutamine with an affinity that is comparable to that for the prototypical substrate alanine
[5], although glutamine is transported with a lower v;,,,. 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 identification 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 difficulty to interpret hydrophobicity profile. 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, ASCT?2 is able to transport
glutamine with reasonably high affinity (K, in the range of 20-70 pM, [5, 13, 14]). This affinity 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
affinities [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 y-carboxylate
when interacting with ASCT?2.

The pharmacology of ASCT?2 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 ASCT?2 function, although
with low apparent affinity (K;=0.8 mM). Inhibitory potency was increased by adding hydrophobic
bulk to the benzyl group. The resulting inhibitor serine biphenyl-4-carboxylate blocked ASCT?2 activity
with a K; of 30 pM [12]. Interestingly, it was found that the amount of hydrophobic bulk of the sub-
stituent not only correlated with affinity, 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 identified based on N-y-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; in the 250 pM
range (at 100 pM 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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Fig. 2.1 (a) Proposed
binding pose of the inhibitor
benzylserine in the ASCT2
substrate-binding site
(adapted from [12]).

(b) Structures of selected
ASCT? blockers

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 ASCT?2 is expressed in the brain as well [13]. In
the intestine and kidney, ASCT?2 is expressed mainly in epithelial cells [4].

In the brain, ASCT?2 expression was found in dendrites of neurons, whereas the cell bodies showed
little detectable ASCT?2 expression [16]. Functional evidence for ASCT?2 presence in nerve terminals
was obtained by measuring D-serine uptake [16]. The functional significance of ASCT?2 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
ASCT?2 substrate [5].

Expression of ASCT?2 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.

ASCT?2 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.
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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, ASCT?2 antisense RNA expression resulted in apoptotic
cell death, a response that is similar to that of glutamine deprivation [3]. These findings 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 flux studies and electrophysiology [5, 13, 14, 19]. Most importantly, it was observed that
ASCT?2 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 ASCT?2 catalyzes obligate amino acid exchange across the cell membrane (Fig. 2.2a).
Native system ASC as well as ASCT1 and ASCT?2 are electroneutral transporters [19, 20], consistent
with the obligate exchange hypothesis. Consistently, no steady-state transport currents can be detected
in ASCT?2 upon substrate application [14].

ASCT?2 is, however, not fully electrically silent. Upon substitution of chloride with more hydro-
phobic anions, such as NO;™ 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
SLCI family.

Amino acid transport by ASCT?2 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, ASCT?2 is independent of K* [14]. Furthermore,
proton cotransport is not required for ASCT?2 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 affinity for Na* is high (low mM range). Thus, Na* would never dissociate from the transporter,
unless its concentrations became unphysiologically low [21].

Leu

Fig. 2.2 ASCT?2 coupling
stoichiometry and anion
fluxes (a) and importance for
cell growth in rapidly
growing cells (b, adapted
from [8])

Growth<-—-mTOR < Leu
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Regulation

Mechanisms for regulation of ASCT2 expression have been identified. 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 identified 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 ASCT?2 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. ASCT?2 activates the mTOR pathway by importing gluta-
mine into the cell, which in turn leads to leucine influx 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 Sodium-Coupled Neutral Amino acid
Transporters (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 (SNATS3,
SNATS, and SNAT7) counter transport H*, which may be a key property to allow their operation in
reverse and catalyze glutamine efflux from cells [24] (Fig. 2.3a). The system N subtypes have nar-
rower substrate profiles 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
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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 identified, namely, SNAT3, SNATS, and
SNAT?7 [6, 25]. Amino acid transport is coupled to the cotransport of Na*. Activities classified 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 y-aminobutyric acid
(GABA) and glutamate levels as well as the cycling of glutamate [26] (detailed below).

SNATY7 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 profile of SLC38A7 is unusually broad compared with
other known system N transporters, SNAT3 and SNATS5. Therefore, it was suggested that SLC38A7
is a new system N amino acid transporter on the basis of the expression profile, 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 profiles. In contrast to
SNAT1 and SNAT?2, which are present in neurons, SNAT3 (also referred to as SN1 or NAT) expres-
sion in the brain is largely confined 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]. SNATS 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 Miiller cells and that
system N is the principal mediator of glutamine transport in these cells. SNAT3 and SNATS 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 identified 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 fluxes 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 SNAT?3 structure was
modeled by using the Mhpl 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].

SNATS mediates Na*/amino acid cotransport and counter transport of H*, but differs from SNAT3 in
its substrate profile. Human SNATS5 favors serine along with the classic system N substrates gluta-
mine, asparagine and histidine. Assigning SNATS 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 profile [6].
Amino acid transport activity of SNATS exhibited marked pH sensitivity, with influx of substrate
increasing with pH in the range of 7.0-8.0 [30].

It has been demonstrated that SNATS is capable of mediating bidirectional fluxes of amino acid
substrate. The ability of SNATS5 to mediate both accumulation of glutamine from an external supply
and efflux 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 SNATS [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 SNATS3 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 SNATS function. It has been pro-
posed that the C-terminal histidine residue (H471) of SNATS 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, SNAT?2, and SNAT4 [35, 36]. Although no crystal structure
is available, useful information of the fold is provided by distantly related transporter families.



30 C. Zander et al.

Fig. 2.4 Potential regulatory
mechanisms that control
SNAT3 expression (\
o N £y 22
SNAT3
T TR
o
x| =
ol|s
<l |8
@cj 2
RO
Degradation
Z K’ restriction,
PKC-dependent @ Protein intake,
Internalization low liver pH
Down-
regulation

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 SNAT?2 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 SNAT?2 are predicted to have 11 transmembrane
domains; with an intracellular N terminus and an extracellular C terminus and a large glycosylated
loop between TMS 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 specificity, trans-
porting most hydrophilic or small neutral amino acids. System A is so named because of its affinity
for alanine. SNAT1 has a much higher affinity for glutamine than SNAT2, K,=230 pM and
K.,=1.65 mM, respectively. The reverse is found for alanine; SNAT1’s K, for alanine is 520+ 80 pM,
and SNAT2’s 200+17 pM [38, 39]. SNAT4’s K,, for alanine however, is significantly lower,
3.52+0.62 mM.

MeAIB, a non-metabolizable amino acid analogue, is thought to be a specific 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 specific 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].
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Tissue Distribution and Subcellular Expression

SNAT?2 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, SNAT?2 is expressed
in excitatory neurons in the hippocampus [44], but is not found in astrocyte-enriched cultures. In the
pancreas, SNAT? is responsible for the majority of glutamine uptake within a-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, SNAT 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 shuffling 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 SNATT, 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 SNAT'1 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
>2x 10" M 57! [40], indicating close to diffusion-controlled substrate binding.

SNAT?2 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
SNAT? inhibits this anion leak [48]. The SNATSs function poorly at low pH. They have the largest
activity at a pH of 7.4 for SNAT1, pH 8.0 for SNAT?2, and 8.5 for SNAT4 [35, 49]. Protons regulate
the transporters by raising the K., 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 TMS8 was identified as being part of the Na* binding site. Asparagine 82, located on TM 1, 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 SNAT?2 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 Mhpl, as predicted by X-ray crystallography (see for example [37]).

The deletion of TM11 in SNAT?2 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 SNAT? 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, for
Na* [30].

Regulation

Because SNAT?2 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 SNAT?2 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). SNAT?2 is upregulated in response to these situations of deprivation and is responsible
for short term RVI. The upregulation of SNAT?2 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
SNAT?2 expression is not seen under basal conditions, SNAT?2 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].

SNATT and 4 likely play very specific roles in specialized cell types to maintain pools of glutamine
as metabolic precursors. SNAT 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, SNAT?2 is
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upregulated with age, while SNAT 1 is downregulated [53]. SNAT4 is upregulated within mouse liver,
specifically 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 EAAT?2 is mainly responsible for this uptake. Glutamine release from
glia cells requires a transporter that can catalyze efflux. Although the exact nature of the transport
systems involved in efflux is still discussed, SNAT?3 is a potential candidate that has the functional
pre-requisites to serve as an efflux system [56]. Most importantly, glutamine transport by SNAT3 is
thought to be electroneutral, rendering efflux 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 efflux 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 efflux less clear [16]. Furthermore, an unidentified transporter has been implicated in
the efflux 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 specific transported substrate Me AIB results
in an elevation of extracellular glutamine.
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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 specific 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 trafficking level, will be paramount to the identi-
fication of new avenues to inhibit cell growth.
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Chapter 3
Role of Glutamine Transaminases in Nitrogen, Sulfur,
Selenium, and 1-Carbon Metabolism

Arthur J.L. Cooper, Thambi Dorai, Bhuvaneswari Dorai, Boris F. Krasnikov, Jianyong Li,
André Hallen, and John Thomas Pinto

Key Points

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

* KGM is hydrolyzed by w-amidase to a-ketoglutarate and ammonia.

* Glutamine transaminase plus w-amidase constitute the glutaminase II pathway for the anaplerotic
conversion of glutamine to a-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 a-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 a-keto acids.

* Glutamine transaminases catalyze non-physiological f-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/B-lyase substrate of GTK—the corresponding a-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 w-Amidase * Glutamine transaminase K ¢ Glutamine transaminase L ¢ a-Keto acid trans-
port * a-Ketoglutaramate * a-Keto-y-methiolbutyrate * Methionine salvage pathway ¢ Seleno amino
acids ¢ Seleno keto acids

Abbreviations

AECK  Aminoethylcysteine ketimine
CK Cystine ketimine

CRYM  p-Crystallin

CysK Cystathionine ketimine

DAB 3,3’-Diaminobenzidine

DCVC  §-(1,2-Dichlorovinyl)-L-cysteine

GTK Glutamine transaminase K
GTL Glutamine transaminase L
HDAC  Histone deacetylase

KAT Kynurenine aminotransferase

KGM o-Ketoglutaramate

KMB o-Keto-y-methiolbutyrate [2-ox0-4-(methylthio)butyrate]
KMSB a-Keto-y-methylselenobutyrate

LK Lanthionine ketimine

MSC Se-Methyl-L-selenocysteine

MSP -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, 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 w-amidase (w-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 a-keto acid specificity [1].

L-Glutamine + o -ketoacid 2 o -ketoglutaramate (KGM) +L-aminoacid 3.2)
KGM +H,O — o —ketoglutarate + NH, (3.3)
Net : L-Glutamine + o -keto acid + H,O — a-ketoglutarate + L-aminoacid + NH, (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
K../K,, values for glutamine and five other “best” substrate amino acids using a-ketobutyrate as a-keto
acid co-substrate [3]. Han et al. reported K.,/K,, values for glutamine, phenylalanine, leucine, kyn-
urenine, tryptophan and methionine of 157, 54, 45, 43, 36, and 34 min™' mM~!, 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 K., /K, value of
194 min~! mM™. K,./K,, 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~! mM™!, 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, (¢) 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 a-keto acid) specificity of KAT II is also broad. Thus, K../K,, val-
ues for aminoadipate, kynurenine, methionine, and glutamate were reported to be 196, 126, 124, and
119 min! mM~!, respectively [6]. The K. /K, value for glutamine was lower, but still appreciable
(11.8 min™' mM™) [6]. All three enzymes are discussed later in this chapter with reference to their
ability to transaminate seleno amino acids.

Glutamine transaminases and w-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(NH;")CO,] and co-
substrate keto acids [RC(O)CO, ] in which R is a hydrophobic group or a polar but uncharged group.
An exception is glyoxylate [HC(O)CO,], which is a good substrate of both GTL and GTK. [Glyoxylate
is an a-aldehydic acid, rather than an a-keto acid, and as such is much more hydrated (>90 %) to the
corresponding gem diol [HC(OH),CO,"] under physiological conditions than are typical a-keto acids
[5-10 % present as RC(OH),CO,], and transamination of glyoxylate is greatly favored over trans-
amination of glycine.]
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Fig. 3.1 The glutamine transaminase—w-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 a-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 a-ketoglutarate by w-amidase, the glutamine transaminase reaction is drawn toward glutamine
utilization and amination of a-keto acid substrate [RC(O)CO,7]. GTK, glutamine transaminase K; GTL, glutamine
transaminase L. Modified from ref. [12]

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 w-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 w-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 w-amidase for the open-chain form [8—12], KGM is present in rat tis-
sues at steady state levels in the pM 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-[N'*]glutamate, L-[2-1N]
glutamine and L-[5-'*N]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 w-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.
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Salvage of a-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 a-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 a-keto acids (e.g., phenylpyruvate, branched-
chain a-keto acids) are prevented or minimized at the expense of the readily renewable amino group
of glutamine, with the concomitant anaplerotic production of a-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 CO,, 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
a-keto-y-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 anaplerotic metabolites, we have aptly entitled these interconnecting pathways as the glutamine-
methionine bi-cycle (Fig. 3.2) [10].

Metabolism of Circulating a-Keto Acids: Presence of ®-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 w-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 w-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 w-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 w-amidase] are
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Fig. 3.2 The glutamine-methionine bi-cycle. Cycle I: During polyamine biosynthesis the C1 carbon of L-methionine
is lost as CO,, 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 a-keto-y-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 a-ketoglutarate generated from glutamine by the gluta-
minase II pathway (KMB as a-keto acid acceptor) is converted to glutamate by the action of glutamate dehydrogenase/
a-ketoglutarate-utilizing aminotransferases and thence to glutamine by glutamine synthetase. Modified from ref. [10]

metabolically linked in most (if not all) tissues. As we discuss below, this may be important in the
transport of a-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 a-keto acids. In fact,
a recent PubMed search for a-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
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the uptake of branched-chain a-keto acids into rat liver cells [20], and for the uptake of pyruvate,
a-ketoisocaproate, a-ketobutyrate, and KMB across the blood—brain barrier [21]. A mitochondrial
transporter for the branched-chain a-keto acids in rat brain has also been described [22]. This paucity
of information on a-keto acid transporters is surprising given that (a) excessive accumulation of cer-
tain a-keto acids (e.g., phenylpyruvate, branched-chain a-keto acids) is deleterious to brain develop-
ment, and (b) the concentrations of a-keto acids in blood/plasma are often >10 uM. 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 pM [23].

The above discussion has prompted us to posit the following hypothesis: Glutaminase II enzymes
(i.e., GTK and w-amidase) are enriched and centrally located in epithelial cells from a wide variety of
tissues and are thus poised to transaminate a variety of a-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/m-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 m-amidase is present in the epithelial cells of normal
human prostate (Fig. 3.3a), bladder (Fig. 3.3¢e), 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 m-amidase in the cytoplasm of the
urothelial cells (Fig. 3.3e). Interestingly, intense staining for w-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 a-keto acids to the corresponding amino acid with the concomitant conver-
sion of glutamine to anaplerotically useful a-ketoglutarate in epithelial cells in several tissues,
including the brain (choroid plexus), prostate, bladder, and pancreas. Moreover, the glutaminase 11
pathway is well represented in those human cancer tissues that we have investigated thus far. This
preliminary work is ongoing to determine whether m-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 -Amidase as a Putative Tumor Suppressor

Two genes in the human genome have been designated Nit! (nitrilase-like 1) and Nit2 (nitrilase-like
2). In mammals, the gene products are members of branch 10 of the nitrilase superfamily [24]. Nitl 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
w-amidase. The finding that w-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 w-amidase and GTK in human prostate,
bladder and pancreatic tissues. (a) Normal prostate stained with w-amidase monoclonal antibody. (b) Normal prostate
stained with GTK polyclonal antibody. In a and b intense, but diffuse, granular cytoplasmic staining for both m-amidase
and GTK is observed in the luminal epithelial cells. By contrast, no staining is visible for either enzyme in the stromal
cells. (¢) Prostatic carcinoma stained with o-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 ®w-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/®-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 w-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 w-amidase and
GTK are designated hNit2 and hKAT I, respectively; GTK is also referred to as CCBL 1. All magnifications are 20x]
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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 a-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 a-ketoglutarate via the glutamate dehydroge-
nase reaction (Eq. 3.5) or an aminotransferase reaction (Eq. 3.6):

L-Glutamate + NAD (P)+ = a-ketoglutarate+NH," + NAD (P) H 3.5
L-Glutamate + a-ketoacid &2 a-ketoglutarate + L-aminoacid 3.6)

It should be noted that if an a-keto acid is taken up by cancer cells, glutamine can be converted to
a-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 Eqgs. (3.2)-(3.4).
Utilization of a-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 m-amidase enzyme activities in a variety of
human cancers including breast and prostate cancers (unpublished data), and as noted above, GTK
and w-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 Il pathway may serve
an anaplerotic function (i.e., provision of a-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/w-amidase). Work in our laboratory is ongoing to address
the relative importance of these seemingly dichotomous functions.

GTK is a Cysteine S-Conjugate f3-Lyase: Possible Role in Bioactivation
of Halogenated Alkenes

Several pyridoxal 5’-phosphate (PLP)-containing enzymes naturally catalyze p-elimination reactions
with amino acids containing a nucleofuge (i.e., a leaving group with electron-withdrawing properties)
in the f-position [33]. The product of the enzyme reaction is highly reactive aminoacrylate
[CH,=C(NH;*)CO,], which spontaneously (nonenzymatically) tautomerizes to an imino acid
[CH;C(=NH,")CO,], 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,0—CH,C(0)CO,” +NH," +XH (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 (-elimination
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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 p-lyases. DCVC (/) 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 HCI 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 p-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]

reaction are “coerced” into catalyzing such a reaction. For example, cytosolic aspartate aminotrans-
ferase can catalyze f-elimination reactions with B-chloro-L-alanine (X=-Cl) and L-serine O-sulfate
(X=-0SO;sH)) [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 XCH,CH(NH;*)CO,™ where X =RS. These conjugates
can bind to a number of PLP-containing enzymes. When R is a simple aliphatic group, 3 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 [3-elimination reactions with
cysteine S-conjugates have been named cysteine S-conjugate B-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].
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The first cysteine S-conjugate P-lyase to be identified in mammalian tissues was GTK [40].
Consequently, the gene for GTK is named CCBLI (cysteine S-conjugate p-Iyase isozyme /) 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 y-lyase) that
can also catalyze f-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 f-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 a-keto acids. These a-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 p-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 [RSCH,CH(NH;*)CO,", where R is an aliphatic or aromatic
moiety] and selenocysteine Se-conjugates [[RSeCH,CH(NH;*)CO,", 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 o 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 p-elimination reaction that
competes with the transamination reaction when selenocysteine Se-conjugates are employed as sub-
strates [44]. The p-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 -lyase substrate of rat kidney GTK
were reported to be 7.40+1.55 and 1.61 +0.41 pmol/min/mg, respectively. The corresponding values
for S-methyl-L-cysteine were 1.37+0.25 pmol/min/mg, and below the limit of detection, respectively.
The much greater ability of rat kidney GTK to catalyze B-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
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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 Recombinant human Recombinant human KAT II/x-- Recombinant mouse KAT
substrate KAT I/GTK aminoadipate aminotransferase III/GTL

SM?# 162+46 16059 2000+303

MSC? 253+35 17255 607 44

#The 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 a-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

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 p-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, CH;SeH) and resulting difficulty in detection, the
p-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/a-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 or MSC (and their a-keto acid metabolites) after ingestion of seleniferous vegetables”? Because
aminotransferases catalyze a ping-pong reaction the K, value for an amino acid will depend on the
concentration of the a-keto acid co-substrate. Nevertheless, apparent K, 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 K,, 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 100 mM glutamine the rate of transamination of MSC was ~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 a-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 a-keto acids of SM and MSC in chemoprevention is discussed below.
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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 [CH;SeSeCHj;], methylseleninic acid [CH;Se(O)
OH], H,Se, selenosugars, and trimethylselenonium [(CH;);Se*], 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 y-lyase has been
shown to catalyze the y-elimination of methylselenol from SM [49]. The net products are a-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,0 —CH,CH,C(0)CO, +NH," + CH,SeH

L-Selenomethionine o -ketobutyrate methylselenol (3 . 8)

In addition, to catalyzing y-elimination reactions, cystathionine y-lyase can also catalyze
B-elimination reactions [50]. In fact, we have found that highly purified rat liver cystathionine y-lyase
catalyzes the p-elimination of pyruvate from 10 mM MSC at about the same rate as it catalyzes
y-elimination of a-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
B-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,0— CH,C(0)CO, +NH,’ + CH,SeH

Se-Methyl-L-selenocysteine pyruvate methylselenol (3 9)

Inasmuch as many PLP-containing enzymes catalyze B-elimination reactions with amino acids
containing a good nucleofuge in the P-position it is highly likely that, in addition to cystathionine
y-lyase and GTK, additional PLP-containing enzymes will catalyze a B-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 o-keto
acids, a-keto-y-methylselenobutyrate (KMSB) and B-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 (HDACsS), 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/Pagel). 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 a-keto acid. The a-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, a-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
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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/a-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 a-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 w-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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Chapter 4
Glutamine Uptake and Immunomodulation:
An Overview

Kenneth Frauwirth

Key Points

e Immune cells require high levels of extracellular glutamine for proper activation.

e 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 specific 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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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 defined by the presence of the B cell
antigen receptor (BCR) on their surface. T lymphocytes (also called T cells) are defined 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 inflammatory 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, inflammatory 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 inflammatory 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 first 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 inflammatory responses.

Glutamine and the Immune System

The activation of immune cells places significant 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 influence 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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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 SNATS5 SLC38A5

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-specific 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.
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Fig. 4.2 Lymphocytes express SLC38A family members at the RNA and protein levels. (a) Purified murine T lympho-
cytes were stimulated for the indicated times, and SNAT1 and SNAT2 RNA levels were determined by quantitative
real-time PCR. (b) Purified murine T lymphocytes were stimulated for the indicated times and surface biotinylated.
SNAT? 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

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-specific 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 difficult 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 significance.

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
significantly 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
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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 efficient 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 sufficient 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 specific 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) specificities. 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 insufficient to allow activation of mTOR signaling. Instead, import of glutamine via the
ASCT?2 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
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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 specific 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 specifically required for differentiation of CD4*
“helper” T cells into the Ty1 and Ty17, 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 mMTOR-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.
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Once activated, macrophages are dependent on glutamine uptake for a number of specific 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 reflects reduced expression of opsonin receptors, such as F.yRI, CR3, and CR4 [38]. Thus,
glutamine uptake can control the efficiency 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 significant 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 significant 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
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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).
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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 specific 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 significant 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 inflammatory 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 specific 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 specific
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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Chapter 5
The Role of Glutamine and Glutamic

Acid in the Pituitary Gland Involvement
in Thyroid-Stimulating Hormone Release

Sayaka Aizawa, Takafumi Sakai, and Ichiro Sakata

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.

* Inthe 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.

Keywords Glutamine * Glutamate ¢ Anterior pituitary ¢ Pars tuberalis * Thyroid-stimulating hormone
* Glutamate receptor
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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
MTI1 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 identified 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 identified 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,0 — glutamate+NHj3). The sources of gluta-
mine are (1) extracellular circulating glutamine and (2) conversion from o-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 [S]. On the other
hand, high concentrations of extracellular glutamate induce neuronal death caused by the
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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
a-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

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; — 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 iGIuR and 8 types of mGIuR have been identified in the mammalian central nervous sys-
tem [13]. On the basis of agonist studies, iGIuR is further classified into N-methyl-p-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 flow of K*,
Na*, and Ca?* in response to glutamate binding. NMDA receptors are permeable to Ca?*, 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 mGluRS),
group II (mGluR2 and mGlIuR3), and group III (mGIluR4, 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?* 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.
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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-affinity
[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 modification 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
defined as ZTO (08:00) and lights-off time defined 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 [*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®* concentration [32]. Collectively, these findings 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*" 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 pM) 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 TSHP subunit and a-glycoprotein subunit (aGSU) 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-p2) 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 mRINA 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 significantly enhanced the TSHf sub-
unit mRNA expression within 2 h. Furthermore, 1 mM glutamine also increased the TSHf 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 TSHP subunit mRNA expression and secretion [44] in an autocrine and/
or paracrine manner and that it might be necessary for the maintenance of TSHf 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 significant 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 significant 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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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 pm. (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 significant difference in the
mRNA levels between the PT and Arc, the KA2 mRNA level tended to be lower in the PT. (¢) Glutamine transporter
ATA2 mRNA expression in the PT, PD, and Arc. The ATA2 mRNA level was significantly 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 significantly 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

significance [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 influence of glutamate on
hormone secretion in the pituitary gland.

On the other hand, it has been shown that oral administration of glutamine influences 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.
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Fig. 5.3 Effects of glutamine and L-glutamic acid on TSHf subunit mRNA expression and secretion in the rat pars
tuberalis. (a) Microphotographs o