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This book is dedicated to the memory of Dr. Maurice Arnal and Professor
Bernard Beaufrere. Gifted with imagination and vision and exemplars of scientific
rigor, both were renowned scientists in the field of amino acid and protein
metabolism, to which they made outstanding contributions. In spirit they were
humanists and at all times retained a sense of humility. In 1992, Dr. Arnal created
the Human Nutrition Research Center in Clermont-Ferrand, which is now one of
the most active in France. Professor Bernard Beaufrere joined Dr. Arnal’s project
to become assistant director and then director until his untimely death in 2002.

For me, it was a privilege and a pleasure to work with two men of such
exceptional qualities and throughout my career as a scientist I have
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Preface

This book gathers advanced expertise on the most significant aspects of glutamine metabolism and
its health implications. Its aim is to present fully up-to-date coverage of research in this field.

This book is didactically orientated and addressed to nutritionists with a research interest in
amino acids, glutamine, or catabolic states; graduate students in nutrition; medical students and
postdoctoral researchers in nutrition, biology, and medicine; dieticians and pharmacists looking
for a comprehensive update on glutamine; and clinicians with an interest in catabolic states and/
or artificial nutrition. Readers will be interested in finding out about experimental research in the
most advanced areas of glutamine metabolism, and in its designation as conditionally essential, as a
regulator of cellular function, as a therapeutic nutrient to improve mucosal recovery in the intestine
during certain diseases or aging, as a potential adjuvant in patient therapy, and as a potential meta-
bolic target in cancer therapy and imaging.

Such a book can only come into being through the efforts of many people. I would like to
acknowledge the efforts of the contributors who enthusiastically accepted to participate in this proj-
ect and for their understanding and willing cooperation during the preparation of this book. I must
also thank Morey Haymond for readily agreeing to write the introduction. I am deeply grateful to
Maurice Arnal, without whose initial efforts and foresight, this book would never have gotten off
the ground. His help and support throughout my career and up to his death in 2000 was invaluable.
I am greatly indebted to Bernard Beaufrere who believed in me and gave me the confidence to take
up research. My thanks go to Philip Calder, a firm supporter who was instrumental in turning my
thoughts on glutamine metabolism into a book. I would like to thank Kevin Brindle for critically
reading the manuscript and providing valuable comments to improve the relevance of the chapter
on the use of hyperpolarized N glutamine as a new therapeutic target in cancer. I would like also
to thank Marc Ferrara, director of the Human Nutrition Unit to which I belong, who allowed me
to embark on this project. I am grateful to Blandine Tamboise, for secretarial assistance in the
preparation of this book. Finally, I would like to thank my husband, Christian, and my daughters,
Audrey-Marie and Marie-Anais, for their total support and their patience during the hours I spent
at my computer and not with them.

Dominique Meynial-Denis
Clermont-Ferrand, France
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plasma proteins using magnetic resonance spectroscopy (MRS) at the same University in 1985.
Since 1986, she has worked as a scientist at the National Institute of Agricultural Research (INRA)
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sarcopenia and aging in 1994. She applied MRS in work on metabolic pathways of amino acids in
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referee for different international nutrition journals. As an editor of books that give an overview of
latest scientific findings from recognized international experts she aims to enhance the status of
research in the field.
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Introduction: The Magic of a
Marvelous Amino Acid— Glutamine

Morey W. Haymond

This book is a truly unique contribution to the science of amino acid metabolism and particularly
the role of glutamine in a wide variety of processes within the human body. Dominique Meynial-
Denis is to be congratulated for her identifying this as an important need in the scientific literature
at this time. She has gathered the collective experience and wisdom of some of the most prominent
investigators from all over the broad scientific world today. Each of these individuals has made
unique and important contributions to our understanding of the role of glutamine in human and
animal physiology. These authors collectively provide the reader with the current state of knowledge
of the clinical science and medicine today. This is both a superb and timely compendium of gluta-
mine’s role and effects as well as identifying future avenues for exploration.

Glutamine holds a distinct position in our understanding of physiologic and pathophysiological
processes. As a 4 carbon molecule containing both an amino and an amide nitrogen, glutamine
is a very unique nonessential amino acid. It serves in much the same way as other nonessential
amino acids in providing substrate for protein synthesis. However, in contrast to most other amino
acids, glutamine is pivotally involved in a variety of biological systems and is central to a number
of specific regulatory homeostatic mechanisms in mammals and most likely other life forms. In
this introduction, I have attempted to highlight a number of these effects. None are treated with the
depth that each of the contributing authors have in their chapters. By reviewing a little of the history
and the variety of research surrounding the role of glutamine in mammalian metabolism, you will
be equally intrigued as to the importance and uniqueness of this single structure.

Glutamine is the most abundant free amino acid circulating in the human body. Its plasma con-
centrations are 3—200 times those of any other amino acid (Stein et al. 1954). As you will read, this
amino acid serves as an important intermediary in a large number of vital functions in the human
body. The history of glutamine and the discovery of its multiple roles in mammals traverse over 130
years of scientific investigation. Schulze and Boshard first identified glutamine in 1883 when they
isolated it from beet juice (Meister 1956). This was a unique observation and discovery considering
the analytical techniques available to scientists of that time. As glutamine spontaneously deami-
nates to glutamate in vitro, it has been one of the most difficult amino acids to quantitate accurately.
It was not until 1935 that Krebs (Krebs 1935) reported the enzymatic synthesis of glutamine from
glutamate and ammonia using guinea pig and the rat kidney, thus establishing that glutamine was
most likely ubiquitously present in mammalian tissues. As you will read, there is ongoing and tre-
mendous interest in glutamine and its potential therapeutic utility to this day.

ROLE OF GLUTAMINE IN MUSCLE

Since the early studies of Cahill, G.F., Jr. and coworkers, it is recognized that muscle releases ala-
nine and glutamine in excess to their content in the muscle itself (Pozefsky et al. 1969; Matliss et al.
1971). It continues to be thought that these amino acids provide a nontoxic form to transport ammo-
nia from one tissue to another for subsequent reuse or disposal. Although no absolutes can be stated,
it has been stated that alanine is transported for the disposal of the nitrogen as urea in the liver and
glutamine to the kidney where the nitrogen is disposed of as ammonium. However, it is clear that
both substrates are catabolized in both liver and kidney. In both organs, the carbon skeletons of

Xix
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alanine and glutamine serve as potential gluconeogenic substrates with one entering as pyruvate
and the other as a-ketoglutarate. Although it has been speculated that glutamine may provide some
direct or indirect stimulation of muscle protein synthesis, this may not be the case (Wilkinson et al.
2006). Although there is evidence that glutamine may affect mMTOR and protein synthesis in tumor
cells (see below), there is no evidence of this in muscle. Thus, glutamine’s primary role is muscle
is as an amino acid for protein synthesis and as a vehicle to transport carbon and nitrogen for other
organ functions.

GUT METABOLISM

Glutamine has been investigated extensively as a potential nutrient source and/or growth factor
for the human gut. The classic papers of Windmueller and Spaeth provide the first description
of the uptake of glutamine by the gut with the release of a number of urea-cycle intermediates
(Windmueller and Spaeth 1974; Windmueller and Spaeth 1975). This led to speculation about the
role of this amino acid in gut nutrition and nitrogen flux, at least in the rat gut. Glutamine has been
subsequently tested in a number of well-designed clinical trials as an agent that might stimulate gut
growth. In subjects with short-gut syndrome, glutamine enteral treatment (with or without growth
hormone) demonstrated no clear beneficial effect. Additional studies continue to explore the utility
of glutamine supplementation in situations of gut injury such as radiation-induced intestinal dam-
age. In this condition, it has been demonstrated to decrease gut permeability and inflammation but
was not superior to standard nutrition in maintaining weight (Yao et al. 2015). Finally it appears
that glutamine supplementation reverses the effect of aging on the gut mucosa in a rodent model
(Beaufrere et al. 2014).

CANCER AND GLUTAMINE

In certain neoplasms, glutamine appears to affect the proliferation of these tumors (Chen and Cui
2015). A potential mechanism for this appears to be through mTOR. As tumor growth involves pro-
tein anabolism, it is not clear why this effect appears to be restricted to these specific neoplastic tis-
sues as there is no clear evidence of a protein anabolic effect of glutamine in other tissues (Marwood
and Bowtell 2008). This does not mean that glutamine may not be having an effect(s) but that other
mechanisms may be offsetting any anabolic effect on mTOR (Yuan et al. 2015). This is clearly an
area in need of and receiving new investigative scrutiny in both normal and neoplastic tissues as you
will find in the chapters by Dr. Bode and Dr. Meynial-Denis in this monograph.

RENAL ACID-BASE METABOLISM AND GLUCONEOGENESIS

One of the well-established roles of glutamine in daily physiology is its central role in the mainte-
nance of pH homeostasis via its metabolism in the kidney. Under conditions of acidosis (whether
metabolic or respiratory), the kidney plays a primary counter-regulatory role, which has been
referred to as the acid or pH switch (Goodman et al. 1966). Glutamine is taken up by the kidney
and ammonia released from both the amide and amino nitrogens. This ammonia is secreted into the
Iumen of the renal tubule and combines with filtered H* ions forming ammonium, which is excreted
in the urine, and thus removing a mole for mole of H* with each mole of ammonia secreted. Several
of the more common physiologic causes of mild and severe metabolic acidosis are fasting ketosis
and diabetic ketoacidosis, respectively. The kidney is one of three tissues that contain all of the
enzymatic capability to produce glucose via gluconeogenesis, the others being the gastrointestinal
tract and the liver. The role of this enzyme in the gut is unclear in humans and in other animal
models (Newsholme and Carrié 1994; Kim et al. 2015). As the nitrogen groups in glutamine are
utilized for hydrogen excretion, the carbon from the glutamine is directed to renal gluconeogenesis.
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Under more prolonged fasting or diabetic ketoacidosis, ketone bodies are produced from the partial
oxidation of fatty acids in the liver. Both B-hydroxybutyrate and acetoacetate are produced as free
acids. The ketone bodies, but not fatty acids, can cross the blood—brain barrier and be oxidized,
thus displacing to a considerable proportion the dependence of the CNS on glucose per se. With
progressive fasting, hepatic glycogen stores are depleted and glucose production decreases, as does
the plasma glucose resulting in a decrease in insulin secretion in normal health, or in the absence
of an effective plasma insulin concentration in diabetes, fasting promotes fatty acid mobilization
and ketogenesis. In addition to decreasing brain glucose utilization, the acidosis induced by ketosis
results in an increase in the net production of glucose from the kidney via gluconeogenesis. During
prolonged fasting it has been estimated that as much as 40% of glucose production is derived via
renal gluconeogenesis but other substrates such as lactate, alanine, pyruvate, and o-ketoglutarate
also contribute (Owen et al. 1969). Thus, one can appreciate the interrelationships among brain glu-
cose utilization, hepatic and renal gluconeogenesis, and maintenance of acid—base balance—all of
which relate back to an important role of glutamine in this latter process. It is of interest that despite
the central role of the kidney in glutamine catabolism the plasma glutamine concentrations are not
recognized to be elevated in renal failure.

ANTIOXIDANT AND GLUTAMINE METABOLISM

Chapters by Drs. Jahoor, Abumrad, Smedberg, and Coeffier provide current and erudite discus-
sion of the roles amino acid supplementation and glutamine may play in stress with aging, critical
illness, obesity, and disease. A number of studies have reported lower glutamine concentrations in
critically ill children, which is associated with a greater degree of organ failure (Elmark et al. 2015).
Whether this is a cause and effect or an association is not clear, but studies are underway to deter-
mine whether glutamine supplementation will impact biomarkers or true outcomes (Wernerman
2014). As more evidence is accumulated in the pathophysiology of the metabolic syndrome, it is
increasingly clear that the generation of intracellular free radical may play a significant part in the
complications recognized with this disorder(s) (Elmark et al. 2015). In humans, the plasma and red
blood cell glutathione are used as surrogate makers for abnormalities in the intracellular oxida-
tive stress (Wernerman 2014). The potential of utilizing specific oral amino acids, one of which is
glutamine, to alter this oxidative stress has been demonstrated in short-term studies that provide
the impetuous for longer-term interventional trials to determine whether these have a therapeutic
effect. This will be an important area to follow, and understanding the role that amino acid supple-
mentation may have on oxidative stress may lead to new avenues of research and potentially simple
therapeutic interventions in humans.

CENTRAL NERVOUS SYSTEM AND GLUTAMINE METABOLISM

Plasma glutamine concentrations are quite stable under both feeding and fasting conditions. Even
under more prolonged fasting conditions, plasma glutamine concentrations may decrease by only
20%—-30%. In contrast, in conditions such as urea cycle inborn errors of metabolism or in hepatic
failure, the plasma concentrations of glutamine can be exceedingly elevated. These conditions are
frequently associated with hyperammonemic encephalopathy. Under these conditions, one might
speculate that the glutamine pool extensively expanded because of the increased availability of
ammonia. The observation that glutamine supplementation in a subject with a previously unknown
partial defect in the urea cycle led to transient encephalopathy is concerning but demonstrates the
close relationship among glutamine, ammonia, the urea cycle, and brain function (Ramadan et al.
2013; Zielinska et al. 2014). The precise role of glutamine in brain metabolism remains to be clari-
fied, but as glutamine is deamidated by glutaminase to glutamate and that glutamate is a potent
neurotransmitter, it would not be surprising to find a clear link.
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MICROBIOME

The role of the microbiome in human health and disease is currently under intense study in broad
areas of medicine and health. Our symbiotic relationship with our individually larger biomass of
bacteria is an interesting and potentially powerful new tool to be used in human disease identifica-
tion, understanding a pathophysiology role, if any, and in disease prevention. It has been demon-
strated that the administration of glutamine can alter the human microbiome (Van Zwol et al. 2010;
de Souza et al. 2015). It remains to be determined whether changes in the human microbiome are a
cause or an effect and will only be determined by research currently underway that may lead to new
hypotheses to be tested. At this point in time it is unclear what beneficial role, if any, that glutamine
may have in this exciting new area of clinical research.

SUMMARY

The above offering is only intended to entice the readers to delve deeply into this literature by
promoting not only a deeper understanding of glutamine metabolism and its complexity and inter-
actions with other systems and pathways but also to stimulate new thoughts and ideas about the
importance and role of glutamine in human physiology.

REFERENCES

Beaufrere AM, Neveux N, Patureau M et al. Long-term intermittent glutamine supplementation repairs intes-
tinal damage (structure and functional mass) with advanced age: Assessment with plasma citrulline in a
rodent model. J Nutr Health Aging. 2014 Nov;18(9):814-9.

Chen L, Cui H. Targeting glutamine induces apoptosis: A cancer therapy approach. Int J Mol Sci. 2015 Sep
22;16(9):22830-55.

de Souza AZ, Zambom AZ, Abboud KY et al. Oral supplementation with L-glutamine alters gut microbiota
of obese and overweight adults: A pilot study. Nutrition. 2015 Jun;31(6):884-9.

Ekmark L, Rooyackers O, Wernerman J et al. Plasma glutamine deficiency is associated with multiple organ
failure in critically ill children. Amino Acids. 2015 Mar;47(3):535-42. PMID: 25500971.

Goodman AD, Fuisz RE, Cahill GF Jr. Renal gluconeogenesis in acidosis, alkalosis, and potassium defi-
ciency: Its possible role in regulation of renal ammonia production. J Clin Invest. 1966 Apr;45(4):612-9.

Kim M, Son YG, Kang YN et al. Changes in glucose transporters, gluconeogenesis, and circadian clock after
duodenal-jejunal bypass surgery. Obes Surg. 2015 Apr;25(4):635-41.

Krebs HA. Metabolism of amino-acids: The synthesis of glutamine from glutamic acid and ammonia, and the
enzymic hydrolysis of glutamine in animal tissues. Biochem J. 1935 Aug;29(8):1951-69.

Marliss EB, Aoki TT, Pozefsky T et al. Muscle and splanchnic glutamine and glutamate metabolism in posta-
bsorptinve and starved man. J Clin Invest. 1971 Apr;50(4):814-7.

Marwood S, Bowtell J. No effect of glutamine supplementation and hyperoxia on oxidative metabolism and
performance during high-intensity exercise. J Sports Sci. 2008 Aug;26(10):1081-90.

Meister A. Metabolism of glutamine. Physiol Rev. 1956 Jan;36:103—127. PMID: 13297549.

Newsholme EA1, Carrié AL. Quantitative aspects of glucose and glutamine metabolism by intestinal cells.
Gut. 1994 Jan;35(1 Suppl):S13-7.

Owen OE, Felig P, Morgan AP et al. Liver and kidney metabolism during prolonged starvation. J Clin Invest.
1969 Mar;48(3):574-83.

Pozefsky T, Felig P, Tobin JD et al. Amino acid balance across tissues of the forearm in postabsorptive man.
Effects of insulin at two dose levels. J Clin Invest. 1969 Dec;48(12):2273-82.

Ramadan S, Lin A, Stanwell P. Glutamate and glutamine: A review of in vivo MRS in the human brain. NMR
Biomed. 2013 Dec;26(12):1630—46.

Stein WH, Bearn AG, Moore S. The amino acid content of the blood and urine in Wilson’s disease. J Clin
Invest. 1954 Mar;33(3):410-9.

Van Zwol A, Van Den Berg A, Knol J et al. Intestinal microbiota in allergic and nonallergic 1-year-old very low
birth weight infants after neonatal glutamine supplementation. Acta Paediatr. 2010 Dec;99(12):1868—74.

Wernerman J. Glutamine supplementation to critically ill patients? Crit Care. 2014 Mar 18;18(2):214.



Introduction xxiii

Wilkinson SB1, Kim PL, Armstrong D et al. Addition of glutamine to essential amino acids and carbohydrate
does not enhance anabolism in young human males following exercise. Appl Physiol Nutr Metab. 2006
Oct;31(5):518-29.

Windmueller HG, Spaeth AE. Intestinal metabolism of glutamine and glutamate from the lumen as compared
from blood. Arch Biochem Biophys. 1975 Dec;171(2):662-72.

Windmueller HG, Spaeth AE. Uptake and metabolism of plasma glutamine by the small intestine. J Biol
Chem. 1974 Aug 25;249(16):5070-9.

Yao D, Zheng L, Wang J et al. Perioperative alanyl-glutamine-supplemented parenteral nutrition in chronic
radiation enteritis patients with surgical intestinal obstruction: A prospective, randomized, controlled
study. Nutr Clin Pract. 2015 Jun 15. pii: 0884533615591601. [Epub ahead of print] PMID: 26078286.

Yuan L, Sheng X, Willson AK et al. Glutamine promotes ovarian cancer cell proliferation through the mTOR/
S6 pathway. Endocr Relat Cancer. 2015 Aug;22(4):577-91.

Zieliiska M, Popek M, Albrecht J. Roles of changes in active glutamine transport in brain edema development
during hepatic encephalopathy: An emerging concept. Neurochem Res. 2014 Sep;39(3):599-604.



Taylor & Francis
Taylor & Francis Group

http://taylorandfrancis.com


http://taylorandfrancis.com

Section |

Basics of Glutamine Metabolism



Taylor & Francis
Taylor & Francis Group

http://taylorandfrancis.com


http://taylorandfrancis.com

An Introduction to
Glutamine Metabolism

Vinicius Fernandes Cruzat and Philip Newsholme

CONTENTS

L1 INEOAUCHION ..ottt ettt sb et sae e et e aesaeesaeeanesreesnenieen 3
1.2 Glutamine Biochemistry and MetaboliSm..........coceeriiiiiiiiiiniiiiienieeeeeeee e 4
1.3 Emerging Role of Glutamine for Cell Defense...........ccoceevieriiiniiniiinieniecieeseeeieeseeieeen 8
1.4 Considerations about the Exogenous Replacement of Glutamine.............ccocveevverieineennennne. 10
1.5 Conclusion and FUture PerSPECtIVES .......c.covuiiriieriiiriieniienieeriteeieesiee sttt st 13
RETETEICES ..ottt sttt ettt ettt et e nae e 14

1.1  INTRODUCTION

Hlaziwetz and Habermann first described glutamine as a molecule with biologically important
properties in 1873. They suggested that the presence of ammonia (as NH,"), detected following
hydrolysis of proteins, arose by degradation linked to amide groups from glutamine and asparagine
(Mora 2012). About 10 years later, Schulze and Bosshard isolated glutamine from a natural source
(beet juice), and Damodaran and his collaborators contributed to the first description of glutamine
metabolism. However, the number of studies investigating glutamine metabolism and links to inter-
mediary metabolism increased following the early work of Sir Hans Adolf Krebs (1900-1981), who
was responsible for some of the most important discoveries in metabolic biochemistry and physiol-
ogy in the twentieth century (Nobel Prize in Physiology or Medicine in 1953).

Sir Hans Krebs published the first significant paper on glutamine metabolism in the Biochemical
Journal in 1935. He determined that glutamine synthesis is an energy-requiring process and also
described two different isoforms of glutaminase (GLS, EC 3.5.1.2), an enzyme responsible for glu-
tamine hydrolysis to glutamate and NH,* (Krebs 1935). The description of glutamine synthesis
utilizing NH,* and glutamate through an endergonic process was confirmed by the discovery of
glutamine synthetase (GS, EC 6.3.1.2), which utilizes ATP to drive the reaction (Brosnan 2001). The
degradation of glutamine by glutaminase remains one of the most important effect in the intermedi-
ary metabolism of amino acids, occurring in multiple organs, tissues, and cells.

After World War II, studies showed that glutamine was essential for cell function and growth
(Curi et al. 2005a; Eagle et al. 1956). In culture, cells utilize glutamine in a greater amount than
any other amino acid (Curi et al. 2005a; Eagle et al. 1956). Eagle and colleagues observed struc-
tural degeneration followed by cell death in isolated mouse fibroblasts cultivated in the absence of
glutamine (Eagle 1959). Throughout the 1960s, 1970s, and 1980s, the University of Oxford was the
location for several of the key researchers who have shaped our current understanding of the regula-
tion of energy and amino acid metabolism in healthy states and in diseases (e.g., diabetes, inflam-
matory diseases, and cancer). Hans Krebs, Philip Randle, Derek Williamson, and Eric Newsholme
all worked on metabolic regulation utilizing different research models, from isolated cells in vitro,
to human and in vivo experiments. Studies with various cells types, such as HeLa cells (Eagle
1959), lymphocytes (Ardawi and Newsholme 1982), macrophages (Newsholme et al. 1987), and
enterocytes (Yamauchi et al. 2002) demonstrated the importance of glutamine for cell division,
function, and maintenance of intermediary metabolism. Glutamine can lead to the production of
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ATP, NADPH, CO,, and donate nitrogen atoms for macromolecular synthesis, including purines,
pyrimidines, and amino sugars (Newsholme et al. 2003b). As glutamine is the body’s most abundant
and versatile amino acid, it is understandable that the survival, maintenance, and proliferation of
cells cannot occur without this molecule.

Since the organism can synthesize and release glutamine from tissues such as skeletal muscle,
the amino acid is classified as nutritionally dispensable (nonessential). However, in some condi-
tions, such as sepsis, recovery from burns, or surgery, glutamine availability can be compromised
due to the increased requirements triggered by catabolic processes and/or elevated inflammatory
and oxidative stress profiles in both human (Rodas et al. 2012) and animal models (Cruzat et al.
2010). Hence, in various conditions, glutamine can become a conditionally essential amino acid
(Newsholme et al. 2011b). To improve L-glutamine availability during physiological stress, many
research scientists and clinical investigators have attempted exogenous replacement therapy and
determined outcomes in healthy individuals and patients recovering from disease. This chapter
highlights key aspects of glutamine biochemistry and metabolism, its importance for the whole-
body health, as well as the increased interest in nutritional supplementation.

1.2 GLUTAMINE BIOCHEMISTRY AND METABOLISM

L-glutamine (C;H,,N,O;) deserves special attention compared to other amino acids. Biochemically,
glutamine is an L-o-amino acid with a molecular weight of 146.15 kDa and is synthesized by sev-
eral tissues in the body, of which the most important is the skeletal muscle. Its chemical composition
is as follows: carbon (41.09%), oxygen (32.84%), nitrogen (19.17%), and hydrogen (6.90%). At physi-
ological pH, the carboxyl group of glutamine carries a negative charge, whereas the amino group is
protonated, resulting in a molecule carrying with a net charge of 0, thus placing it in the classifica-
tion “neutral amino acids.” The side-chain amide group is easily removed by various enzymatic
reactions and even by spontaneous hydrolysis at room temperature. These particular biochemical
characteristics confer to L-glutamine the ability to be hydrophilic and a preferred substrate for cells
requiring a source of L-glutamate and/or NH, for physiological purposes (Young and Ajami 2001).

Healthy humans, weighing approximately 70 kg, are associated with 70—80 g of glutamine dis-
tributed in a number of body tissues, since the endogenous production of glutamine as estimated by
isotopic techniques is 40—-80 g/24 h (Wernerman 2008). A similar result was obtained when using
pharmacokinetic techniques (Berg et al. 2007). Both techniques may underestimate the actual de
novo synthesis of glutamine because the distribution volume of glutamine is large and, therefore,
the equilibration time is also long (Wernerman 2008). In blood, the normal glutamine concentration
is between 500 and 700 pmol/L (D’Souza and Powell-Tuck 2004) (Newsholme et al. 2011b). This
may fall to critically low levels of below 400 pmol/L during periods of inflammation and recovery
from major surgery or burns (Newsholme 2001). Glutamine synthesis appears to be essential for the
functioning of some critical organs such as the brain. Regarding hydrolysis, NH; liberation-form
glutamine plays a key role in acid—base balance (Newsholme et al. 2003a).

There are many enzymes involved in glutamine metabolism, starting from glutamate, and,
depending on ATP availability, glutamine synthetase (GS) promotes glutamine synthesis from glu-
tamate. Glutamate in turn is synthesized from 2-oxoglutarate and an ammonium ion (NH,*). Hence,
the synthesis of glutamine provides an efficient mechanism for nitrogen export and transport and
also NH, removal. Glutamine hydrolysis occurs by means of the glutaminase (GLS) enzyme, releas-
ing NH,* (Newsholme et al. 2003a) (Figure 1.1).

Glutamine and the related amino acid glutamate are 5-carbon amino acids (Figure 1.1). Glutamate
is a molecule in which the amide nitrogen of glutamine is replaced by a carboxyl group, confer-
ring to it a net negative charge. This biochemical difference partially accounts for the transport of
these two amino compounds across the cell membranes through different transport systems, at very
different rates, and, therefore, impacting on cell function in markedly different ways (Newsholme
et al. 2003b).
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(1) NH, + o-ketoglutarate + NADPH + H* = Glutamate + NADPH + H,0
GDH

Ox /,-O
(-) € ~CH- CH,~ CH,~C{_(-)
O | (+) NH.

NH,

(2) Glutamate + NH, + ATP *—= Glutamine + ADP + Pi
GS

O ,/O
(=) ) C ~CH- CH,- CH,~C
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NH,

(3) Glutamine + H,0 —> Glutamate + NH,
GLS

FIGURE 1.1 (1) Chemical structure of glutamate and its synthesis through glutamate dehydrogenase (GDH).
(2) Chemical structure of glutamine and its synthesis through glutamine synthetase (GS). (3) Degradation of
glutamine through glutaminase (GLS).

Several organs can express and operate both GLS and GS activities; however, the overall effect
depends on multiple factors, including metabolic and energy status. Some cell types and tissues,
such as cells of the immune system, kidney, and intestine, are considered predominantly glutamine-
consuming tissues (van de Poll et al. 2004). GLS can be one of the two major isoforms termed the
liver and the kidney isoforms. The kidney form appears to be the most common and is also found
in brain, leucocytes, fetal rat liver, and the intestinal tract (Neu et al. 1996). Both isoforms can be
found associated with the inner membrane of the mitochondrial matrix. The liver GLS exhibits a
lower affinity for glutamine than does kidney-type GLS. In response to starvation or high-protein
diet or even high catabolic situations/diseases, such as sepsis and uncontrolled diabetes, GLS activ-
ity increases, since under these situations there is a heightened catabolism of amino acids, whether
derived from muscle stores or from dietary sources (Cruzat et al. 2014b; Labow et al. 2001).

The purposes of this upregulation of GLS expression and increased GLN catabolism are partly
to support increased gluconeogenesis, which requires precursors derived from the carbon skeleton
of GLN, and to deliver additional nitrogen to the urea cycle for disposal. On the other hand, skel-
etal muscles, lungs, liver, and brain exhibit a higher capacity for glutamine synthesis by means of
GS and, therefore, may be considered predominantly glutamine-synthesizing tissues (Figure 1.2a)
(Antonio and Street 1999; Frayn et al. 1991). As a whole, all tissues are important to glutamine
metabolism and homeostasis; however, liver and skeletal muscle play key roles in the maintenance
of glutamine availability. Glutamine concentration can be altered in catabolic situations, such as
sepsis (Cruzat et al. 2014b; Newsholme 2001), infections (Rogero et al. 2008), surgery (Rodas
et al. 2012), trauma (Flaring et al. 2003), and intense and prolonged physical exercise (Cruzat and
Tirapegui 2009; Newsholme et al. 2011b), as shown in Figure 1.2b.

The liver is the central site for nitrogen metabolism in the body and is the tissue that exhibits the
highest capacity for glutamine synthesis. Liver glutamine is an important vehicle for the nontoxic
transport of NH, from the intermediary metabolism of amino acids between tissues (Curi et al.
2007; Newsholme et al. 2003b). Glutamine-associated nitrogen is transported to the central organs
in addition to that transported as alanine. Of these two amino acids, which are released by skeletal
muscle and account for up to 60% of the overall amino acid load in the blood (Cunningham et al.
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FIGURE 1.2 Predominance (thick arrows) in the synthesis and degradation of glutamine by various tissues
and organs in health or fed state (a) and catabolic situations or disease (b). Abbreviations: central nervous
system (CNS), ammonia (NH;), glutamine (GLN). (Modified from Rowbottom DG, Keast D and Morton AR.
1996. Sports Med 21, 80-97.)

2005; Newsholme et al. 2011a), glutamine is considered the most versatile and available amino acid
(Neu et al. 1996).

In the hepatocyte, after the action of GLS, glutamate is formed from glutamine and, subsequently,
may promote carbamoyl-phosphate synthesis by mitochondrial carbamoyl-phosphate synthetase I
(CPS 1) or CPS II in the cytosol. The enzyme is allosterically activated by N-acetylglutamate and
may thus be indirectly regulated by glutamate concentration. Carbamoyl phosphate may combine
with ornithine in the urea cycle to produce citrulline, which is subsequently converted to argino-
succinate and then arginine. Arginine is subsequently cleaved by arginase to produce urea and
ornithine (Newsholme et al. 2003b; Oliveira-Yamashita et al. 2009). The utilization of the amide
nitrogen atom of glutamine, catalyzed by the glutamine amidotransferases, leads to the synthesis of
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such important biological compounds as the pyridine nucleotide coenzymes, purines, pyrimidines,
glucosamine-6-phosphate, and asparagine (Figure 1.3).

Skeletal muscle also plays an important role in glutamine metabolism, since quantitatively it is
the main tissue for glutamine de novo synthesis, storage, and release. This is not due to a high GS
activity per se, but due to the increased availability of the branched-chain amino acids (BCAA),
which contribute to glutamine synthesis (Shimomura et al. 2004). Skeletal muscle tissue repre-
sents up to 40% of the total body mass (Neu et al. 1996). The BCAA (L-valine, L-leucine, and
L-isoleucine) are predominantly metabolized in skeletal muscle tissue, following protein ingestion
through the diet (Shimomura et al. 2006). Glutamine synthesis is ultimately dependent on BCAA
metabolism via BCAA aminotransferase (Hiscock and Pedersen 2002). Studies demonstrate that
BCAA can be transaminated, releasing o-ketoglutarate and glutamate, which can donate its amino
group to pyruvate, generating alanine or incorporate free NH;, for de novo synthesis of glutamine
(Nicastro et al. 2012; Rutten et al. 2005).

The glutamine synthesis over degradation ratio in the skeletal muscle is approximately 50 mmol/h,
higher than any other amino acid (Newsholme et al. 2003b). In catabolic situations (Flaring et al.
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GsH X Glycolysis NH, by Tp Glycoproteins
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FIGURE 1.3 General overview of glutamine metabolism. From glutamine, glutamate is produced through
glutaminase activity (GLS), releasing ammonium ion (NH,*). Inside the mitochondria or in the cytosol, glu-
tamine, and glutamate are important precursors for the synthesis of the intermediate metabolism of amino
acids, such as alanine (ALA); antioxidant defenses, such as glutathione (GSH); and cell homeostasis, such as
heat-shock proteins (HSP) via mammalian target of rapamicin (mTOR) and hexosamine biosynthetic pathway
(HBP). Cells, especially muscle cells, can synthesize glutamine through glutamine synthetase (GS), using
glutamate, ATP, and ammonia (NH;). Other abbreviations: alpha ketoglutarate, o.-KG; arginine, ARG; aspara-
gine, ASP; carbamoyl phosphate synthetase [ and II, CPS 1 and 2, respectively; citrulline, CIT; cysteine, CYS;
eukaryotic initiation factor 2, eIF-2; glycine, GLY; heat-shock factor 1, HSF1; histidine, HIS; inducible nitric
oxide synthase, iNOS; oxaloacetate, OAA; oxidized GSH, GSSG; tryptophan, TRP.
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2003), intense muscle proteolysis is observed, and a number of tissues begin to depend on the abil-
ity of the skeletal muscle to supply glutamine (Neu et al. 1996; Petry et al. 2014). This effect can
contribute to the disequilibrium of the intermediary metabolism, with the loss of homeostasis in the
kidneys, intestine, and lymphoid organs as glutamine synthesis and degradation capacity become
dysregulated (Newsholme et al. 2003a).

Whereas in plasma the glutamine concentration is about 20% of the total free amino acids concen-
tration, in skeletal muscle this is about 40%—-60%. Depending on the muscle under study, when the de
novo synthesis of glutamine is inhibited experimentally, the intramuscular storages can be depleted
in about 7 h. Glutamate is responsible for 40% of glutamine synthesis, and, compared to other amino
acids, is the most abundant intracellular amino acid (reported concentrations vary between 2 and
20 mM), and glutamine is the most abundant extracellular amino acid in vivo (0.7 mM compared to
an approximate L-glutamate concentration of 20 uM) (Manso Filho et al. 2009; Newsholme et al.
2003a). L-glutamate cannot readily cross the plasma membrane of skeletal muscles because it has
an overall charge of —1 at pH 7.4, and the amino acid transporter transporting glutamate into the
cell does so at relatively low rates due to a low density of the transporter in the plasma membrane
(Newsholme et al. 2003a). Hence, to increase glutamine concentration in skeletal muscles and the
availability of glutamate, glutamine supplementation may be recommended. It is also important to
note that in the skeletal muscle of mammalian species the quantities of amino acids other than gluta-
mine and glutamate, such as alanine and glycine, are high (Manso Filho et al. 2009).

It is widely accepted that glutamine is utilized at high rates by isolated cells of the immune system
such as lymphocytes, macrophages, and neutrophils (Newsholme 2001). Although the activity of
the first enzyme responsible for the metabolism of glutamine—phosphate-dependent GLS—is high
in these cells, the rate of oxidation is low. Much of the glutamine is converted to glutamate, aspar-
tate (via TCA cycle activity), lactate, and under conditions at rest, CO, (Newsholme et al. 2003b).
The process of inflammation and infection stimulates immune cells to consume high amounts of
glutamine, which is related to the demand for immune cell survival and proliferation, leading to
an imbalance of whole-body defenses (Newsholme 2001; Rodas et al. 2012). T-cell proliferation,
B-lymphocyte differentiation, macrophage phagocytosis, antigen presentation, and cytokine pro-
duction are dependent on glutamine availability (Curi et al. 2005b; Rogero et al. 2010). The provi-
sion of NADPH, via action of NADP*-dependent malic enzyme, which catalyzes the conversion
of malate (which is derived from glutamate via formation of 2-oxoglutarate, succinate, and fuma-
rate) to pyruvate is an example of glutamine participation in intracellular intermediary metabolism.
NADPH is required for biosynthetic reactions such as fatty acid synthesis or for production of free
radicals such as superoxide anion (O,") or nitric oxide (NO) by the NADPH oxidase and inducible
nitric oxide synthase (iNOS), respectively (Figure 1.3). Moreover, NADPH is also required for glu-
tathione reductase activity, which is important for antioxidant systems (Newsholme et al. 2003a).

It is important to convey that leukocytes do not possess the GS enzyme and, therefore, are unable
to synthesize glutamine. Hence, under catabolic situations immune cells, especially T and B lym-
phocytes (adaptive immunity), are highly dependent on liver and skeletal muscle glutamine stores
(Cruzat et al. 2014a). As a whole, glutamine is an ubiquitous amino acid and is of major importance
in cellular metabolism and function. Hence, in stress situations (including inflammation or inflam-
matory diseases or even intense exercise), the reduced availability of glutamine may be involved in
the acceleration of adverse metabolic outcomes.

1.3 EMERGING ROLE OF GLUTAMINE FOR CELL DEFENSE

In the past 20-30 years, many studies have reported the critical importance of glutamine to the
body’s defenses, especially to cells of both the innate and adaptive immune system. However, based
on results from both in vitro and in vivo studies no clear-cut trends were found with respect to cyto-
kine secretory profiles, levels of activation, and physiological outcomes. For example, when incu-
bated in vitro in the presence of lower levels of glutamine, identical to the lowest plasma glutamine
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concentration measured after some heavy sessions of exercise training (300-400 uM), lymphocytes
will function normally (Newsholme 2001) as compared to lymphocytes incubated at the accepted
physiological concentration (600 uM) (Hiscock and Pedersen 2002). Hence, glutamine-dependent
deficiencies occur only in situations characterized by severely depressed glutamine availability,
such as observed in a high-intensity sport environment (Hiscock and Pedersen 2002) or severe cata-
bolic illnesses (Wernerman 2008).

In response to several forms of stress, cells rapidly increase glucose uptake and utilization, which
may be related to the capacity to defend and respond appropriately (Moley and Mueckler 2000).
Experimental evidence suggests that inhibition of both glycolysis and the hexosamine biosynthetic
pathway (HBP) results in decreased cell survival (Zachara et al. 2004). HBP are vital components
for maintaining integrity and function of mucosal surfaces, and under stress situations they appear
to be part of an early cellular protective response. It appears that depletion of ATP is an important
stimulus and signal to initiate a response to stress (Newsholme et al. 2014). However, low intracel-
lular ATP levels do not necessarily explain dysregulation of cell function, as ATP turnover may
increase in such situations, satisfying cellular demands. The source of fuel required to maintain
elevated ATP turnover can be modulated to elevate glucose, amino acid, and fatty acid input, as
required.

Glutamine and its metabolites are important for the production and optimal activity of HBP.
Furthermore, glutamine stimulates the expression of argininosuccinate synthetase (ASS) gene via
O-glycosylation of Spl (Hamiel et al. 2009; Zachara and Hart 2006), a key transcription factor
required for the most basic mechanisms of cellular protection, namely, heat-shock proteins (HSP)
response (Heck et al. 2011). Glutamine availability was also identified as a limiting step for the acti-
vation of the mammalian target of rapamycin (mTOR) (Nicklin et al. 2009). Many initiation factor
complexes (e.g., eIF2, elF4F) that are assembled from multiple subunits are sensitive to activation
by the mTOR cascade (Sartorelli and Fulco 2004), which results in coordinated protein synthesis
and degradation (Newsholme et al. 2014).

Itis not only the key intracellular proteins and transcription factors, which are HBP O-glycosylated
following stress or injury, such as Spl (Hamiel et al. 2009; Zachara and Hart 2006) but the phos-
phorylation of the eIlF2 (Dokladny et al. 2013b) also promotes the activation of the main thermal
shock eukaryotic factor (Heat Shock Factor [HSF-1]), leading to the expression of HSPs (Xue et al.
2012) (Figure 1.3). HSPs are a family of polypeptides clustered according to molecular weight,
which are increased in amount in response to an increase in intracellular denatured proteins. Some
examples of HSP include HSP110, HSP100, HSP90, HSP70, and HSP27. The HSP response can be
triggered by variations in body temperature, inflammation, and oxidative stress. Early studies docu-
mented novel protein responses in the salivary gland cells of Drosophila buskii after heat shock by
Ritossa in 1962 (Heck et al. 2011). At lower temperatures, less heat-shock protein expression occurs.
Thus, these proteins were described as temperature sensitive; in other words, thermal or heat-shock
proteins (Heck et al. 2011).

HSP can be considered as stress-sensitive proteins, as further studies by Ritossa demonstrated
that a number of agents or metabolic stressors could stimulate HSP levels. Various events such as
exposition to heavy metals, UV radiation, amino acid analogs, bacterial or viral infections, inflam-
mation, cyclooxygenase inhibitors (including acetylsalicylic acid), oxidative stress, cytostatic drugs
(anticancer), growth factors, and cell development and differentiation can induce the expression of
HSP (Heck et al. 2011; Wischmeyer 2002). All these factors strongly activate HSF-1, leading to the
expression of HSP (Xue et al. 2012).

Although the connection between glutamine availability and the HSP response is not clear and
may need further investigation, the reduction of body’s glutamine concentration may contribute
to cell death (Cruzat et al. 2014a; Lightfoot et al. 2009). Recent studies have demonstrated that
glutamine-induced HSP70 response may modulate autophagy by regulating the mTOR/Akt path-
way (Dokladny et al. 2013a) and block signaling pathways associated with protein degradation
(Singleton and Wischmeyer 2007). However, it is unlikely that glutamine supplementation can be
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used as an enhancer of muscle performance or muscle mass gain and strength under normal situ-
ations (Candow et al. 2001; Gleeson 2008). Glutamine supplements may be useful in replenish-
ing previously depleted body glutamine stores (e.g., by high-throughput exercise and inflammatory
diseases).

The role of amino acids, especially glutamine, has been recognized in cell defense mechanisms,
through impact on antioxidant properties. Made up of three amino acid residues—cysteine, gluta-
mate, and glycine—glutathione (y-L-glutamyl-L-cysteinylglycine, GSH) is found in high concen-
trations in cells and can directly react with ROS in non-enzymatic reactions as well as acting as an
electron donor in peroxide reduction, catalyzed by glutathione peroxidase enzyme (GPx) (Cruzat
and Tirapegui 2009; Newsholme et al. 2011b). During the 1960s and 1970s, Sir Hans Krebs, Hems,
and Vina in the Metabolic Research Laboratory, University of Oxford, made key findings in relation
to GSH, especially in mammalian cells (Valencia et al. 2001). In 1978 they described the regulation
of hepatic GSH and its maintenance in isolated hepatocytes (Vina et al. 1978). Subsequently, dif-
ferent groups around the world have demonstrated through studies that GSH levels are reduced in
stress in animals and humans (Cruzat and Tirapegui 2009; Meister 1983; Newsholme et al. 2011b;
Rodas et al. 2012). GSH is the most important and more concentrated non-enzymatic antioxidant in
cells (Cruzat and Tirapegui 2009; Flaring et al. 2003). Decreased glutamine concentrations, espe-
cially in liver and skeletal muscles, may compromise de novo synthesis of GSH, since glutamine
is the immediate precursor of glutamate, even if cysteine and glycine were maintained at relatively
constant levels (Rutten et al. 2005).

During catabolic states, elevated oxidative stress can be observed associated with an increase
in the intracellular redox state, as indicated by the ratio between the intracellular concentration of
glutathione disulfide (GSSG) and GSH, that is, [GSSG]/[GSH], resulting in a reduction of GSH and
an increase in the amounts of GSSG (Galley 2011). The redox state of cells is consequently related
to GSH concentration, which is influenced by the availability of amino acids. A higher glutamine/
glutamate ratio reinforces substrate availability for GSH (Cruzat et al. 2014a).

Quantitatively, the liver is the main organ for de novo synthesis of GSH, being responsible
for nearly 90% of the circulating GSH in physiological conditions. The elevated concentration of
hepatic GSH is mainly due to the high activity of glutathione reductase in this tissue. Methods to
directly increase the GSH concentration through supplementation, or even addition of glutamate,
are not effective and can be toxic, sometimes accelerating the cell senescence process (Finkel and
Holbrook 2000). A number of studies demonstrate that glutamine supplementation can be an effec-
tive option to increase the availability of GSH in the organism if required (Cruzat et al. 2007; Cruzat
and Tirapegui 2009). Furthermore, it is important to note that gradual stimuli, such as physical
activity, stimulates per se the hormesis and adaptation of the organism, stimulating antioxidant
mechanisms (Finkel and Holbrook 2000; Lamb and Westerblad 2011).

1.4 CONSIDERATIONS ABOUT THE EXOGENOUS
REPLACEMENT OF GLUTAMINE

In vitro studies with various cell types, such as muscle cells, intestinal mucosa, cells of the immune
system, specific neurons of the central nervous system, hepatocytes, pancreatic B-cells, and others,
have demonstrated that L-glutamine is required in the incubation medium for growth and normal
function (Curi et al. 2007; Newsholme et al. 1999, 2003b; Rogero et al. 2009). Glutamine can sup-
ply carbon and nitrogen to essential biosynthetic pathways and as such can be considered a key
macronutrient (Figure 1.3).

It is known that the skeletal muscle concentration of glutamine in athletes can reach 20 mM
(60% of the intramuscular pool) (Newsholme et al. 2011b). However, exhaustive exercise (i.e., high-
intensity and long-term strenuous exercises) leads to a catabolic situation that promotes a decrease
in the whole-body L-glutamine pool with a concomitantly transient immune depression and may
contribute to overtraining syndrome (Cruzat et al. 2010; Rowbottom et al. 1996; Santos et al. 2007).
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TABLE 1.1
Glutamine Balance in Postoperative Trauma Based
on the Calculations for a Patient Weighing 70 kg

Intestinal glutamine utilization 10-14 g/d
Kidney glutamine uptake 4¢/d
Immune cells uptake 2-4 g/d*
Glutamine efflux from muscle 8-10 g/d
Balance -12 g/d

Source: Adapted from Furst P, Alteheld B and Stehle P. 2004. Clin
Nutr 1, 3-15; * Newsholme F. et al. 1999. J Nutr Biochem 10,
316-324.

Thus, in a healthy context, glutamine is considered a nonessential amino acid commonly supplied
to the blood by synthesis from precursors in the skeletal muscle. However, under stress situations,
glutamine availability can be compromised (Figure 1.2b). Table 1.1 shows the glutamine balance
in the postoperative trauma, according to Furst et al. (2004) and Newsholme et al. (1999). Hence,
strategies to correct potential glutamine deficiency have included exogenous replacement with
L-glutamine, through oral supplementation. In some severe catabolic and uncontrolled inflamma-
tory response (e.g., sepsis), low plasma glutamine concentration is associated with poor clinical
outcomes and increased risk of mortality (Rodas et al. 2012). Indeed, immune function including
lymphocyte proliferation is dependent on extracellular glutamine concentration (Figure 1.4).
Different preparations of L-glutamine supplementation can be used for nutritional supplementa-
tion, and the application partially depends on the patient catabolic situation. Given parenterally,
by itself or as part of a total parenteral nutrition (TPN) formulation, L-glutamine supplementation
results in the normalization of the availability of total body glutamine (Flaring et al. 2003; Mondello
et al. 2010; Weitzel and Wischmeyer 2010). The results of studies of clearance and distribution
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FIGURE 1.4 Lymphocyte proliferation is dependent on extracellular glutamine concentration. Lymphocytes
obtained from rat spleens were incubated in vitro in RPMI medium containing antibiotics. They were exposed
to the T-cell mitogen concanavalin A at the start of the incubation in medium containing extracellular glu-
tamine in various concentrations. Proliferation is expressed as increase in radioactively labeled thymidine
incorporation into DNA during the last 18 h of a 66-h incubation. (For more, see Newsholme P. 2001. J Nutr
131, 25155-25228; discussion 25235-25148S.)
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kinetics may vary according to renal flux and other tissue uptake (Berg et al. 2007); therefore, the
dosage of glutamine may be guided by regular measurement of plasma concentration. Most of the
studies with postoperative patients show that a daily i.v. or TPN L-glutamine dosage (20-30 g) or
0.3-0.5 g/kg body weight can reduce the rate of decrease in blood glutamine and also glutamine in
tissues such as liver and skeletal muscle (Roth 2008; Weitzel and Wischmeyer 2010).

Free L-glutamine has limited solubility in water and is an unstable amino acid in aqueous
solution (hydrolysis will degrade glutamine by approximately 5% per day at 37°C). Moreover,
amino acid cannot be heat-sterilized, as it will be rapidly hydrolyzed to glutamate and NH;. Thus,
L-glutamine in its free form is not included in the crystalline amino acid solutions for parenteral use
until the dipeptide forms were introduced in the 1990s (Furst et al. 2004; Wernerman 2008). The
L-glutamine dipeptides are stable during heat sterilization and are highly soluble and, therefore,
suitable constituents of liquid nutrition preparations. In fact, current industrial production levels of
L-glutamine dipeptides has allowed their routine use in clinical nutrition.

The glutamine-containing dipeptides (Table 1.2) can be formed from L-glycine (L-glycyl-
L-glutamine), L-alanine (L-alanyl-L-glutamine), and, as witnessed recently, with L-arginine
(L-arginyl-L-glutamine). Several clinical and experimental studies have shown that glutamine-con-
taining dipeptides added to parenteral formulas improve the clinical conditions of individuals with
transplanted bone marrow (Ziegler et al. 1992), attenuating reduction in GSH (Flaring et al. 2003),
diminishing muscular atrophy during the metabolic stress following surgery, reducing the rate of
hospital infection (Grau et al. 2011), promoting immune function (Exner et al. 2003), and improv-
ing the nitrogen balance (Mondello et al. 2010), thereby lowering overall hospital costs (Dechelotte
et al. 2006), length of stay, and mortality (Klassen et al. 2000; Rodas et al. 2012; Weitzel and
Wischmeyer 2010).

Administered in a peripheral vein as a dipeptide, L-alanyl-L-glutamine (Ala-Gln) is the most
prevalent supplement form for L-glutamine and can be found in commercial products in a concen-
tration of 200 g/L (20 g/100 mL flask), with an osmolality <900 mOsm (Table 1.2). L-glycyl-
L-glutamine (Gly-Gln) also can be found in clinical nutrition field, commonly added in amino acid
solutions at 30.27 g/L.. Some studies have shown different immunological effects comparing the
administration of Ala-Gln and L-glycyl-L-glutamine (Gly-Gln). Exner et al. (2003) observed that
both supplements restored plasma glutamine concentration 48 h after major abdominal surgery;
however, only Gly-Gln administration resulted in a higher ex vivo LPS-stimulated tumor necrosis
factor (TNF)-a release. According to the authors, the presence of glycine might enhance glutamine
uptake by human monocytes, which would lead to an enhancement of TNF-a secretion. In another
study, it was found that the infusion of both dipeptides caused an elevation of the postoperative glu-
tamine plasma levels and, nonetheless, the Ala-Gln infusion attained a higher increase compared
to Gly-Gln (Spittler et al. 2001). This effect is possibly related to the fact that the plasma half-life of
intravenously injected Gly-Gln is considerably higher than that of Ala-GIn. However, only Gly-Gln
supplementation reduced the development of immunosuppression following surgery, when using

TABLE 1.2
Chemical and Physical Characteristics of Free L-Glutamine and Synthetic
L-Glutamine Dipeptides

Share of Other
Solubility (g/L [Glutamine] Amino Acid Bounded
Compound H,0 at 20°C) Stability (g/20 g Dipeptide)  (g/20 g Dipeptide)
Glutamine 36.0 No 20 -
L-alanyl-L-glutamine 568.0 Yes 13.46 8.2
L-glycyl-L-glutamine 154.0 Yes 13.2 6.8

L-arginyl-L-glutamine N/A Yes N/A N/A
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the expression of HLA-DR, a gene product of the major histocompatibility complex (MHC) class II
antigen in monocytes, as a marker of immune state (Spittler et al. 2001).

Despite immunological recovery differences, a meta-analysis (Wang et al. 2010) and a review
(Roth 2008) revealed that most of the effects cited above, including that of the Ala-Gln supplement,
were associated with lower infections and complications in patients with severe catabolic condi-
tions. Gly-Gln is possibly less effective, perhaps because there were not enough trials with the Gly-
Gln subgroup. Hence, further studies are needed to determine the different physiological effects of
supplementation and impact on clinical outcomes.

On the other hand, i.v. or TPN solutions are very invasive and may expose the patient to enhanced
risk of infections so that, as far as possible, enteral alternatives should be considered preferentially.
Furthermore, enteral routes are much more physiological and provide the physiological generation
of other amino acid derivatives (e.g., citrulline and arginine), which can only be accounted for if
L-glutamine is given via this route (Krause and de Bittencourt 2008).

The greater efficiency rendered by enteral L-glutamine dipeptides is a result of its differentiated
membrane transport by enterocytes through the glycopeptide transport protein-1 (PepT-1). PepT1
was cloned by Fei et al. (1994) and is a carrier-mediated mechanism for the uptake of small pep-
tides across the brush-border membrane of the enterocyte in the jejunum, followed by the ileum
(Néssl et al. 2011). Although transporters of free amino acids exhibit substrate specificity, PepT1
can potentially transport up to common 400 di- and tri-peptides and some peptidomimetic com-
pounds that result from combining the 20 different dietary amino acids (Gilbert et al. 2008). An
interesting characteristic of this transport protein is that 2 or 3 amino acids di- or tri- peptides can
be transported into the cell by PepT1 for the same energy expenditure required to transport a single
free amino acid (Gilbert et al. 2008).

Enteral nutritional solutions with L-glutamine supplementation (dipeptide vs. free amino acids)
are important to tissues other than the gut. Results from pancreatic -cells (which are also depen-
dent on alanine and glutamine metabolism) shed light on a possible mechanism. L-alanine oxi-
dation is important for boosting glucose-stimulated insulin secretion and causes an increase in
intracellular glutamate concentration (Newsholme et al. 2003b), while glutamine is important for
B-cell viability and function (Cunningham et al. 2005; Newsholme et al. 2005). Furthermore, ala-
nine may protect these cells from apoptosis induced by proinflammatory cytokines, by enhancing
antioxidant defenses (Cunningham et al. 2005). Active and healthy skeletal muscle releases alanine
and glutamine into the circulation (60% of the overall amino acid delivery), but alanyl-glutamine
delivery via enteral or parenteral routes may be important for cell defense and survival during peri-
ods of catabolic stress, when skeletal muscle function may be compromised.

1.5 CONCLUSION AND FUTURE PERSPECTIVES

Glutamine plays a critical role in amino acid, protein, and nitrogen metabolism; it is required as a
building block of proteins and also provides a nitrogen source for biosynthesis. For healthy popu-
lations, L-glutamine synthesized and released from the skeletal muscle is sufficient to maintain
glutamine availability and homeostasis. On the other hand, in severe catabolic situations, insuf-
ficient glutamine availability in the body may be observed, and exogenous supply is now required.
Physicians and nutritionists may use glutamine i.v. or TPN solutions containing glutamine in dipep-
tide form, and the efficacy of this nutritional intervention is clearly important for the metabolism of
amino acids and the recovery of the patient. In oral or enteral nutrition, L-glutamine dipeptides or
more complex free amino acid solutions containing L-alanine, L-glycine, or even L-arginine, have
been identified for possible supplementation therapy. Despite this, the exact frequency and optimal
dosage according to the disease or extreme exercise need to be determined.

It is important to note that L-glutamine supplementation may not prevent inflammation, damage,
disease, or even enhance performance but may help the recovery of cells under severe catabolic
situations, enhancing cell defenses, attenuating apoptosis and uncontrolled inflammatory response.



14 Glutamine

If the condition is diagnosed early and managed appropriately, providing optimal supplementation
and nutritional support, patient outcomes can be improved.
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2.1 INTRODUCTION

Glutamine is, at a concentration of ~600 wmol/L, the most abundant amino acid in mammalian
plasma (Tapiero et al. 2002). It is considered to be the principle metabolic fuel for rapidly dividing
cells, including enterocytes (Windmueller 1982), as is underscored by the bowel dysfunction and
necrosis that develops upon infusion of glutaminase (Baskerville et al. 1980). Even though the effects
of glutaminase infusion, which reduced circulating glutamine to nondetectable levels (Hambleton
et al. 1980), were more pronounced in the colon than in the small intestine, the few studies that were
carried out on glutamine synthesis in the gut have focused on the small intestine. The only enzyme
capable of glutamine synthesis is glutamine synthetase (GS; L-glutamate: ammonia ligase (ADP);
EC 6.3.1.2). GS expression was undetectable in the small intestine of adult mice (Kuo et al. 1991).
In adult rats, GS activity in the intestine was considered low relative to the distal stomach, but the
colon expressed a ~10-fold higher activity than the small intestine (Arola et al. 1981; James et al.
1998b). Both GS protein and mRNA were reportedly present in all enterocytes (Kong et al. 2000) or
mainly in the crypt regions (Roig et al. 1995). Fasting for 2 days reduced mucosal mass of the small
intestine to ~70% but increased GS activity by 1.2—1.4-fold (Kong et al. 2000).

Some time ago, we showed in adult mice that the colon contained an 8—10-fold higher concentra-
tion of GS mRNA, protein, and activity than did the jejunum and that these numbers were ~2-fold
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higher in females than in males (van Straaten et al. 2006). We, therefore, deemed it of interest to
investigate the role of GS in the intestine. To do so, we generated mice that were selectively deficient
for GS in their intestines by crossing mice carrying a GS" allele (He et al. 2010b) with mice carrying
a Vil-Cre allele (B6.SJL-Tg(Vil-cre)997Gum/J) (Madison et al. 2002). The flanking of the coding
regions in the GS" allele does not alter GS functionality (He et al. 2010b). The effects of a specific
deletion of the GS" alleles in astrocytes and myocytes were described earlier (He et al. 2010a,b).
The Vil-Cre mice express the loxP sequence-specific Cre recombinase enzyme (Orban et al. 1992)
in the enterocytes of the intestine (Madison et al. 2002). Villin is an actin-bundling protein in the
apical brush border of absorptive tissues that is expressed in the intestinal epithelium from crypt to
villus tip and from duodenum to the rectum from embryonic day 12.5 onward (Madison et al. 2002).

2.2 DISTRIBUTION OF GS IN THE INTESTINES

GS activity in the colon exceeds that seen in the small intestine ~10-fold (Figure 2.1a). Figure 2.2
shows that GS expression is confined to goblet cells and virtually absent from absorptive entero-
cytes. Note that the anti-GS antibody did not stain the mucus itself. Although GS expression in
small-intestinal villi and crypts was low, it was strongly expressed in Brunner’s glands of the proxi-
mal duodenum (Figure 2.2). Figure 2.2 also shows that the expression of CPS, a marker for all
enterocytes on the villus, is virtually absent from the deeper parts of the intestinal crypts, including
Brunner’s glands, and from the colon. The expression patterns of GS and CPS in the respective parts
of the intestine are, therefore, mostly supplemental.

The number of goblet cells in the colon is much higher than in the small intestine. The selective
expression of GS in goblet cells raised the question whether the high enzyme activity in the colon
relative to the small intestine was due to the much higher number of goblet cells in the colon or to
a difference in enzyme activity per goblet cell. We, therefore, quantified the Alcian blue-positive
areas in the proximal third of the small intestine and in the colon as a fraction of the total area occu-
pied by intestinal epithelium in the respective sections, using ImagelJ software. Figure 2.1b shows
that the mucus-containing area was ~8-fold bigger in the colon than in the small intestine. This dif-
ference does not differ significantly from the ratio of enzyme activity. We conclude that the goblet
cells of both the small intestine and the colon contain a similar quantity of GS enzyme.
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FIGURE 2.1 (See color insert.) (a) GS enzyme activity in jejunum and colon. GS activity was measured
in tissue homogenates. Activity was determined spectrophotometrically with the y-glutamyltransferase assay
and expressed as nmoles/min mg total protein (mU) at 37°C. (b) Percentage of intestinal epithelial surface
occupied by mucus in jejunum and colon of control (homogeneous gray) and GS-KO/I mice (cross-hatched).
The “stained surface” of Alcian blue-stained sections was determined in four random pictures with Imagel.
(c) Ileal villus stained for the presence of GS in a wild-type mouse. The presence of GS was demonstrated
with mouse monoclonal antibodies (clone GS-6, R&D Systems, UK). Antibody binding was visualized with
the appropriate alkaline phosphatase-coupled secondary antisera. Specific staining is seen in the goblet cells
only. Positive cells in the submucosa represent immune cells containing immunoglobulins that are recognized
by the second antibody (see also Figures 2.3 and 2.4).
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FIGURE 2.2 (See color insert.) Serial sections of the intestine in fed control mice were stained for the
presence of GS or carbamoyl-phosphate synthetase (CPS). The presence of CPS was visualized with a rabbit
antiserum (Charles et al. 1983) and an alkaline phosphatase-coupled secondary antiserum. Note the roughly
reciprocal staining pattern of GS and CPS. The staining intensity of GS is relatively low in the small intestine,
except for Brunner’s glands in the duodenum, whereas its staining in the colon is intense. CPS is present in
the epithelium of the small intestine, except for Brunner’s glands and the colon, where it is nearly absent.
Magnification: 10x (bar: 0.1 mm).

2.3 EFFECT OF ENTEROCYTE-SPECIFIC DELETION OF GS ON THE INTESTINE

Constitutive GS-deficient mice die in the blastocyst phase of development (He et al. 2007). Crossing
Vil-Cre mice (Madison et al. 2002) with ROSA26R-LacZ reporter mice (Soriano 1999) demon-
strated that Cre was expressed in all the epithelial cells of the duodenum, jejunum, ileum, and
colon but not in the nonepithelial intestinal cells (not shown). On the basis of this experiment, we
concluded that the Vil-Cre mouse was an efficient deleter strain. Expression was already com-
plete at postnatal day 10. Crossing Vil-Cre with GS" or GS¥L+Z mice yielded apparently healthy,
enterocyte-specific GS-deficient mice (GS-KO/I). Enterocyte-specific deletion of GS expression
was complete, even in the colon (cf. Figures 2.3 and 2.4).

The duodenum, jejunum, ileum, and colon of fasted and nonfasted male and female GS-KO/I
and control mice were stained for the expression of GS, CPS (a marker for small intestinal epithe-
lium), BrdU (a marker for the proliferative capacity), and activated caspase-2 (a marker for apop-
tosis). The number of Alcian blue-positive and GS-positive goblet cells increases progressively
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FIGURE 2.3 (See color insert.) Serial sections of the intestine of fed control females were stained for the
presence of mucus (Alcian Blue with nuclear fast red counter staining), bromodeoxyuridine (BrdU), or GS;
32.5 pmol (10 mg) BrdU per 10 g body weight dissolved in 50 L. 0.9% NaCl was injected intraperitoneally
150 and 30 min before sacrifice. The control represents a section without first antibody. Magnification: 10x
(bar: 0.1 mm).

between the duodenum and the colon (columns 1 and 3 in Figures 2.3 and 2.4), a higher degree of
incorporation of BrdU in the small intestine than in the colon (column 2), and a varying degree
of background staining with the secondary antibody (column 4). The background staining, which
was also seen in sections stained for the presence of GS in GS-KO/I mice (Figure 2.4), stained the
lamina propria and not the enterocytes and was only seen in sections incubated with anti-mouse
IgG antiserum. We, therefore, hypothesize that the staining cells are immune cells that contain
antibodies.

2.3.1  ErrecTt OF ENTEROCYTE-SPECIFIC DELETION OF GS ON
PORTAL-VEIN AMINO AcIiD CONCENTRATIONS

Compared to fed mice, fasting only slightly decreased portal-vein concentrations of all amino acids
(—8%) in control mice (Figure 2.5). As expected, glutamine and alanine behaved differently. The
concentration of glutamine in the fasted condition was ~175% of that in the fed condition (P = 0.03),
whereas in the case of alanine it was only ~80% (P = 0.009). The increase in glutamine concentra-
tion was similar to the decrease in alanine concentration. GS-KO/I mice differed from control mice
in that fasting decreased the portal-vein concentrations of all amino acids to ~78%. The difference
in the response of amino acids to fasting significant (P, = 0.014; Figure 2.5). The portal-vein

lines
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FIGURE 2.4 (See color insert.) Serial sections of the intestine of fed GS-KO/I females were stained for the
presence of mucus, BrdU, or GS. Note that the stain in the duodenum and jejunum after incubation with the
GS antibody is present in the stem of the villus and not in the epithelium. This staining pattern is also seen in
the section incubated with the secondary antiserum only. The jejunal control section (“missing”) was lost in
the course of the immunohistochemical procedure. Bar: 0.1 mm.
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FIGURE 2.5 (See color insert.) Correlation between fed and 24-h-fasted portal-vein amino acid concentra-
tions in control and GS/KO/I mice. Amino acid concentrations in deproteinized plasma samples were deter-
mined by HPLC (van Eijk et al. 1993). Control mice are represented by red symbols (regression line in red as
well) and GS-KO/I mice by blue symbols (regression line: blue). Circles represent glutamine and diamonds
alanine. Please note that amino acids, except for glutamine and alanine, are not identified by name.
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FIGURE 2.6 (See color insert.) BrdU incorporation into epithelial cells of the duodenum or colon. Control
(red columns) or GS-KO/I (blue columns) mice were either fed (light columns) or 24-h-fasted (dark columns)
when they were treated with BrdU. BrdU incorporation in the colon was ~70% of that in the duodenum and
sensitive to fasting (~2-fold decrease), irrespective of whether the animal was or was not GS-deficient in the
intestinal epithelium. The effect of fasting was most prominent in GS-KO/I mice and may also have decreased
incorporation in the duodenum.

concentration of glutamine was similar in fed and GS-KO/I mice, whereas that of alanine declined

to ~65%, that is, the balance between glutamine and alanine concentrations remained similar
(260-300 umol/L).

2.3.2  ErrecT OF ENTEROCYTE-SPECIFIC DELETION OF GS ON THE NUMBER OF GOBLET CELLS

Figure 2.1b shows that the fraction of Alcian blue-positive areas in both the proximal third of the
small intestine and the colon as a fraction of the total area occupied by intestinal epithelium in
that section decreased to 77% in the duodenum (P = 0.028) and to 72% in the colon (P = 0.004) of
GS-KO/I mice.

2.3.3  ErrecT OF ENTEROCYTE-SPECIFIC DELETION OF GS ON ENTEROCYTE PROLIFERATION

BrdU incorporation was much higher in the small intestine than in the colon (Figures 2.3 and 2.4).
Figure 2.6 shows that the proliferating cells occupied ~1.5-fold larger relative volume of duodenal
epithelium than of colonic epithelium (P < 0.001), irrespective of the genotype. Fasting had no sig-
nificant effect on BrdU incorporation in the duodenum (P = 0.63), but in colon fasting decreased the
proliferation of enterocytes to ~60% of fed mice in controls and to ~35% in GS-KO/I mice (both:
P < 0.001).

2.4 DISCUSSION

The main findings of our study were that GS expression per goblet cell is similar in the small
intestine and the colon and that fasting reduced intestinal cell proliferation in GS-deficient mice
only.

2.4.1 RestrICTION OF GS EXPRESSION TO GOBLET CELLS

The finding that GS protein was only found in goblet cells and that the density of goblet cells
determined the distribution of GS in the intestines was unexpected in view of earlier immune and
in situ hybridization stainings (Roig et al. 1995; Kong et al. 2000). Our estimate of the number of
goblet cells in the intestine concurs with earlier reports (Sharma and Schumacher 1995). Since the
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ratio of GS activity in the duodenum and colon was similar to that of goblet cells, the GS content
per goblet cell was similar at both locations. In fish intestine, GS (Mommsen et al. 2003) and goblet
cells (Hur et al. 2013) are also predominantly expressed in the distal part of the intestines, suggest-
ing an evolutionarily conserved, and hence probably an important, function of GS in these cells.
Goblet cells are known for their production and secretion of mucus and also secrete cysteine-rich
peptides such as intestinal trefoil factor (TFF3), which play a key role in intestinal defense and
repair (Kim and Ho 2010). Glutaminase activity far exceeds GS activity in the intestines (James
et al. 1998a,b; McCauley et al. 1999; Kong et al. 2000), which explains why the (small) intestine
is known as a glutamine-consuming organ (Windmueller 1982; Quan et al. 1998; Haisch et al.
2000; van de Poll et al. 2007). The restricted presence of GS in goblet cells also rules out entero-
cyte glutamine synthesis (Reeds and Burrin 2001). Instead, the presence of GS in goblet cells sug-
gests a local function of the enzyme. Most likely, this function is the provision of glutamine as
substrate for L-glutamine: D-fructose-6-phosphate amidotransferase (GFAT) to produce glucos-
amine-6-phosphate. Glucosamine-6-phosphate, in turn, is metabolized to uridine 5-diphospho-N-
acetyl-D-glucosamine (UDP-GIcNAc), which controls the biosynthesis of amino sugar-containing
macromolecules, such as mucins (Milewski 2002). In agreement, the activity of GFAT is lower in
the small intestine than in the colon (Winslet et al. 1994).

2.4.2 Errect OF FASTING AND GS DEFICIENCY ON ENTEROCYTE PROLIFERATION

Fasting decreased proliferation of the enterocytes, in particular in the colon, and was more prominent
in GS-KO/I than in control mice. In vitro, ambient glutamine concentration has to be ~1 mmol/L for
maximal growth of rat IEC-6 intestinal cells (DeMarco et al. 1999), which is similar to the mucosal
concentration of glutamine (~1 and ~2 mmol/L in the small and large intestine of rats, respectively;
Arola et al. 1981). We previously showed that fasting increased intestinal cell turnover (Sokolovic
et al. 2007), but the effects after 24 h of fasting were still small.

2.4.3 Errect OF FASTING AND GS DEFICIENCY ON PORTAL AMINO AcID CONCENTRATIONS

Feeding caused the concentration of amino acids in the portal vein to increase ~8% relative to
the corresponding amino acids in 24 h-fasted control mice, whereas the concentration of gluta-
mine declined to ~55% and that of alanine increased ~30%. We did not measure arterial amino
acid concentrations in these mice, but in an earlier experiment (He et al. 2010a) the arterial
concentrations of corresponding amino acids were ~25% higher in fed than fasted control mice,
whereas the “glutamine effect” was not seen. Fasting apparently reduces the intestinal consump-
tion of amino acids (~1.4-fold) and especially that of glutamine (~2.5-fold) in a pronounced
manner. There are few direct comparisons between amino acid consumption in fed and fasted
intestines, but Windmueller and Spaeth’s experiments also showed an ~2-fold higher glutamine
and glucose consumption in fed than in post-absorptive rat jejunum, which was only partly
compensated for by an increased ketone body metabolism in fasting jejunum (Windmueller
and Spaeth 1978, 1980). In GS-KO/I mice, in contrast, the concentrations of all amino acids
in the portal vein were ~20% lower in the fasted state than in the fed state, suggesting that, in
the absence of food, the intestine did extract more arterial amino acids. The only difference
between both sets of mice was their GS deficiency in the goblet cells and perhaps the associ-
ated decrease in their number, which was observed in 70%—-75% of controls. It is tempting to
speculate that the decline in the number of goblet cells accounts for the disappearance of the
“glutamine effect” and the increased amino acid extraction is due to the loss of their capacity
to synthesize glutamine. In other words, the goblet cells appear to be the main consumers of
glutamine in the intestine.



28 Glutamine

REFERENCES

Arola, L., A. Palou, X. Remesar, and M. Alemany. 1981. Glutamine synthetase activity in the organs of fed
and 24-hours fasted rats. Horm Metab Res 13 (4):199-202.

Baskerville, A., P. Hambleton, and J. E. Benbough. 1980. Pathological features of glutaminase toxicity. Br J
Exp Pathol 61 (2):132-8.

Charles, R., A. De Graaf, W. H. Lamers, and A. F. Moorman. 1983. Control of the changes in rat-liver carbam-
oyl-phosphate synthase (ammonia) protein levels during ontogenesis: Evidence for a perinatal change in
immunoreactivity of the enzyme. Mech Ageing Dev 22 (3—4):193-203.

DeMarco, V., K. Dyess, D. Strauss, C. M. West, and J. Neu. 1999. Inhibition of glutamine synthetase decreases
proliferation of cultured rat intestinal epithelial cells. J Nutr 129 (1):57-62.

Haisch, M., N. K. Fukagawa, and D. E. Matthews. 2000. Oxidation of glutamine by the splanchnic bed in
humans. Am J Physiol Endocrinol Metab 278 (4):E593—-602.

Hambleton, P., J. E. Benbough, A. Baskerville, and P. W. Harris-Smith. 1980. Clinical biochemical aspects of
glutaminase toxicity in rabbits and Rhesus monkeys. Br J Exp Pathol 61 (2):208-16.

He, Y., T. B. Hakvoort, S. E. Kohler et al. 2010a. Glutamine synthetase in muscle is required for glutamine
production during fasting and extrahepatic ammonia detoxification. J Biol Chem 285 (13):9516-24.

He, Y., T. B. Hakvoort, J. L. Vermeulen et al. 2010b. Glutamine synthetase deficiency in murine astrocytes
results in neonatal death. Glia 58 (6):741-54.

He, Y., T. B. Hakvoort, J. L. Vermeulen, W. H. Lamers, and M. A. Van Roon. 2007. Glutamine synthetase is
essential in early mouse embryogenesis. Dev Dyn 236 (7):1865-75.

Hur, S. W., C. H. Lee, S. H. Lee et al. 2013. Characterization of cholecystokinin-producing cells and mucus-
secreting goblet cells in the blacktip grouper, Epinephelus fasciatus. Tissue Cell 45 (2):153-7.

James, L. A., P. G. Lunn, and M. Elia. 1998a. Glutamine metabolism in the gastrointestinal tract of the rat
assess by the relative activities of glutaminase (EC 3.5.1.2) and glutamine synthetase (EC 6.3.1.2). Br J
Nutr 79 (4):365-72.

James, L. A., P. G. Lunn, S. Middleton, and M. Elia. 1998b. Distribution of glutaminase and glutamine syn-
thetase activities in the human gastrointestinal tract. Clin Sci (Lond) 94 (3):313-9.

Kim, Y. S., and S. B. Ho. 2010. Intestinal goblet cells and mucins in health and disease: Recent insights and
progress. Curr Gastroenterol Rep 12 (5):319-30.

Kong, S. E., J. C. Hall, D. Cooper, and R. D. McCauley. 2000. Starvation alters the activity and mRNA level
of glutaminase and glutamine synthetase in the rat intestine. J Nutr Biochem 11 (7-8):393—-400.

Kuo, F. C., W. L. Hwu, D. Valle, and J. E. Darnell, Jr. 1991. Colocalization in pericentral hepatocytes in adult
mice and similarity in developmental expression pattern of ornithine aminotransferase and glutamine
synthetase mRNA. Proc Natl Acad Sci USA 88 (21):9468-72.

Madison, B. B., L. Dunbar, X. T. Qiao, K. Braunstein, E. Braunstein, and D. L. Gumucio. 2002. Cis elements
of the villin gene control expression in restricted domains of the vertical (crypt) and horizontal (duode-
num, cecum) axes of the intestine. J Biol Chem 277 (36):33275-83.

McCauley, R., S. E. Kong, K. Heel, and J. C. Hall. 1999. The role of glutaminase in the small intestine. Int J
Biochem Cell Biol 31 (3—4):405-13.

Milewski, S. 2002. Glucosamine-6-phosphate synthase—the multi-facets enzyme. Biochim Biophys Acta 1597
(2):173-92.

Mommsen, T. P, E. R. Busby, K. R. von Schalburg, J. C. Evans, H. L. Osachoff, and M. E. Elliott. 2003.
Glutamine synthetase in tilapia gastrointestinal tract: Zonation, cDNA and induction by cortisol.
J Comp Physiol B 173 (5):419-27.

Orban, P. C., D. Chui, and J. D. Marth. 1992. Tissue- and site-specific DNA recombination in transgenic mice.
Proc Natl Acad Sci USA 89 (15):6861-5.

Quan, J., M. D. Fitch, and S. E. Fleming. 1998. Rate at which glutamine enters TCA cycle influences carbon
atom fate in intestinal epithelial cells. Am J Physiol 275 (6 Pt 1):G1299-308.

Reeds, P. J. and D. G. Burrin. 2001. Glutamine and the bowel. J Nutr 131 (9 Suppl):2505S-8S; discussion
2523S-48S.

Roig, J. C., V. B. Shenoy, R. Chakrabarti, J. Y. Lau, and J. Neu. 1995. Localization of rat small intestine glu-
tamine synthetase using immunofluorescence and in situ hybridization. JPEN J Parenter Enteral Nutr
19 (3):179-81.

Sharma, R. and U. Schumacher. 1995. Morphometric analysis of intestinal mucins under different dietary
conditions and gut flora in rats. Dig Dis Sci 40 (12):2532-9.

Sokolovic, M., D. Wehkamp, A. Sokolovic et al. 2007. Fasting induces a biphasic adaptive metabolic response
in murine small intestine. BMC Genomics 8:361.



Goblet Cells Express GS 29

Soriano, P. 1999. Generalized lacZ expression with the ROSA26 Cre reporter strain. Nat Genet 21 (1):70-1.

Tapiero, H., G. Mathe, P. Couvreur, and K. D. Tew. 2002. II. Glutamine and glutamate. Biomed Pharmacother
56 (9):446-57.

van de Poll, M. C., G. C. Ligthart-Melis, P. G. Boelens, N. E. Deutz, P. A. van Leeuwen, and C. H. Dejong.
2007. Intestinal and hepatic metabolism of glutamine and citrulline in humans. J Physiol 581
(Pt 2):819-27.

van Eijk HM, Rooyakkers DR, Deutz NE. 1993. Rapid routine determination of amino acids in plasma by
high-performance liquid chromatography with a 2-3 microns Spherisorb ODS II column. J Chromatogr
620:143-8.

van Straaten, H. W., Y. He, M. M. van Duist et al. 2006. Cellular concentrations of glutamine synthetase in
murine organs. Biochem Cell Biol 84 (2):215-31.

Windmueller, H. G. 1982. Glutamine utilization by the small intestine. Adv Enzymol Relat Areas Mol Biol
53:201-37.

Windmueller, H. G. and A. E. Spaeth. 1978. Identification of ketone bodies and glutamine as the major respira-
tory fuels in vivo for postabsorptive rat small intestine. J Biol Chem 253 (1):69-76.

Windmueller, H. G. and A. E. Spaeth. 1980. Respiratory fuels and nitrogen metabolism in vivo in small intestine
of fed rats. Quantitative importance of glutamine, glutamate, and aspartate. J Biol Chem 255 (1):107-12.

Winslet, M. C., V. Poxon, A. Allan, and M. R. Keighley. 1994. Mucosal glucosamine synthetase activity in
inflammatory bowel disease. Dig Dis Sci 39 (3):540—4.



Taylor & Francis
Taylor & Francis Group

http://taylorandfrancis.com


http://taylorandfrancis.com

Glutaminase Isoforms and
Glutamine Metabolism

Norman P. Curthoys

CONTENTS
3.1 TIETOQUCHION .ottt st b ettt ae b saeeaeenes 31
3.2 Interorgan Metabolism of GIUtamMINE .........ccooeeiiirieriiiierieieeee e 31
3.3 Properties Of GIULAMINASE ........ecueeuierteeierieeieeteete et ceteete bttt esteete st eetesbe e tesbeesteeseenteeneenaeenees 32
3.3.1  GLSI and GLS2 GENES ......oouerueiiieieieieieieeeitet ettt ettt e 32
3.3.2 Kinetics and Inhibitors of Glutaminase...........c.eceeeererrererrenienenieneenreneeeeeeeeeeeeee 34
3.3.3  X-ray Structure of GIUtaminase. ........ccceevueruieriirierieiieseeteeee e 35
3.3.4 Effects of N-Acetylation of GIUtaminase ...........cccceeveererieniriieneeienieescee e 36
3.4 Tissue Specific Function of Glutamine MetaboliSm ............ccooveeiererienieniinieeecee e 37
341 INEESTINE .oniiiieiieiieiieeee ettt ettt ettt ettt 37
342 LIVET cetiieieeeteeeteee ettt b e s s h ettt ettt 37
343 BIAIN oottt sttt ettt 38
344 KIANEY ..ottt ettt e s sttt ettt 39
3145 CanCer CelIS...c.uiieiiiiiiiiciiiieeeeeeee ettt e 41
3.5 Conclusions and PrOSPECTIVE ........c.ceiuirieriieiirieie ettt et 41
RELETEIICES ...ttt sttt ettt ettt ettt et sae b 42

3.1 INTRODUCTION

Glutamine is the most abundant free amino acid in the human body. With an arterial plasma con-
centration of 0.5-0.8 mM, the circulating pool of glutamine constitutes 20%—25% of the plasma
amino acids. In addition, this pool turns over with a rate (350 umol/kg h) similar to the turnover of
plasma glucose (Gerich et al. 2000). The rapid turnover of plasma glutamine reflects the fact that
it functions as the primary nontoxic carrier for the interorgan transport of nitrogen. Glutamine is
also among the most abundant free intracellular amino acids, particularly in muscle tissue where
cytosolic concentrations range from 10 to 30 mM (Rennie et al. 1996). This pool serves as a gluta-
mine reserve that is released to the plasma in response to stress or during hypercatabolic states. To
emphasize the importance of glutamine metabolism, this chapter will provide a brief overview of
the interorgan metabolism of glutamine followed by a more detailed discussion of the biosynthesis,
kinetic and biophysical properties, and the regulation of the various glutaminase isoforms. It con-
cludes with a discussion of the role of glutaminase in the tissue-specific metabolism of glutamine
and attempts to provide some insight for future research.

3.2 INTERORGAN METABOLISM OF GLUTAMINE

Glutamine also has a broad range of metabolic functions. Through amidotransferase reactions,
the amide nitrogen of glutamine serves as the precursor for de novo synthesis of purines, pyrimi-
dines, amino sugars, and asparagine in humans. In other organisms, glutamine also contributes
to the synthesis of histidine and tryptophan. Glutamine also functions as the primary metabolic
fuel for many rapidly dividing cells, including intestinal epithelial cells (Wu 1998), lymphocytes
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(Newsholme 2001), and various cancer cells (Hensley et al. 2013). Within the brain, glutamine
participates in an intercellular cycle (Albrecht et al. 2007) that generates and removes the primary
excitatory and inhibitory neurotransmitters of the central nervous system. In liver, glutamine is an
important precursor for ureagenesis and gluconeogenesis (Watford et al. 2002). In contrast, during
metabolic acidosis, the renal catabolism of glutamine supports ammoniagenesis and glucose syn-
thesis (Curthoys 2012).

Most of the ingested glutamine is rapidly catabolized within the epithelial cells of the small
intestine (Wu 1998). The exogenous glutamine that is absorbed intact is catabolized primarily in
the liver. Therefore, the abundant pool of glutamine within the body is maintained largely through
de novo synthesis, which is catalyzed by glutamine synthetase (EC 6.3.1.2, L-glutamine:ammonia
ligase [ATP]). This enzyme catalyzes the ATP-dependent addition of an ammonium ion to gluta-
mate to form glutamine (Equation 3.1).

L-Glutamate™ + NH} + ATP — L-Glutamine + ADP +P, 3.1

By contrast, the catabolism of glutamine is initiated primarily by a mitochondrial glutaminase
(EC 3.5.1.2, L-glutamine amidohydrolase) that catalyzes the hydrolytic cleavage of glutamine to
form glutamate and an ammonium ion (Equation 3.2).

L-Glutamine + H,O — L-Glutamate™ + NH} (3.2

In mammals, glutamine synthetase is a cytosolic enzyme that is expressed in most cells. However,
it is most abundant in muscle, lung, and adipose tissues (Taylor and Curthoys 2004). These tissues
contain low levels of glutaminase and as a result constitute the major sites of net synthesis and
release of glutamine to the blood. In tissues that contain high levels of both enzymes, glutamine
synthetase and glutaminase are expressed in different cells. For example, glutamine synthetase is
highly expressed in glial cells or astrocytes within the brain (Albrecht et al. 2010). In contrast, the
brain mitochondrial glutaminase is expressed primarily in neurons and to a lesser extent in glial
cells. The rapid uptake of glutamate by the glial cells and its conversion to glutamine ensure that
the extracellular concentration of glutamate is maintained in the UM range, which allows secreted
glutamate to function as an effective neurotransmitter while preventing excitatory neurotoxicity. In
the liver, glutaminase is expressed primarily within the periportal hepatocytes (Watford and Smith
1990), while glutamine synthetase is expressed only in a small layer of perivenous hepatocytes
(Gebhardt 1990). Similarly in rat kidney, glutamine synthetase is expressed predominantly in the
straight portion or distal segment of the proximal tubule (Burch et al. 1978), a cell type that contains
very low levels of the mitochondrial glutaminase (Curthoys and Lowry 1973). The different cellular
and subcellular localizations of the two enzymes contribute to their physiological functions and may
reduce the futile cycling that would result from co-localization.

3.3 PROPERTIES OF GLUTAMINASE
3.3.1 GLST aND GLS2 GENEs

The human GLSI gene, which spans 82 kb on chromosome 2, contains 19 exons and uses alternative
splicing and different polyadenylation sites to form multiple mRNAs that encode two isoforms of
glutaminase (Porter et al. 2002). The kidney-type glutaminase (KGA) mRNA is the primary gluta-
minase transcript expressed in kidney, brain, and intestine (Shapiro et al. 1991). The KGA mRNA
is derived from exons 1-14 and 16-19 and is terminated at alternative polyadenylation signals to
produce mRNAs that encode a 74-kDa precursor containing 669 amino acids (Figure 3.1). The first
16 amino acids of the KGA sequence form an amphipathic o-helix that functions as a mitochondrial
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GLS1 gene
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FIGURE 3.1 Structure of the human GLS! gene and the encoded proteins. The gene contains 19 exons that
produce an initial transcript, which is alternatively spliced to encode two isoforms of glutaminase. The hKGA
protein is derived from exons 1-14 and 16-19, while the hGAC protein is derived from exons 1-15. The two
proteins share 550 amino acids in common but differ in their C-terminal sequences. The arrows indicate sights
of cleavage by the mitochondrial processing protease.

targeting sequence (Shapiro et al. 1991). Following translocation into mitochondria, the matrix pro-
cessing protease initially removes the mitochondrial targeting sequence and subsequently gener-
ates the mature 66-kDa subunit through a second cleavage after amino acid residue 72 (Srinivasan
et al. 1995). A variant of the original KGA cDNA, termed GAC, was initially cloned from a human
carcinoma cDNA library (Elgadi et al. 1999). The GAC mRNA is derived from exons 1 to 15 and
contains a unique C-terminal coding sequence and 3’-untranslated region. The shorter GAC precur-
sor protein contains 598 amino acids. It is also translocated into the mitochondria and similarly pro-
cessed to produce a 58-kDa subunit. The N-terminus of the mature KGA and GAC proteins contain
an unstructured region of low amino acid complexity. The central core region, which contains the
catalytic domain, is highly conserved from bacteria to humans (Brown et al. 2008).

The human GLS2 gene contains 18 exons (Porter et al. 2002) that span 18 kb on chromosome 12
(Aledo et al. 2000). It uses alternative promoters to transcribe two distinct mRNAs (Martin-Rufian
et al. 2012), the liver-type glutaminase (LGA) and GAB (Figure 3.2). The LGA mRNA is tran-
scribed from exons 2 to 18 to from a single 2.7-kb mRNA, which encodes a protein containing 565
amino acids that is expressed in periportal hepatocytes of the postnatal liver, pancreas, and brain
(Aledo et al. 2000). The lengths of exons 3—17 of the human GLS2 gene are identical to the lengths

GLS2 gene
Exonl 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
1 6(|)2
hGAB h I ] 66 kDa
3|8 602
hLga I ]  62kDa

FIGURE 3.2 Structure of the human GLS2 gene and the encoded proteins. The gene contains 18 exons with
separate promoters in exons 1 and 2. Transcription of the hGAB mRNA is initiated at the promoter in exon 1,
while the hLGA mRNA is transcribed from the promoter in exon 2. As a result, the hGAB protein contains 37
additional amino acids at the N-terminus. The arrows indicate the separate promoters.
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of the corresponding exons in the GLS! gene (Porter et al. 2002). The nucleotide sequences derived
from the conserved exons have a 69% identity and encode amino sequences that have 77% identity.
Transcription from a separate promoter in exon 1 of the GLS2 gene generates the GAB mRNA,
which is translated to generate a longer protein (602 amino acids) in liver, brain, and some cancer
cells. The LGA and GAB proteins are predominately expressed in liver, where they are translocated
into the mitochondria. In brain, the LGA and GAB mRNAs constitute only about 5% of the total
glutaminase transcripts (Marquez et al. 2013). However, the encoded proteins are primarily retained
in the cytosol or translocated into the nucleus where they have an unknown function (Olalla et al.
2002). The different cellular distribution of the GLS2 gene products may result from the fact that in
brain their unique C-terminal segments interact with either of two PDZ-domain containing proteins,
Glutaminase-interacting protein (GIP) and a-syntrophin (Aledo et al. 2001; Marquez et al. 2013).

3.3.2 KINETICS AND INHIBITORS OF GLUTAMINASE

A unique catalytic property of both the KGA and GAC isoforms is their potent activation by phos-
phate and other polyvalent anions (Curthoys et al. 1976). Phosphate activation correlates with the
association of inactive dimers to form active tetramers (Godfrey et al. 1977; Morehouse and Curthoys
1981) and larger oligomers (Ferreira et al. 2013). In addition, the K, for glutamine decreases from
36 to 4 mM in the presence of increasing phosphate concentration (Shapiro et al. 1982). Glutamate
is a competitive inhibitor with respect to glutamine at both high and low phosphate concentrations.
However, the K; for glutamate is increased from 5 to 52 mM with increasing concentrations of
phosphate. These data indicate that glutamate and glutamine bind to the same active site, but the
conformation and specificity of the site are determined by the phosphate concentration and possibly
the state of oligomerization.

In the postnatal liver, LGA is located in the mitochondrial matrix in loose association with the
inner membrane (Kovacevic and McGivan 1983), similar to KGA (Curthoys and Weiss 1974; Kalra
and Brosnan 1974). When contained in intact mitochondria, LGA exhibits a hyperbolic saturation
profile for glutamine with a K,,; of 6 mM, but is only slightly activated by phosphate (Kovacevic
and McGivan 1983). However, purified LGA exhibits sigmoidal kinetics and a much higher K, 5 for
glutamine. In contrast to KGA, the activity of LGA is not inhibited by glutamate, but is strongly
activated by ammonia, one of its products (McGivan and Bradford 1983).

Purified rat renal KGA is inactivated by the covalent and stoichiometric binding of L-2-amino-
4-oxo-5-chloropentanoic acid (Shapiro, Clark, and Curthoys 1978) or 6-diazo-5-L-norleucine
(DON) (Shapiro, Clark, and Curthoys 1979; Clark, Shapiro, and Curthoys 1982) (Figure 3.3a). The
interaction of KGA with chloroketone is blocked by glutamate, but not glutamine, and increasing
concentrations of phosphate that activate KGA decrease the rate of inactivation. Thus, this inhibi-
tor preferentially binds to the dimeric form of KGA, which has a higher affinity for glutamate.
By contrast, inactivation by DON occurs only when KGA is catalytically active. KGA activity
and DON inhibition exhibit similar phosphate-dependent concentration profiles. The ability of
glutamate to protect against DON inactivation is also decreased by increasing concentrations of
phosphate. Thus, these data indicate that DON preferentially interacts with the active tetrameric
form of KGA.

By contrast, BPTES, bis-2[5-phenylacetamido-1,2,4-thiadiazol-2-yl]ethylsulfide (Figure 3.3b), is
a very specific and potent uncompetitive inhibitor (K; of 0.2 pM) with respect to glutamine of both
KGA and GAC but not LGA (Hartwick and Curthoys 2011). BPTES blocks the allosteric activation
caused by phosphate binding and promotes the formation of an inactive complex (Robinson et al.
2007). Gel filtration chromatography and sedimentation velocity analysis established that BPTES
prevents the formation of large phosphate-induced oligomers and instead promotes the formation
of a single oligomeric species with distinct physical properties. Sedimentation equilibrium studies
established that the oligomer produced by binding of BPTES is a stable tetramer. Therefore, BPTES
is a potent and specific inhibitor of KGA and GAC that binds to a site other than the active site and
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FIGURE 3.3 Structure of various glutaminase inhibitors. Panel A. L-2-amino-4-oxo-5-chloropentanoic
acid (chloroketone) and 6-diazo-5-oxo-L-norleucine (DON) are affinity-labeling agents that have a structure
similar to the substrate, L-glutamine. Panel B. Bis-2-[(5-phenylacetamido)-1,3,4 thiadiazol-2-ylJethyl sulfide
(BPTES) is a potent allosteric inhibitor, which is specific for the KGA and GAC isoforms of glutaminase.

prevents a conformational change required for glutaminase activity. BPTES was the lead compound
for the development of CB-893, which is currently being tested as an oral cancer chemotherapeutic
agent that inhibits glutaminolysis (Parlati et al. 2013; Gross et al. 2014).

3.3.3  X-RAY STRUCTURE OF GLUTAMINASE

The Structural Genomics Consortium expressed the segment of human KGA (hKGA,,, s3;) corre-
sponding to the catalytic domain in E. coli, purified and crystallized it in the presence of glutamate,
and solved the 3-dimensional structure by X-ray crystallography (PDB:3CZD). This region forms a
compact globular structure that is composed of two domains. One domain is entirely o-helical and
the other contains both o-helices and B-sheets. The two domains form a pocket, which contains the
active site serine residue. The co-crystallized glutamate molecule is tightly bound within this grove
and is appropriately positioned adjacent to the active site serine residue.

More recently, the structure of hGAC;, 543 bound to BPTES was determined (DeLaBarre et al.
2011). The hGAC forms a highly symmetrical tetramer containing two molecules of BPTES that are
positioned at the dimer—dimer interfaces (PDB:3UQ9). The N-terminal regions of low complexity
(residues 71-135) and the unique C-terminal segment (residues 547-598) were not evident in the
X-ray crystallographic structure, suggesting that they are highly flexible or disordered. Residues
137-224 form small helical domains that are positioned on the sides of the tetramer opposite from
the dimer—dimer interfaces. The function of this domain is unknown. The catalytic core of hGAC
(residues 224-546) forms the highly conserved structure that is characteristic of all crystallized
forms of glutaminase (Brown et al. 2008; DeLaBarre et al. 2011; Cassago et al. 2012; Thangavelu
et al. 2012). Each BPTES interacts in a highly symmetrical fashion with residues in the loop
sequences (residues 309-334) and o-helix-13 (residues 386—399) that forms the interface between
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two dimers. The loop sequence is normally unstructured, but it adopts a specific conformation upon
binding of BPTES. The reported structure provides a detailed molecular model of how BPTES
promotes the formation of an inactive tetramer of glutaminase.

Additional X-ray crystallographic structures (DeLaBarre et al. 2011; Cassago et al. 2012;
Thangavelu et al. 2012) strongly implicate the importance of the loop segment (residues 309-334)
and o-helix-13 (residues 386—399) in the catalytic mechanism and the phosphate-dependent oligo-
merization and activation of glutaminase. The flexible loop segment apparently regulates access to
the active site (Thangavelu et al. 2012). This segment contains three of the amino acids (L.321, F322,
and L.323) that form binding interactions with BPTES. Individual alanine mutations of each of these
amino acids significantly reduce catalytic activity and BPTES binding (Thangavelu et al. 2012).
By contrast, a K320A mutation in the loop segment enhances oligomerization and greatly activates
hGAC in the absence of phosphate (Ferreira et al. 2013). Antiparallel alignment of the o-helices-13
from two subunits allows for the formation of Y393/F389 n-stacking and D386/K396 ionic interac-
tions that constitute the dimer—dimer interface of hGAC (DeLaBarre et al. 2011; Thangavelu et al.
2012). This segment contains Y394 that also binds BPTES. Mutation of this tyrosine also reduces
hGAC activity and prevents BPTES binding (DeLaBarre et al. 2011; Thangavelu et al. 2012).

3.3.4 Errects OF N-ACETYLATION OF GLUTAMINASE

Acute regulation of KGA and GAC activity may be achieved by N-acetylation of specific lysine resi-
dues. Recent studies indicate that many of the enzymes of carbohydrate metabolism, the TCA cycle,
B-oxidation, and amino acid oxidation are regulated by lysine acetylation (Choudhary et al. 2009;
Zhao et al. 2010). Previous mass spectrometric screens identified K311 (Choudhary et al. 2009),
K320 (Weinert et al. 2013), K328 (Wisniewski et al. 2010), and K396 (Still et al. 2013) as sites of
lysine acetylation in hKGA and hGAC. All of these sites occur within the loop sequence or the
a-helix-13 that binds BPTES. Mutations of residues within these segments have pronounced effects
on oligomerization and activation of glutaminase. For example, K396 forms a salt bridge with D386
in the complementary a-helix that contributes to the dimer—dimer association (DeLaBarre et al.
2011). Thus, acetylation of this lysine residue would prevent this interaction and reduce formation
of active tetramers. Recent mass spectrometric analysis demonstrated that acetylation of this residue
in mouse LGA is significantly decreased upon re-feeding after an overnight fast (Still et al. 2013).
Thus, N-acetylation of specific residues in glutaminase may regulate its activity.

When expressed in E. coli, the full-length recombinant rat KGA forms inclusion bodies (Shapiro
et al. 1991). The N-terminal segment, containing the mitochondrial targeting signal and the region
of low complexity, is encoded by exon 1. A construct that lacks this sequence (rKGA,,) is readily
expressed in E. coli as a soluble and fully active protein (Kenny et al. 2003). This form of puri-
fied recombinant rKGA was used to perform the initial characterization of the effects of BPTES
inhibition (Robinson et al. 2007). More recently, the hKGA,,, hGAC,,, and hGA ,, 55, segments
were cloned into pET-15b and expressed with an N-terminal Hisg-tag. The latter construct lacks the
unique C-terminal sequences from either isoform. Kinetic experiments established that all three
purified proteins exhibit a normal phosphate activation profile and a K, for glutamine that is simi-
lar to the native enzyme (Hartwick and Curthoys 2011). Therefore, neither C-terminal domain is
essential for catalysis.

To test the potential role of lysine acetylation, K to A mutations were introduced in the hGAC,,
plasmid and the phosphate activation profiles of the four mutated proteins were compared to the
wild-type enzyme (McDonald et al. 2015). Three of the mutations (K311A, K328A, and K396A)
require significantly greater concentrations of phosphate to produce half maximal activation and
exhibit increased Hill Coefficients. The fourth mutation (K320A) is highly active in the absence
of phosphate and is only slightly activated by increasing concentrations of phosphate. When com-
pared at physiological concentrations of mitochondrial phosphate, the mutations produce either
a pronounced activation or significant inhibition of glutaminase activity. In addition, the K311A,
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K328A, and K396A mutations exhibit increased sensitivity to BPTES, whereas the K320A mutant
is resistant to BPTES inhibition. These data strongly suggest that lysine acetylation may constitute
a potential mechanism to acutely regulate glutaminase activity and may alter the efficacy of this
class of inhibitors.

3.4 TISSUE SPECIFIC FUNCTION OF GLUTAMINE METABOLISM

3.4.1 INTESTINE

Intestinal epithelial cells are generated in the crypt region, undergo differentiation as they migrate
up the villus, and are eventually sloughed into the lumen. The continuous turnover of these cells
requires significant synthesis of proteins, lipids, and nucleic acids. Dietary and plasma glutamine
are quantitatively the most important precursor of both the carbon and the nitrogen used to support
the de novo synthesis of these macromolecules. In addition, glutamine is the most important meta-
bolic fuel for the epithelial cells of the small intestine (Reeds and Burrin 2001).

In the fed state, both dietary and arterial glutamine are rapidly extracted and catabolized by the
epithelial cells of the small intestine (Windmueller and Spaeth 1980). The catabolism of glutamine,
along with dietary glutamate and aspartate, accounts for nearly 80% of the CO, produced by these
cells. By contrast, dietary and arterial glucose account for less than 10% of the total CO, produc-
tion. The catabolism of glutamine requires its transport into mitochondria where it is deamidated
by KGA. About 75% of the resulting ammonia is released to the venous blood as ammonium ions.
A large portion of the remaining ammonia is used as a substrate for the mitochondrial carbamoyl
phosphate synthetase and ultimately is incorporated into the ureido-nitrogen of citrulline. Some of
the glutamate produced from glutamine or extracted from the lumen is consumed in the net produc-
tion of ornithine, citrulline, and proline. However, most of the amino-nitrogen of glutamate is trans-
aminated to pyruvate or glutamate semialdehyde to form alanine or ornithine, respectively. The
combined release of ammonium ions, alanine, ornithine, citrulline, and proline account for 97% of
the nitrogen derived from the catabolized glutamine. The o-ketoglutarate, generated in the trans-
amination reactions, is partially oxidized in the TCA cycle to produce CO,, lactate, and pyruvate.

In the post-absorptive state, the small intestine continues to extract and catabolize significant
amounts of arterial glutamine through the same pathways (Windmueller and Spaeth 1978). The
catabolism of this single amino acid now generates approximately one-third of the total CO, pro-
duced by the epithelial cells. This catabolism continues to generate ammonium ions and alanine,
but lesser amounts of ornithine, citrulline, and proline. The bulk of the CO, production (50%) is
now derived from the catabolism of ketone bodies, while glucose and lactate are still extracted and
catabolized at slow rates to produce less than 10% of the total CO,. A significant portion of the
citrulline generated from the catabolism of glutamine is subsequently extracted by the kidney and
converted to arginine (Windmueller and Spaeth 1981; Reeds and Burrin 2001). Thus, glutamine is
an important metabolic fuel for the small intestine and an important precursor for the synthesis of
various nonessential amino acids.

3.4.2 Liver

The liver plays a major role in glutamine homeostasis (Watford et al. 2002). The expression of high
levels of LGA and glutamine synthetase allows the liver to both catabolize and synthesize gluta-
mine. In the fed state, the two processes occur at similar rates and there is little net extraction or
release of glutamine across the liver. However, the combined reactions contribute significantly to
the ability of the liver to detoxify the ammonium ions that are derived from the portal venous blood
and generated by the hepatic catabolism of amino acids.

The portal venous blood contains a high concentration of ammonium ions that are derived from
bacterial metabolism in the colon and the catabolism of glutamine in the small intestine. This
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blood passes through the liver where it accounts for 70%—80% of the hepatic blood supply. The
removal of ammonium ions is facilitated by the differential expression of various enzymes within
discrete zones of the hepatic acinar (Haussinger et al. 1992). LGA and the enzymes of urea syn-
thesis are most abundant in periportal hepatocytes that are located near the portal venule (Watford
etal. 2002). The levels of these enzymes decrease in the hepatocytes that are progressively encoun-
tered as the blood diffuses through the liver. By contrast, glutamine synthetase is localized solely
in perivenous hepatocytes, the final layer of 1-3 cells that surround the hepatic venule (Gebhardt
1990). As a result of this zonal distribution, the bulk of ammonium ions, derived from the portal
blood and from the hepatic catabolism of glutamine and other amino acids, are used to synthesize
urea. This pathway has a high capacity, but low affinity for ammonium ions. Most of the remain-
ing ammonium ions are used as a substrate for glutamine synthetase, an enzyme that has a higher
affinity for ammonium ions. The sequential synthesis of urea and glutamine creates a highly effi-
cient system to ensure that systemic levels of ammonium ions are maintained at nontoxic levels
(Haussinger 1998).

A unique property of LGA is its activation by ammonium ions (Haussinger 1998; Watford et al.
2002). This property may provide a mechanism by which intestinal catabolism of glutamine acti-
vates hepatic utilization. Alternatively, ammonium ions may function as a feed-forward activator of
LGA to ensure sufficient synthesis of mitochondrial glutamate and N-acetylglutamate (Brosnan and
Brosnan 2002). The latter compound is an essential activator of urea synthesis. Thus, this pathway
may constitute a regulatory loop that maintains an appropriate balance between the rate of ammo-
nium ion production and urea cycle activity.

Hepatic utilization and synthesis of glutamine are significantly affected by changes in acid—base
balance (Haussinger 1997). This adaptation occurs without significant changes in the levels of LGA
or glutamine synthetase, but may due to the reciprocal pH activation profiles of the two enzymes
(Watford 1991). A slight decrease in intracellular pH causes a decrease in LGA activity but activates
the glutamine synthetase (Haussinger et al. 1992; Haussinger 1997). Therefore, the onset of meta-
bolic acidosis results in a sparing of glutamine and a corresponding decrease in urea synthesis. As a
result, the liver becomes a net producer of glutamine, which supports the increased renal extraction
of glutamine. In the kidney, the catabolism of glutamine generates 2 moles of NH,* and HCO;~ ions
that are differentially partitioned into the urine and the plasma, respectively (Curthoys 2012). Thus,
total nitrogen excretion remains constant. However, the combined processes result in a net produc-
tion of HCO;~ ions that partially compensate the metabolic acidosis.

3.4.3 BraN

In the brain, KGA participates in the intercellular glutamate—glutamine cycle that generates and
removes the excitatory neurotransmitter, glutamate (Masson et al. 2006). The cycle effectively
ensures that extracellular glutamate is maintained at a very low LM concentration within the brain.
Glutamate is normally removed from the extracellular fluid through its efficient uptake by glial
cells. These cells contain a high level of glutamine synthetase, which rapidly converts glutamate
to glutamine, which is then transported into the extracellular fluid where it is maintained at a high
concentration (0.2—1 mM). Glutamine is also transported across the plasma membrane and into the
mitochondria of specific neurons that express a high level of KGA, which regenerates glutamate.
The resulting glutamate is then stored in secretory vesicles and is released by exocytosis in response
to a neuronal impulse. The released glutamate binds to specific receptors on the adjacent neuron
where it initiates an electrical impulse. The stimulation is made transient due to the rapid removal
of glutamate by the glial cells and its recycling to glutamine.

An increase in extracellular glutamate causes excitotoxicity and contributes to neuronal cell
death resulting from stroke, trauma, and chronic neurodegenerative diseases (Rothman and Olney
1986; Choi and Rothman 1990; Meldrum 1994; Muir and Lees 1995). The release of glutamin-
ase from damaged neurons in cell culture results in the formation of extracellular glutamate and



Glutaminase Isoforms and Glutamine Metabolism 39

initiates a progression of excitotoxicity (Newcomb et al. 1997). Additional studies demonstrated
that following brain injury, high levels of released glutaminase activity may contribute to the
expanding zone of neuronal damage that evolves for 24—48 h after a stroke (Newcomb et al.
1998). Thus, gradual release of glutaminase from disrupted neurons is a potential contributor
to the in vivo development of glutamate excitotoxicity. Subsequent studies indicated that release
of glutaminase from HIV-infected macrophages (Zhao et al. 2004) and microglia (Huang et al.
2011) may also contribute to HIV-associated dementia. The observed effects were prevented by
BPTES inhibition or siRNA knockdown of GA (Erdmann et al. 2007, 2009; Huang et al. 2011).
Based on these observations, it was proposed that a non-membrane permeable inhibitor of the
released glutaminase would be an effective treatment to reduce the morbidity associated with
a stroke or HIV-associated dementia. More recent studies have also demonstrated that BPTES
selectively inhibits the growth of glioblastoma cells that express the R134 mutation in isoci-
trate dehydrogenase (Seltzer et al. 2010). This mutation is frequently found in gliomas and acute
myelogenous leukemia (Dang et al. 2009; Ward et al. 2010). The effect of BPTES was reproduced
by selective siRNA knockdown of glutaminase and was reversed by providing an exogenous
source of o-ketoglutarate.

3.4.4 KIDNEY

Previous micropuncture studies (Sajo et al. 1981) and assays using microdissected nephron seg-
ments (Good and Burg 1984) established that the preponderance of renal glutamine catabolism in
normal or acidotic rats occurs within the proximal convoluted tubule. Most of the ammonium ions,
which enter the lumen of the proximal tubule, are subsequently reabsorbed within the medullary
thick ascending limb to produce an elevated concentration of ammonium ions within the renal
medulla (Karim et al. 2002; Karim et al. 2006). This gradient provides the driving force for the
final transport of ammonium ions into the urine, which occurs via the specific ammonia transport-
ers, Rhbg and Rhcg, which are located in the basolateral and apical membranes of the distal tubule
and collecting duct (Weiner and Verlander 2014). However, during normal acid—base balance, KGA
activity is greatest in the medullary thick ascending limb, the distal convoluted tubule, and the inner
medullary collecting duct (Curthoys and Lowry 1973; Wright and Knepper 1990a,b). By contrast,
during chronic acidosis, a pronounced increase in KGA expression occurs only in the early seg-
ments of the proximal tubule.

During normal acid—base balance, the kidneys extract and metabolize very little of the plasma
glutamine. For example, the measured rat renal arterial-venous difference is less than 3% of the
arterial concentration of glutamine (Squires et al. 1976), and only 7% of the plasma glutamine
is extracted by the human kidneys after an overnight fast (Meyer et al. 2002). Therefore, renal
uptake is significantly less than the 20% of plasma glutamine that is filtered by the glomeruli.
Nearly all of the filtered glutamine is reabsorbed within the proximal convoluted tubule and
transported across the basolateral membrane (Silbernagl 1980). Utilization of the small frac-
tion of extracted plasma glutamine requires its transport into the mitochondrial matrix where
glutamine is deamidated by KGA. A mitochondrial glutamine transporter was partially purified
from rat kidney and shown by reconstitution in lipid vesicles to be specific for glutamine and
asparagine (Indiveri et al. 1998). Neither the amino acid sequence nor the gene that encodes this
transporter has been identified. However, the KGA activity, measured in crude extracts, is much
greater than that required to accomplish the normal catabolism of glutamine. Therefore, in order
to accomplish the effective reabsorption of glutamine either the activity of the mitochondrial
glutamine transporter or KGA must be largely inhibited or inactivated in vivo during normal
acid—base balance.

Acute onset of a metabolic acidosis produces rapid changes in the interorgan metabolism of glu-
tamine (Tamarappoo et al. 1990) that support a rapid and pronounced increase in renal catabolism
of glutamine. The arterial plasma glutamine concentration is rapidly increased twofold (Hughey
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et al. 1980) due primarily to an increased release of glutamine from muscle tissue (Schrock et al.
1980). Renal extraction of glutamine is evident within 1 h and by 3 h net extraction by the kidneys
reaches 35% of the plasma glutamine (Hughey et al. 1980), a level that significantly exceeds the 20%
filtered by the glomeruli. Thus, the direction of basolateral glutamine transport must be reversed
in order for the proximal convoluted tubule to extract glutamine from both the glomerular filtrate
and the venous blood. During the first 4 h following onset of acidosis, the net excretion of ammo-
nium ions is increased sixfold (Sleeper et al. 1978). To accomplish this adaptation, the transport
of glutamine into the mitochondria (Sastrasinh and Sastrasinh 1990) and/or KGA activity must be
acutely activated. Additional responses include a prompt acidification of the urine that results from
translocation (Yang et al. 2000) and acute activation (Horie et al. 1990) of NHE3, the apical Nat/H*
exchanger. NHE3 can also transport NH,* ions in place of H*. Thus, the increased NHE3 activity
also facilitates the rapid removal of cellular ammonium ions (Tannen and Ross 1979) and ensures
that the bulk of the ammonium ions generated from the amide and amine nitrogens of glutamine
are excreted in the urine. Finally, during acute acidosis, the cellular concentrations of glutamate and
o-ketoglutarate are significantly decreased within the rat renal cortex (Lowry and Ross 1980). The
two compounds are products of the KGA and glutamate dehydrogenase (GDH) reactions, respec-
tively. Therefore, the acute increase in renal ammoniagenesis results from an increased availability
of glutamine and the rapid activation of key transport processes and KGA and GDH activities. All
of these adaptations precede the increased expression of the enzymes of renal ammoniagenesis
(Hwang and Curthoys 1991; Wright et al. 1992; Schoolwerth et al. 1994). Thus, the cells of the renal
proximal convoluted tubule must sense acute changes in extracellular or intracellular pH and/or
HCO;~ concentration and activate a signaling pathway that enhances flux through the existing GA,
GDH, and TCA cycle enzymes.

During chronic acidosis, acute decreases in cellular glutamate and o-ketoglutarate are partially
reversed and the arterial plasma concentration of glutamine is decreased to 70% of normal (Squires
et al. 1976; Lowry and Ross 1980). However, more than a third of the plasma glutamine is still
extracted in a single pass through the kidneys. Increased expression of genes that encode key trans-
porters and enzymes of glutamine metabolism now contribute to the sustained increase in renal
catabolism of glutamine. The most rapid adaptation is the pronounced increase (sixfold) in phos-
phoenolpyruvate carboxykinase (PEPCK) that also occurs only in the proximal convoluted tubule,
but requires 8—24 h to achieve (Schoolwerth et al. 1994). The basolateral SNAT3 (SLC38A3), a
high-affinity glutamine transporter, is also increased with similar kinetics in the early segments
of the proximal tubule (Moret et al. 2007). The latter adaptation may contribute to the basolateral
uptake of glutamine during chronic acidosis. More gradual increases in levels of mitochondrial
KGA (Curthoys and Lowry 1973; Wright and Knepper 1990a,b) and GDH (Wright and Knepper
1990a,b) also occur within the proximal convoluted tubule but require 4—7 days to accomplish.
Glutamine uptake in mitochondria from normal rats is mediated through two glutamine antiporters,
whereas a highly active glutamine uniporter is evident only in mitochondria prepared from chronic
acidotic rats (Atlante et al. 1994). Acute activation and subsequent increase in expression of NHE3
(Preisig and Alpern 1988; Ambuhl et al. 1996; Wu et al. 1996) acidifies the fluid in the tubular
lumen and contributes to the active transport of ammonium ions (Tannen and Ross 1979). As a
result, increased renal ammoniagenesis continues to provide an expendable cation that facilitates
excretion of strong acids while conserving sodium and potassium ions. The filtered HCO,~ load is
decreased in metabolic acidosis, but the percent recovered in the proximal tubule is increased. In
rats (Pagliara and Goodman 1970; Roobol and Alleyne 1974) and humans (Gerich et al. 2001), the
o-ketoglutarate generated from renal catabolism of glutamine is primarily converted to glucose.
This process requires PEPCK activity to divert oxaloactetate, derived from intermediates of the
TCA cycle, into the pathway of gluconeogenesis. The combined pathways of ammoniagenesis and
gluconeogenesis result in a net production of 2 NH," and 2 HCO;~ ions per glutamine. Activation
of NBCel A (Preisig and Alpern 1988), the basolateral Na*/3 HCO,~ co-transporter, facilitates the
translocation of reabsorbed and de novo-synthesized HCO;™ ions into the renal venous blood. Thus,



Glutaminase Isoforms and Glutamine Metabolism 41

the combined adaptations also create a net renal release of HCO;™ ions that partially restores acid—
base balance.

Acute recovery from metabolic acidosis results in an abrupt decrease in renal ammoniagenesis
that is accompanied by rapid (t;,, =5 h) and coordinate decreases in PEPCK and KGA mRNAs
(Hwang and Curthoys 1991; Hwang et al. 1991). However, it requires 4-7 days for the induced
level of KGA protein to return to normal. This observation provides further evidence that the
in vivo activities of the mitochondrial glutamine transporter and/or KGA are rapidly inactivated
when normal acid—base balance is restored. This acute regulation may result from rapid changes in
N-acetylation of specific lysine residues in KGA.

3.4.5 CaNcer CELLS

Most cancer cells take up large amounts of glucose that are consumed primarily by aerobic gly-
colysis to form lactate (Warburg et al. 1927). To maintain mitochondrial function, transformed
cells also exhibit an increased catabolism of glutamine to lactate (DeBerardinis et al. 2008). This
pathway, termed glutaminolysis, generates ATP, NADPH, and the precursors necessary to sup-
port the synthesis of the nucleotides and lipids that are required for cell division. As a result,
many transformed cells require glutamine as an essential nutrient. To support this addiction to
glutamine, transformed cells frequently exhibit an increased expression of a mitochondrial gluta-
minase (DeBerardinis et al. 2007; Erickson and Cerione 2010). Early studies used Ehrlich ascites
tumor cells to demonstrate the role of KGA in maintaining a transformed phenotype (Segura
et al. 2001). The tumor cells, which were stably transfected with a plasmid that encoded a KGA
antisense RNA, lost their transformed phenotype and failed to produce tumors when injected
into mice. Interest in glutaminase as a potential cancer chemotherapeutic target was kindled fur-
ther by two recent studies. The initial study demonstrated that increased expression of the c-Myc
oncogene in human P-493 B lymphoma cells resulted in increased expression of KGA (Gao et al.
2009). Further experiments demonstrated that c-Myc expression suppressed the synthesis of two
microRNAs, miR-23a/b, that inhibit KGA expression. The authors also demonstrated that siRNA
knockdown of KGA significantly decreased the rates of proliferation of P493 B cells and human
PC3 prostate cancer cells, two transformed cell lines that exhibit oncogenic levels of c-Myc. In
the second study (Wang et al. 2010), compound 968 was identified as a potent inhibitor of the cel-
lular transformation that was produced by expression of an oncogenic Dbl, a mutated form of a
Rho-family guanine nucleotide exchange factor. Subsequent pull-down and mass spectrometric
analysis identified GAC as the target of 968. Additional studies established that siRNA knockdown
of GAC mimicked the effects of 968. Both treatments inhibited the ability of three constitutively
activated Rac or Rho GTPases to stimulate growth in low serum or in soft agar. GAC knockdown
also inhibited proliferation of transformed NIH3T3 fibroblasts and of breast cancer cells. As a
result, mitochondrial glutaminase has become an important target for development of an effective
cancer chemotherapeutic drug.

3.5 CONCLUSIONS AND PROSPECTIVE

Glutamine is the central metabolite in nitrogen metabolism. It serves as the most abundant nontoxic
carrier of ammonium ions, which is used for hepatic urea synthesis and renal ammoniagenesis. The
o-amino and amide nitrogens of glutamine also serve as precursors for the biosynthesis of most
other nitrogen-containing compounds. In addition, the oxidation of glutamine generates the bulk
of the ATP and the precursors for lipid synthesis in rapidly growing cells. Many of the biosynthetic
reactions, which utilize glutamine, are catalyzed by an amidotransferase. However, the bulk of glu-
tamine metabolism is initiated by a mitochondrial glutaminase that is encoded by the GLSI or GLS2
gene. The mechanisms, which regulated increased expression of KGA in the kidney during acidosis
or various glutaminase isoforms in cancer cells, have been partially characterized. However, much
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less is known regarding the acute regulation of glutaminase activity. Maximal in vitro activation of
KGA and GAC requires very high nonphysiological concentrations of phosphate. It is unknown if
some other polyvalent anion functions as the physiological activator. Alternatively, lysine acetyla-
tion may acutely regulate glutaminase activity. Interestingly, the K;,,A mutation enhances oligo-
merization and greatly activates hGAC in the absence of phosphate. Thus, this mutation may lock
the enzyme in a conformation that mimics the phosphate-activated form of glutaminase. All of
the previously reported structures of KGA and GAC are thought to model the inactive form of
the enzyme. Therefore, it would be interesting to crystallize and solve the structure of the K, A
mutant. This mutant is also resistant to BPTES inhibition, which was the lead compound for the
development of CB-839, a potential cancer chemotherapeutic agent. Thus, it will also be important
to determine if acetylation of specific lysine residues affects the sensitivity of GAC to this class of
inhibitors.
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4.1 INTRODUCTION

Glutamine affects not only insulin secretion, but also insulin action, including reducing insulin
resistance and improving glycemic control in certain physiological conditions. In this chapter we
outline the action of insulin, identify metabolic states associated with positive effects of glutamine
supplementation, summarize findings from studies of the effects of glutamine supplementation on
insulin action and glycemic control and discuss possible mechanisms by which glutamine affects
insulin secretion and action.

4.2 INSULIN ACTION

Insulin is essential for life, having both stimulatory and inhibitory functions that are exquisitely
primed to maintain metabolic homeostasis. Insulin receptors are present on almost all mamma-
lian tissues, though differential receptor and signaling expression profile makes tissues such as
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skeletal muscle, adipose, and hepatic tissue far more sensitive to its effects (Kahn and White 1988).
Insulin has multiple effects on protein, fat, and particularly glucose metabolism. Glutamine has
some effects on protein and fat metabolism that are broadly parallel to those of insulin. For example,
glutamine can reduce protein catabolism in critical illness (Matthews and Battezzati 1993) and
decrease serum free fatty acids (Cui et al. 2014). Hence glutamine has influences on protein, fat,
and carbohydrate metabolism, but the focus here will be specifically on the effect of glutamine on
insulin action relating to carbohydrate metabolism and glycemic control.

4.3 METABOLIC STATES ASSOCIATED WITH POSITIVE
EFFECTS OF GLUTAMINE SUPPLEMENTATION

In certain states associated with insulin resistance, an apparent increased tissue requirement for
glutamine occurs, often resulting in low levels of plasma glutamine (Borel et al. 1998). These
include Type 2 Diabetes Mellitus (T2DM) (Samocha-Bonet et al. 2011), severe exercise (Iwashita
et al. 2005), and catabolic settings such as seen in burns (Peng et al. 2006), trauma (Bakalar et al.
2006; Dechelotte et al. 2006), surgery (Wilmore 2001; Dechelotte et al. 2006; Awad and Lobo
2012; Cui et al. 2014), sepsis and fasting, including perioperative fasting (Awad and Lobo 2012). A
normal dietary intake of <10 g plus the endogenous production of 40-70 g per 24 h (Tjader et al.
2007) would thus appear to be insufficient for the increased demand in spite of increased release of
glutamine from skeletal muscle and accelerated synthesis (Lacey and Wilmore 1990) under these
conditions. A summary of metabolic changes associated with the catabolic state can be found in
Figure 4.1. Biological requirements for glutamine clearly differ between homeostatic and catabolic
bioenergetic states. Thus it is possible that glutamine supplementation may have different effects on
insulin action and glycemic control in these different states.

To counteract glutamine depletion in catabolic states, supplementation studies have been under-
taken in varying contexts. While two clinical studies found glutamine supplementation may have
a negative effect on glycemic control (Duska et al. 2008; Breitman et al. 2011), many others found
patient outcomes (e.g., rate of infection, length of time on ventilator or in ICU, and nitrogen bal-
ance) improved with glutamine intake (Iwashita et al. 2005; Dechelotte et al. 2006; Bakalar et al.
2006; Grau et al. 2011; Hissa et al. 2011; Samocha-Bonet et al. 2011; Dock-Nascimento et al. 2012;
Bashandy et al. 2013). This was often ascribed to its effect on insulin action, where observed
improvements in glycemic control (Dechelotte et al. 2006; Grau et al. 2011; Hissa et al. 2011;
Samocha-Bonet et al. 2011) were attributed to an attenuation of insulin resistance (Bakalar et al.
2006; Bashandy et al. 2013; Cui et al. 2014). A summary of these studies follows, including studies
on healthy subjects and trauma patients, diabetics and animal models. It is important to note that
variations in several factors may influence results and the interpretation of the effect of glutamine
on insulin action. These include (a) differences in delivery, including oral, parenteral, and enteral
delivery; (b) differences in administration, including glutamine given in isolation, in an amino-acid
cocktail, in combination with either free alanine or as the alanyl-glutamine dipeptide, or with lipids
or other substances such as growth hormone; and (c) differing metabolic states of recipients, ranging
from healthy, through T2DM to severely catabolic such as in major trauma. These variations can,
for example, affect activation of gut hormones, confound or compliment results, or otherwise affect
physiologic response (Table 4.1).

4.4 GLUTAMINE SUPPLEMENTATION STUDIES

In a study of healthy young males, Iwashita et al. observed that increases in energy expenditure, and
both carbohydrate and fat oxidation after glutamine supplementation with a meal may be related
to the effect of glutamine on insulin action and glucose disposal (Borel et al. 1998; Iwashita et al.
2006). Awad et al. (2011) also observed blunted postprandial glucose and insulin responses in
healthy subjects and hypothesized that glutamine may reduce insulin resistance. This hypothesis
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FIGURE 4.1 The catabolic state. Factors regulating catabolic metabolism include hormones and immuno-
logical responses. Net metabolic changes occurring after physiological disturbance such as trauma or sepsis,
when catabolic and anabolic influences become unbalanced in favor of catabolism, are summarized here.
Regulatory and specific organ effects (indicated around the perimeter), particularly in insulin-sensitive tissue,
contribute to the net metabolic response (center) and glutamine is important in potentiating several of these
effects.

has been supported in clinical situations. For example, in heart surgery patients the use of a preop-
erative nutriceutic dose of glutamine diminished postoperative stress hyperglycemia (Hissa et al.
2011).

Samocha-Bonet et al. (2011) found T2DM subjects benefited from the reduction of postprandial
hyperglycemia mediated by glutamine, and indeed it has been proposed as a potential therapeutic
agent for diabetics (Greenfield et al. 2009). In contrast, Chang et al. (2013) found that glutamine
given to healthy and T2DM men by intraduodenal infusion did not lower glycemia after glucose,
despite stimulating insulin and incretin hormones. Higher glucagon levels (discussed later) were
proposed to affect glycemia in this study.

Rat studies confirm the generally observed glucose-lowering effect of glutamine (Opara et al.
1996). Studies in obese or induced Type 1 or 2 diabetic rat or mouse models have found that glu-
tamine (a) decreased plasma glucose and increased circulating insulin (Badole et al. 2013), (b)
increased circulating levels of the active form of the incretin hormone glucagon-like peptide 1
(GLP-1) (Badole et al. 2013), and (c) improved glycemic control (Opara et al. 1996; Badole et al.
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TABLE 4.1

Studies of the Effect of Glutamine on Insulin Action and Glycemic Control

Reference

Iwashita et al.
(2006)

Awad et al. (2011)

Hissa et al. (2011)

Samocha-Bonet
etal. (2011)

Greenfield et al.
(2009)

Chang et al.
(2013)

Subjects
10 Healthy males

10 Healthy males

22 Patients with
coronary artery
occlusion

15 T2DM patients

24 subjects: 8 lean
healthy, 8 each
obese nondiabetic,
and obese with
Type 2 diabetes/
impaired glucose
tolerance

20 subjects: 10
healthy and 10
with T2DM

Glutamine dose and Control/s

1.05 kcal/kg glutamine administered
orally or isocaloric amino acid mix
containing alanine:glycerine:serine
(2:1:0.5) with a mixed meal

15 g glutamine administered orally or
isocaloric-isovolumetric (50 g
carbohydrate OR 36 g
carbohydrate + 7 g lipid) drink

250 mL L-alanyl-glutamine dipeptide
20% + saline administered parenterally
or saline

30 g or 15 g L-glutamine or
L-glutamine + sitagliptin in water
orally or water

30 g glutamine administered orally or
water or glucose

7.5 g or 15 g glutamine administered by
intraduodenal infusion or saline

Effect on Insulin

Sensitivity

Not measured

Not measured

Not measured

Not measured

Not measured

Not measured

Effect on Glycemic
Control

Not measured

Improved

Improved
significantly

Improved
postprandially

Not measured

No effect

Other Effects of Glutamine

Glutamine increased post-meal energy
expenditure by increasing carbohydrate
and fat oxidation in early and late
post-meal phase, respectively

Blunted postprandial insulin and glucose
responses

Increased postprandial insulin response
(possibly affecting clearance rather than
secretion).

Increased GLP-1 concentrations and
possibly slowed gastric emptying

Increased circulating GLP-1 and GIP
concentrations

Significantly increased circulating plasma
insulin concentrations

Stimulated glucagon secretion

Stimulated incretin hormone (GLP-1, GIP),
glucagon, and insulin secretion
Increased pyloric motility
(Continued)
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TABLE 4.1 (Continued)
Studies of the Effect of Glutamine on Insulin Action and Glycemic Control

Reference

Opara et al.
(1996)

Badole et al.
(2013)

Tsai, Liu et al.
(2012)

Tsai et al. (2011)

Borel et al. (1998)

Subjects

40 C57BL/6J mice:

10 per diet

36 Streptozotocin-
induced diabetic
rats

28 Type II diabetic

rats

27 Type 1 diabetic

mice

5 dogs

Glutamine dose and Control/s

2.87% L-glutamine with a high-fat diet
or high fat, low-sucrose diet

Low fat or low sucrose, high fat with
3.5% L-alanine

250, 500, or 1000 mg/kg/day
L-glutamine or distilled water for 8
weeks

Glutamine as 25% of total amino acid
nitrogen replacing casein or casein in a
common semi-purified diet for 8 weeks

Glutamine as 25% of total amino acid
nitrogen or casein in a common
semi-purified diet for 6 weeks

0.72 mM/kg/hr glutamine administered
by intravenous infusion or saline

Effect on Insulin
Sensitivity

Not measured

Not measured

Not measured

Not measured

Enhanced responsiveness
suggested by results

Effect on Glycemic

Control

Prevented or
attenuated
hyperglycemia

Significant
reduction in
plasma glucose
and glycosylated
hemoglobin

No change

No change

Hyperinsulinemic-
euglycemic clamp
used

Otbher Effects of Glutamine

Prevented or reduced body weight and
attenuated hyperinsulinemia

500 and 1000 mg/kg doses reduced food
intake and body weight compared to
diabetic controls, significantly decreased
plasma cholesterol, triglycerides, VLDL,
and LDL; increased HDL, active GLP-1,
plasma and pancreatic insulin levels, and
endogenous liver antioxidants compared
to diabetic control. Sitagliptin 5 mg/kg/
day had a similar effect

No difference in food intake or body
weights compared to diabetic controls

Higher total plasma antioxidant capacity

Decreased oxidative stress-related gene
expression

Leukocyte adhesion may be reduced;

Reduced neutrophil infiltration in the liver

Reduced nitrotyrosine (marker for
oxidative damage to proteins) in organs

Increased GSH:GSSG ratio

Whole-body glucose production was
increased

Enhanced insulin-mediated glucose
utilization 3-fold compared to changes in
glucose production

(Continued)
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TABLE 4.1 (Continued)
Studies of the Effect of Glutamine on Insulin Action and Glycemic Control

Reference

Iwashita et al.
(2005)

Cui et al. (2013)

Bashandy et al.
(2013)

Dock-Nashimento
etal. (2012)

Cunbha Filho et al.
(2011)

Subjects

6 dogs during,
before, and after
exercise
(hyperinsulinemic,
euglycemic clamp
conditions)

60 patients with
colorectal cancer

40 patients with
cancer

48 patients
submitted for
elective
laparoscopic
cholecystectomy

30 children
submitted to
palatoplasty

Glutamine dose and Control/s
12 uM/kg/min L-glutamine
administered by intravenous infusion
or saline

0.5 g/kg of 3.4% alanyl-L-glutamine
diluted in 8.5% mixed amino acid
vehicle, saline OR vehicle
administered by intravenous infusion

0.4 g/kg L-alanyl-L-glutamine dipeptide
or saline administered by intravenous

infusion

Average 0.77 g/kg

(range, 0.61-0.97 g/kg) glutamine with
maltodextrine and water administered
orally or water only, water with
maltodextrine or fasting

0.5 g/kg L-alanyl-L-glutamine dipeptide
or saline

Effect on Insulin
Sensitivity

Not measured

Significantly improved in
the glutamine group
(p < 0.05) measured by
HOMA-IR and QUICKI
Significantly improved in
the glutamine group
(p < 0.05) measured by
HOMA-IR
Significantly improved in
the glutamine and other
intervention groups
compared to fasting
(p < 0.05) measured by
HOMA-IR

Not measured

Effect on Glycemic
Control

Hyperinsulinemic-
euglycemic clamp
used

Postoperatively
increased blood
glucose attenuated
by glutamine

Postoperatively
increased blood
glucose attenuated
by glutamine

Not measured

Improved

Other Effects of Glutamine

Increased net hepatic glucose output by
7-fold during exercise

Serum TNF-o and free fatty acid
concentrations reduced

Plasma reduced glutathione levels higher in

the glutamine group

Improved antioxidant defenses (serum
glutathione)

Reduced proinflammatory cytokines (IL-6,
C-reactive protein)

No difference in serum triglycerides or
VLDL cholesterol

Nitrogen balance less negative

Attenuated inflammatory response
(C-reactive protein, but not IL-6)

(Continued)
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TABLE 4.1 (Continued)
Studies of the Effect of Glutamine on Insulin Action and Glycemic Control

Reference

Bakalar et al.
(2006)

Dechelotte et al.
(2006)

Grau et al. (2011)

Duska et al.
(2008)

Subjects

40 multiple trauma
patients

114 ICU patients
admitted for:

multiple trauma
(38)

complicated surgery
(65), or

pancreatitis (11)

127 ICU patients
requiring
parenteral nutrition
for 5-9 days

30 multiple-trauma
patients

Glutamine dose and Control/s
0.4 g/kg/day L-analyl-glutamine
(parenteral) + 1.1 g/kg/day mixed
amino acids (parenteral or enteral) or
balanced amino acid solution (1.5 g/
kg/day parenteral or enteral)

0.5 g/kg L-alanyl-L-glutamine
dipeptide/day with total parenteral
nutrition or isocaloric, isonitrogenous
L-alanine + L-proline with total
parenteral nutrition

0.5 g/kg L-alanyl-L-glutamine
dipeptide/day with total parenteral
nutrition or isonitrogenous, isocaloric
total parenteral nutrition

0.3 g/kg L-alanyl-L-glutamine
dipeptide/day with total parenteral
nutrition or isonitrogenous, isocaloric
total parenteral nutrition

Effect on Insulin
Sensitivity

Prevented insulin resistance
as seen in control group

Not measured

Not measured

Worsened in the growth

hormone + glutamine

group, improved in both

glutamine and control
groups

Effect on Glycemic
Control
Lower glycemia in
glutamine group

Less frequent
hyperglycemic
events amongst
glutamine patients

Improved

Not measured

Other Effects of Glutamine

Higher oxidation of carbohydrates rather
than lipids

Lower C-peptide plasma concentration on
Day 8 indicating reduced insulin
expression compared to controls

Improved insulin-mediated glucose
disposal

Lower infection rate and incidence of
pneumonia (both p < 0.05)

Fewer patients required insulin

A 54% reduction in the amount of insulin
required for the same levels of glycemia

Less pneumonia per days of mechanical
ventilation (p = 0.02)

Less urinary tract infections per days of
urinary catheter (p = 0.04)

Nitrogen economy was improved with
growth hormone plus glutamine
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2013) as well as potentially improving insulin sensitivity due to a reduction of oxidative stress (Tsai
et al. 2011; Tsai, Liu et al. 2012; Tsai, Yeh et al. 2012; Badole et al. 2013).

Likewise, in canine models, glutamine was shown to enhance insulin-mediated glucose utiliza-
tion but blunt insulin action on inhibition of glucose production both at rest as well as during and
post-exercise (Iwashita et al. 2005). Insulin secretion is usually low post-exercise, but the glutamine
effects persisted even upon application of a hyperinsulinemic-euglycemic clamp (Iwashita et al.
20006).

Several randomized controlled trials have shown that glutamine delivered by the oral or paren-
teral route can improve insulin resistance and glycemic control in surgical (Cunha Filho et al. 2011;
Hissa et al. 2011; Dock-Nascimento et al. 2012; Bashandy et al. 2013; Cui et al. 2014) and trauma
patients (Bakalar et al. 2006; Dechelotte et al. 2006; Grau et al. 2011). A recent review of glutamine
supplementation trials in intensive care patients supports the view that it benefits patients by reduc-
ing length of hospital stay and rate of infectious complications (Coeffier and Dechelotte 2005).

In contrast, a pilot study of multiple trauma patients in intensive care given growth hormone
plus alanyl-glutamine (AG) or AG supplements alone did not clearly show an attenuation of insulin
resistance (inferred from glucose disposal rate) or incidence of hyperglycemia after enteral and
parenteral nutrition in the AG group. Differences in timing of measurements and AG administra-
tion, dose, weight, and age of subjects were noted as possible reasons for this apparent reduced
effect (Duska et al. 2008). Interestingly, this study used AG in combination with growth hormone
for ethical reasons due to a previous report of increased mortality among patients receiving growth
hormone treatment, with hyperglycemia and sepsis being more frequently reported in the growth
hormone group. It was anticipated that glutamine would counter these adverse effects.

4.5 TISSUE SPECIFICITY AND IMPROVEMENT IN INSULIN RESISTANCE

While most studies cited above found that glutamine or AG supplementation attenuated insulin
resistance, it is not yet clear whether this effect applies to all insulin-sensitive tissues since stud-
ies by Prada et al. (2007) found glutamine induced an improvement in insulin resistance in liver,
muscle, and overall, but increased insulin resistance in adipose tissue. These tissue-specific effects
could help explain the reduction in weight potentiated by glutamine (Opara et al. 1996), since insu-
lin resistance in adipose tissue results in both reduced inhibition of non-esterified fatty acid (NEFA)
release from adipocytes and reduced activation of adipose tissue lipoprotein lipase which is required
for the hydrolysis of chylomicron and VLDL triglyceride to fatty acids (Frayn 2001).

In summary, the majority of studies have found glutamine given either in isolation or in com-
bination with other amino acids to be beneficial to glycemic control and/or insulin sensitivity, but
there are some exceptions. Differences in metabolic state may be more important in determining the
efficacy of supplementation than variations in administration and delivery, though comparisons can
be difficult due to inconsistencies in parameters measured in different studies.

4.6 MECHANISM OF ACTION

The mechanisms by which glutamine improves glycemic control and insulin sensitivity are not fully
understood and continue to be explored. Promising lines of investigation currently include effects
mediated via stimulation of the incretin hormone GLP-1 and decreased insulin resistance through
influences on oxidative stress and inflammation. Some additional potential mechanisms are also
briefly presented.

4.6.1 GLP-1

Glucagon-like peptide-1 (GLP-1) is an incretin hormone that is potently stimulated by glutamine
(Reimann et al. 2004; Tolhurst et al. 2011) and, like other incretins, is secreted from the gut
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FIGURE 4.2 Effects common to GLP-1 and glutamine. Some commonality occurs between the effects of
glutamine and glucagon-like peptide-1 (GLP-1), as summarized here.

in response to nutrients. GLP-1 is known to stimulate glucose-dependent insulin release (Holst
2007; Greenfield et al. 2009; Mansour et al. 2013); reduce levels of blood glucose, non-esterified
fatty acids, and triglycerides (Greenfield et al. 2009); slow gastric emptying (Holst 2007); sup-
press hunger (Kim and Egan 2008; Mansour et al. 2013); and inhibit glucagon secretion (Holst
2007; Kim and Egan 2008), all actions that can help to improve glycemic control. Several of these
effects have also been attributed to glutamine (see Figure 4.2). Other studies also outline the
protective and proliferative effect of GLP-1 on pancreatic -cells, which can lead to upregulation
of glucokinase and glucose transporter 2 expression, both key elements of insulin secretion and
insulin gene transcription.

GLP-1 levels are thought to be comparatively diminished postprandially among obese and insu-
lin-resistant patients (Mansour et al. 2013), and, while this finding is still under debate (Samocha-
Bonet et al. 2011), studies in humans have prompted the suggestion that GLP-1 can potentially
promote glycemic control in T2DM patients (Greenfield et al. 2009). The possibility of using glu-
tamine specifically as a GLP-1 secretagogue for T2DM therapy has been suggested (Tolhurst et al.
2011). In addition, two drugs based on GLP-1, exenatide (a synthetic incretin®) and sitagliptin (an
inhibitor of the GLP-1 degrading enzyme DPP4"), have recently become available for use in the
treatment of T2DM (Kim and Egan 2008).

Glutamine is thought to stimulate GLP-1 secretion by binding to the GLP-1 receptor, as seen
in docking studies in glutamine-supplemented rats. It may also be involved in GLP-1 activation,
as increased concentrations of the GLP-1 (7-36) amide, the active form of colonic GLP-1, were
found after glutamine administration in the same rat study (Badole et al. 2013). In a randomized
controlled crossover study of T2DM patients, glutamine (30 g) or glutamine (15 g) plus sitagliptin,
which inhibits GLP-1 catabolism, were found to reduce postprandial glycemia relative to control.
Glutamine was also found to increase both total and active GLP-1 concentrations, suggesting its
glucose-lowering effect, at least in part, was linked to increased GLP-1 action (Samocha-Bonet
et al. 2011). Another study in healthy subjects, however, failed to see increased GLP-1 after gluta-
mine ingestion, although glucose and insulin responses were similarly blunted (Awad et al. 2011).
The authors did not include an explanation for this result but alluded to a possible difference in the
role of glutamine in elective surgery as opposed to critical illness, implying that its GLP-1 stimulat-
ing action may be more important in times of increased glutamine demand.

Gastric emptying time is an important factor determining postprandial blood glucose levels
(Mansour et al. 2013). Slowed gastric emptying is a well-documented effect of GLP-1 (Holst 2007)

* Exenatide is a synthetic form of an incretin mimetic discovered in the saliva of a Gila monster lizard that became avail-
able for clinical use in T2DM in 2005. It has 53% homology to GLP-1 and binds with greater affinity than GLP-1 to
GLP-1 receptors. It is not degraded by DPP4 due to having no recognition site for this enzyme, thus it’s biological effect
remains for up to 8 h after subcutaneous injection (Kim 2008).

© DPP4 degrades GLP-1 very quickly, resulting in a half-life of approximately 2 min.
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and is thought to be the main cause of reduced postprandial glycemia in the glutamine and gluta-
mine + sitagliptin study mentioned above. However, an effect of glutamine on gastric emptying
time has not yet clearly been demonstrated. In a study measuring antral and duodenal pressure
waves it was found that glutamine had a stimulatory effect on pyloric motility, while the effect of
GLP-1 on gastric motility is typically inhibitory. Diminished glycemia after glutamine plus glucose
was not observed in this study (Chang et al. 2013). In addition, a study of healthy subjects showed,
scintigraphically, no difference in gastric emptying time after glutamine- or lipid-supplemented
isocaloric-isovolumetric carbohydrate drinks (Awad et al. 2011).

Given that glutamine can stimulate GLP-1 release and increase its circulation, resulting in
reduced postprandial glycemia in T2DM patients and stimulation of insulin secretion, this line of
enquiry holds merit in the quest to understand glutamine’s effect on glycemic control.

4.6.2 INSULIN RESISTANCE

The molecular mechanisms that contribute to the development of insulin resistance are not well under-
stood, but factors such as oxidative stress, inflammation, and gluco- and lipo-toxicity are considered
to play a central role (Turner et al. 2014). There are clear links between these: When reactive oxygen
species (ROS), which are byproducts of normal mitochondrial metabolism, exceed antioxidant capac-
ity, the resulting oxidative stress can damage macromolecules and stimulate an immune response,
including the production of proinflammatory cytokines. As outlined below, glutamine has been shown
to exert a beneficial influence on many of these different aspects, including effects on oxidative stress,
for example, by increasing generation of glutathione, a critically important antioxidant, and by reduc-
ing inflammation, for example, by a balancing effect on cellular and humoral immunity.

4.6.3 INFLUENCES ON OXIDATIVE STRESS AND ASSOCIATED PROCESSES

Glutamine, with cysteine and glycine, can be metabolized to glutathione, a critical cellular anti-
oxidant (Newsholme et al. 2003) with the capacity to scavenge reactive oxygen species (ROS) and
reactive nitrogen species (RNS) produced during metabolic processes, thus protecting cells from
oxidative damage (Petry et al. 2014). The ratio of reduced glutathione (GSH) to oxidized glutathione
(GSSH) regulates the redox potential of the cell (Bashandy et al. 2013) and plasma glutathione levels
give an indication of tissue redox potential. Under catabolic conditions, this ratio is shifted due to
high demand for antioxidant activity. A randomized controlled study found that patients undergo-
ing abdominal surgery for neoplasms who were given a preoperative glutamine infusion had sig-
nificantly higher levels of plasma glutathione and lower insulin resistance (Bashandy et al. 2013).
Similarly, higher serum GSH concentrations were seen after glutamine in a randomized controlled
clinical study of elective cholecystectomy patients (Dock-Nascimento et al. 2012).

These human studies are supported by animal studies. GSH levels in the skeletal muscle of
rats conditioned to high-intensity exercise doubled after 21 days of glutamine supplementation by
gavage, compared to non-supplemented animals. This effectively increased the GSH:GSSH ratio
(by 40%), leading to a more balanced redox status in muscle tissue (Petry et al. 2014). In endotox-
emic mice, a reduction in redox potential >2.7-fold in erythrocytes and muscle tissue was returned
to normal by a combination of glutamine and alanine, either in free form or as a dipeptide (Cruzat,
Bittencourt et al. 2014). In an in vitro study, lipopolysaccharide-stimulated primary alveolar type
IT epithelial cells from rat lung showed a significant decrease in GSH concentration, but this was
reversed by 22 mM glutamine. Inhibition of GSH synthesis blocked the protective effect of gluta-
mine entirely, indicating that the mechanism of action is via GSH synthesis (Zhang et al. 2008).

There are also some less direct influences on processes linked to oxidative stress. The cytopro-
tective heat shock proteins are a well-described family (Lindquist and Craig 1988) expressed under
physiologically stressful conditions such as hypoxia, oxidative stress, and inflammation. They are
considered to be potent anti-inflammatory agents (Krause and de Bittencourt 2008). Upregulation
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of the 70 kDa member, HSP70, has been associated with glutamine supplementation in a variety of
contexts (Wischmeyer 2007) including rat pancreatic islet transplantation (Jang et al. 2008); rat
or mouse muscle during exhaustive exercise (Petry et al. 2014) or endotoxemia (Cruzat, Pantaleao
et al. 2014), respectively; and in the serum of surgical intensive care unit patients (Ziegler et al.
2005). HSP70 expression correlated with an attenuation of ischemic damage, improved redox sta-
tus, and fewer days spent on ventilation and/or in ICU. In addition, glutamine improved survival
in wild-type mice after experimental sepsis but not in mice that had a gene deletion for HSP70
(Singleton and Wischmeyer 2007; Wischmeyer 2007).

Glutamine influences HSP70 regulation via the hexosamine biosynthetic pathway (HBP),
in which glutamine is a key substrate (Figure 4.3) (Hamiel et al. 2009). However, increased flux
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FIGURE 4.3 The hexosamine biosynthetic pathway and the role of glutamine in HSP70 synthesis.
Glutamine can upregulate glucose flux through the hexosamine biosynthetic pathway (HBP) and thereby
stimulate heat shock protein (HSP) 70 production. Basal flux balance in B-cells is indicated in parentheses,
which show the proportional amount of metabolite consumed in the various metabolic pathways. GSH: glu-
tathione; GFAT: glutamine:fructose-6-phosphate aminotransferase; TCA: tricarboxylic acid cycle; GSK-3[3:
glycogen synthase kinase-33; HSF-1: heat shock factor-1; OGT: O-linked N-acetylglucosaminyl transferase;
PPi: inorganic phosphate. (Adapted from Newsholme, P. et al. 2013.)
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through the HBP also occurs in hyperglycemia due to mitochondrial superoxide overproduction
(Du et al. 2000; Buse 2006). In primary adipose cells (Marshall et al. 1991; Hawkins et al. 1997)
and rat muscle (Hawkins et al. 1997), insulin resistance is thought to be closely linked to increased
flux through the HBP due to high glucose or free fatty acid stimulation, although not all stud-
ies support this (Choi et al. 2001). Thus, it appears that enhanced HBP flux can be beneficial but
overenhanced flux may be detrimental to insulin action. The fact that glutamine is a key substrate
in this pathway (Prada et al. 2007; Hamiel et al. 2009) is a clue to a complex relationship between
glutamine, insulin resistance, and the products and effects of the HBP.

Another member of the heat shock protein family (HSP-32) found to be activated by glutamine
is the inducible form of hemeoxygenase (HO-1) (Uehara et al. 2005). Experiments in an in vitro
model of ischemia/reperfusion injury using human proximal renal tubular epithelial cells found that
glutamine rescued cells from apoptosis due to upregulation of HO-1, probably via the p3SMAPK
signal transduction pathway (Shi et al. 2009). The same study demonstrated that HO-1 provided
protection by three downstream effects: (a) increased carbon monoxide (CO), a potent antioxidant
and product of the metabolism of heme (from hemoglobin) to biliverdin, a reaction that HO-1 cata-
lyzes; (b) reduced iNOS activation (proinflammatory, discussed later); and (c) increased Bcl-2 (an
anti-apoptotic molecule) activity.

Inducible nitric oxide synthase (iNOS), shown to be reduced by HO-1, is an enzyme involved in
catalyzing nitric oxide (NO) synthesis from L-arginine during an immune response. Besides having
a protective function in immunity (Radomski 1995), NO has a number of roles in insulin action,
including insulin signaling, insulin secretion, and glucose uptake (Newsholme et al. 2010). In high
concentrations, however, NO can destructively inhibit mitochondrial ATP synthesis and upregu-
late expression of proinflammatory genes in B-cells, contributing to B-cell stress and apoptosis
(Wang et al. 2010). In combination with superoxide it forms the damaging free radical peroxynitrite
(ONOQO"). Glutamine has been found to reduce NF-kB signaling (Esposito et al. 2011) (which drives
iNOS expression—see Figure 4.4) as well as circulating levels of iNOS and NO (Lu et al. 2009;
Mondello et al. 2011) in zymosan-treated mice and in rat hepatocytes incubated in the presence of
IL-1B. This led to reduced nitrosative and oxidative stress and enhanced insulin sensitivity in the
mouse study, but these parameters were not measured in the rat hepatocyte study.

In summary, there is evidence of the redox balancing effects of glutamine being via glutathi-
one, the heat shock proteins HSP70 and HO-1, and/or nitric oxide (either via arginine or directly).
Oxidative status and inflammatory responses are closely linked, and there is evidence that both are
affected by glutamine, as flow-on effects from each other and/or independently. Glutamine has also
been shown to mediate aspects of the cellular immune response. These effects are important to the
discussion of insulin action because of increasing evidence of their significant influence on insulin
signaling and uptake.

4.6.4 GLUTAMINE AND INSULIN SECRETION

Under appropriate conditions, specific amino acids enhance insulin secretion from primary islet
B-cells and B-cell lines (Newsholme et al. 2011). In vivo, L-glutamine and L-alanine are quantita-
tively the most abundant amino acids in the blood and extracellular fluids, closely followed by the
branched chain amino acids (Newsholme et al. 2005). However, many amino acids do not evoke
insulin-secretory responses in vitro when added at physiological concentrations but rather combi-
nations of physiological concentrations of amino acids or high concentrations of individual amino
acids are much more effective. In vivo, amino acids derived from dietary proteins or intestinal
epithelial cells, in combination with glucose, stimulate insulin secretion, thereby leading to protein
synthesis and amino acid transport in target tissues such as skeletal muscle (Cunningham et al.
2005; Newsholme et al. 2011, 2014).

While amino acids can potentially affect a number of aspects of B-cell function, a relatively
small number of amino acids promote or synergistically enhance insulin release from pancreatic
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translocation to the nucleus, where it promotes transcription of inducible nitric oxide synthase (iNOS), various
cytokines, and anti-apoptotic factors. *Glutamine inhibits the phosphorylation of IxB.

[-cells. The mechanisms by which amino acids enhance insulin secretion are understood to primar-
ily rely on: (i) direct depolarization of the plasma membrane (e.g., cationic amino acid, L-arginine);
(i1) metabolism (e.g., glutamine, leucine); and (iii) co-transport with Na* and cell membrane depo-
larization (e.g., L-alanine). Notably, partial oxidation, for example, of L-alanine may also initially
increase the cellular content of ATP impacting on K, ,, channel closure prompting membrane depo-
larization, Ca?* influx, and insulin exocytosis (Newsholme et al. 2007, 2011).

Both rat islets and rat derived BRIN-BD11 B-cells consume glutamine at high rates, but notably
while glutamine can potentiate glucose stimulated insulin secretion (GSIS) and interact with other
nutrient secretagogues, it does not initiate an insulin-secretory response (Corless et al. 2006). In rat
islets, glutamine is converted to y-amino butyric acid (GABA) and aspartate and, in the presence of
leucine, oxidative metabolism is increased due to activation of glutamate dehydrogenase and entry
of glutamine carbon into the TCA cycle (Newgard et al. 2009; Newsholme, Gaudel, and Krause
2012). Production of glutamate from glutamine (Cruzat and Tirapegui 2009) may also contribute
to B-cell antioxidant defense with entry into the y-glutamyl cycle, thereby enhancing glutathione
synthesis (Cunningham et al. 2005; Newsholme et al. 2014).
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Therefore, glutamine derivatives possibly protect B-cells from oxidative insult. Interestingly,
glutamate may also play a significant role in mediating insulin secretion directly, but the exact
mechanisms are not entirely clear due to inconsistent observations. Increased glutamate levels have
been detected following exposure to glucose in islets and -cell lines, but others did not detect any
significant changes (Hoy et al. 2002; Newsholme and Krause 2012). Indeed, glutamate can accu-
mulate within insulin vesicles and, potentially, be transported into the surrounding matrix during
insulin exocytosis. Glutamate released in this way may influence B-cell glutamate receptor activa-
tion. In addition, it may regulate glucagon secretion from adjacent glutamate-sensitive pancreatic
a-cells and is possibly an additional paracrine regulatory mechanism for maintenance of blood
carbohydrate levels.

4.6.5 IMMUNE FUNCTION AND INFLAMMATION

The effect of glutamine on immune function is explored in depth elsewhere, but a brief outline is
relevant here. Given that glutamine is an important fuel for immune cells and essential for pro-
liferation, it could be tempting to assume that during trauma, when immune cell proliferation is
increased and glutamine uptake can increase up to 5—8-fold (Newsholme 1996; Peng et al. 2006),
immune activity would be upregulated with exogenous provision of glutamine. Indeed, complica-
tions due to infection are reduced by glutamine supplementation in clinical studies after surgery
and in critical illness (Wilmore 2001; Dechelotte et al. 2006; Grau et al. 2011; Bollhalder et al.
2013; Chen et al. 2014). This is not due, however, to a full-spectrum increase in number of immune
cells together with cytokine production increase, which could lead to increased oxidative stress and
insulin resistance. Instead, glutamine is responsible for immune function optimization, involving
changes in immune cell populations (Esposito et al. 2011; Mondello et al. 2011), reduced cytokine
secretion (Coeffier and Dechelotte 2005; Singleton et al. 2005; Prada et al. 2007; Wischmeyer 2007;
Mondello et al. 2011; Cruzat, Bittencourt et al. 2014), and improved pro- and anti-inflammatory and
cellular/humoral immunity balance (Chang, Yang, and Shaio 1999; Yeh et al. 2005).

The immune system is increasingly being considered a major player in the pathophysiology of
insulin resistance. Macrophage infiltration, proinflammatory cytokines, and specific components
of innate immunity feature in recent studies as factors in the complex link between the immune
system and insulin resistance (Su et al. 2009; Olefsky and Glass 2010; Fernandez-Real and Pickup
2012; Kammoun et al. 2014). For example, proinflammatory cytokines produced by immune cells
interfere with both insulin signaling and sensitivity (Cai et al. 2005; Su et al. 2009) (see Figure 4.5).
Several studies have found that glutamine-mediated immuno-modulation is paralleled by improved
insulin action and glycemic control as reviewed by Wischmeyer (2007).

4.6.6 GLUTAMINE IMPACT ON GLYCEMIA OR INSULIN RESISTANCE AND INFLAMMATION

In a notable exception glutamine was associated with significantly poorer insulin sensitivity, higher
fasting serum insulin concentrations, and upregulated inflammatory markers (C-reactive pro-
tein and IL-6) in a study on obese subjects. It is possible that glutamine may have quite different
results in more severe metabolic derangements, such as the morbidly obese subjects of this study
(BMI 43.3 £ 4.1 kg/m?) (Breitman et al. 2011). In addition, a mixed amino acid supplement (gluta-
mine, arginine, and leucine) was used in the study, and poorer recovery of insulin sensitivity could
be due to a known effect of leucine to reduce glucose uptake. Several studies have shown varying
results within a group of inflammatory markers. For example, a study of children undergoing cleft
palate surgery found no significant difference in IL-6 levels between the glutamine and control
groups, but attenuation of post-surgical trauma indicated by reduced C-reactive protein expres-
sion and absence of significant changes in postoperative glucose levels in glutamine-supplemented
patients showed an overall attenuated inflammatory response and improved glycemic control
(Cunha Filho et al. 2011).
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FIGURE 4.5 Role of glutamine in insulin sensitivity. Mechanisms potentially involved in the beneficial
effects of glutamine on insulin sensitivity and glycemic control. (Adapted from Coeffier, M. and P. Dechelotte.
2005. Nutr Rev 63 (2):65-9.)

Thus, glutamine mostly has an optimizing effect on immune function, reducing inflammation
and, via reduced oxidative stress, cellular damage and signaling interference, enhancing insulin
action and improving glycemic control.

4.6.7 ADDITIONAL MECHANISMS

In addition to these main avenues of investigation, other observations about the possible metabolic
effects of glutamine include glucagon stimulation, effects on mitochondrial function, and gluta-
mine/glutamate cycling, as briefly summarized below.

4.6.7.1 Stimulation of Gluconeogenesis

Glutamine can be used as a substrate for gluconeogenesis and thus has the potential to increase blood
glucose. For example, in a canine study, net hepatic glucose output was found to increase 7-fold
during exercise in the glutamine group compared to a 4-fold increase in the control group. This
was supported by a significantly increased net hepatic uptake of gluconeogenic amino acids (par-
ticularly, but not exclusively, glutamine) in the glutamine group (Iwashita et al. 2005). Glutamine’s
gluconeogenic potential is particularly important in the small intestine. While this organ has not
traditionally been considered a site of gluconeogenesis, under insulinopenic conditions such as fast-
ing or diabetes (type-1 or advanced type-2), gene expression studies have confirmed that phospho-
enol pyruvate carboxykinase, which is required for incorporation of glutamine carbons into glucose
via the TCA cycle, is strongly induced in this site. In fact, glucose released by the small intestine
was found to account for a significant amount (13%) of total glucose production in diabetic rats
(Mithieux 2001). In addition, much of the glutamine taken up by the small intestine during fasting
is converted, via alanine transaminase activity, to alanine and subsequently used as a substrate for
hepatic gluconeogenesis (Mithieux 2001).

4.6.7.2 Stimulation of Glucagon Secretion

Glutamine stimulates pancreatic release of glucagon in healthy (lean and obese) and diabetic sub-
jects (Greenfield et al. 2009). This is in spite of the well-known inhibitory effect of the coincidently
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stimulated GLP-1 secretion. Though this is likely to affect glycemic status, the mechanism and spe-
cific impact of glucagon secretion on insulin action and glycemic control in the context of glutamine
stimulation are yet to be explored but are clearly not sufficient to diminish the overall antiglycemic
effects of glutamine.

In spite of its gluconeogenic and glucagon-stimulating potential, glutamine generally increases
insulin sensitivity and has a hypoglycemic effect.

4.6.7.3 Mitochondrial Function

Due to the close link between mitochondrial ROS production and insulin resistance, mitochondrial
dysfunction has been considered as a contributing factor in the insulin-resistant state (Turner et al.
2014). Glutamine oxidation is also thought to have a profound effect on mitochondrial function
(Mates et al. 2009), possibly due to excess superoxide production, but to date no clear conclusion
can be drawn. For example, a bioenergetics study has found an association between high-dose (500
and 5000 uM) glutamine treatment and suboptimal mitochondrial function (Krajcova et al. 2015).
These supra-physiologic concentrations of glutamine (albeit concentrations that are routinely used
in cell culture experiments) reduced respiratory chain efficiency to less than 70% due to uncoupling
and inner-membrane proton leak, but had no effect on respiratory chain capacity, anaerobic glycoly-
sis rate, or non-mitochondrial oxygen consumption.

In a similar study, insulin acutely reduced mitochondrial inner membrane proton leak, enhanc-
ing respiratory chain efficiency after 20 min of treatment (Nisr and Affourtit 2014). A compari-
son of these real-time studies on glutamine- or insulin-treated skeletal muscle cells show opposite
effects on mitochondrial coupling efficiency, dependent on glutamine dose. A sub-physiological
glutamine concentration (but consistent with moderate clinical hypoglutaminemia) of 300 uM did
not adversely affect respiratory chain efficiency. It was suggested that increased energy expendi-
ture as seen by Iwashita et al. (2006) in healthy volunteers after glutamine supplementation may
be a result of futile cycles and heat generation. However, it was deemed more likely evidence of
an uncontrolled leak explained by mitochondrial toxicity due to intracellular breakdown of gluta-
mine to glutamate and ammonia (Krajcova et al. 2015). To date, no bioenergetics studies have been
undertaken to elucidate the effect of simultaneous treatment with both insulin and glutamine, which
would more closely reflect the in vivo situation.

Mitochondrial glutamine oxidation may be important in -cell adaptation to insulin resistance.
In islets from insulin-resistant (but not diabetic) mice, Fex et al. (2007) observed a 2-fold increase
in mitochondrial area in conjunction with an improvement in oxidation of fuels such as glutamine
requiring mitochondrial metabolism, which they proposed may indicate compensation for observed
impaired glucose oxidation due to increased lipid flux.

4.6.7.4 Glutamine/Glutamate Cycling

An interesting recent study used liquid chromatography/mass spectrometry to profile plasma metab-
olites from subjects enrolled in the Framingham Heart Study and the Malmo Diet and Cancer Study
to link metabolic pathways with cardiometabolic risk factors (Cheng et al. 2012). They found that
metabolic risk factors, including high plasma insulin levels and insulin resistance, were strongly
associated with high circulating glutamate compared to glutamine. This was also a risk factor for
future diabetes.

This is the first time an association has been reported between the glutamine/glutamate ratio and
multiple metabolic risk factors in humans. The researchers then conducted diet intervention studies
to test the effect of glutamine on glucose tolerance. Less extreme glycemic fluctuations and plasma
glucose levels were recorded for the glutamine-supplemented mice compared to the glutamate-
supplemented or control mice. From these results, it appears that low glutamine concentrations,
particularly in relation to glutamate and other precursor amino acids, may be a contributing factor
in the development of metabolic diseases. In addition, it has been suggested that liver transami-
nases, responsible for converting precursor amino acids to glutamine and back again and currently
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considered biomarkers for liver damage, may be involved in the pathophysiology of insulin resis-
tance and other aspects of metabolic syndrome (Sookoian and Pirola 2012).

4.7 SUMMARY AND CONCLUSION

It is clear that there is a high level of complexity in the processes involved in glutamine utilization
and its effects on insulin action and glycemic control. Overall, and in spite of its gluconeogenic func-
tion, glutamine improves glycemic control and increases insulin sensitivity by various mechanisms,
including reduced oxidative stress and inflammation, which can interfere with insulin signaling.
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5.1 INTRODUCTION: BACKGROUND AND DRIVING FORCES

It is known for decades that glutamine can act as a signal providing valuable information about
the nitrogen status and other important aspects associated with amino acid and energy metabolism
to cells, organs, and even the entire organism. Although several different mechanisms for sensing
glutamine concentration and various physiological targets have been elucidated (for review see Curi
et al. 2005; Héussinger and Schliess 2007; Roth 2008; Rhoads and Wu 2009; Ghavami et al. 2014),
we are far from comprehensively understanding the rich spectrum of different functions involved.
One process that has come into special focus in recent years is autophagy. First experimental evi-
dence for an outstanding role of glutamine in the regulation of autophagy dates back to the early
1980s, when high glutamine concentrations were found to inhibit mass protein degradation in the
liver (Seglen et al. 1980; Mortimore and Poso 1984). Since then, however, it became obvious that
the influence of glutamine on autophagy is much more complex and can range from inhibition to
activation and indirect modulation depending on the cell type or tissue under consideration.
Autophagy is a highly conserved homeostatic mechanism for the degradation and recycling
of bulk cytoplasm, long-lived proteins, and cell organelles (Mizushima and Komatsu 2011). It is
triggered and modulated by a plethora of different stimuli such as nutrient deprivation and other
stress signals. The amino acid-responsive form is called macroautophagy from its morphological
characteristics (for review and other forms of autophagy see Ghavami et al. 2014). The process
of autophagosome formation proceeds via initiation, elongation, and maturation steps leading to
autophagic vesicles that, together with the cargo to be degraded, finally fuse with lysosomes to
form the autophagolysosomes (Figure 5.1). The entire process of macroautophagy (hereafter sim-
ply called autophagy), in particular the initial steps, are controlled by a large variety of autoph-
agy related genes (ATGs) that are involved in the sequential formation of multimeric complexes.
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FIGURE 5.1 Schematic illustration of the interplay between glutamine metabolism, mTOR activation, and
autophagy. (Taken from van der Vos, K.E. and Coffer, P.J. 2012. Autophagy, 8: 1862—-1864.)

Although the details of the pre-autosomal complex formation and of its subsequent transformation
are not fully established, there is convincing evidence that PI3 kinases class III and, particularly,
the mTOR kinase complex 1 (mTORCI) play a dominant role in the control of these processes and,
thus, in the regulation of autophagy (Ghavami et al. 2014; Noguchi et al. 2014). In this chapter, the
central role of glutamine in this regulatory network is addressed.

5.2 THE PUZZLING SPECTRUM OF GLUTAMINE EFFECTS ON AUTOPHAGY

Ten years ago, glutamine was considered as a potent inhibitor of autophagy sharing its influence
with several other plasma amino acids such as leucine and tyrosine, which collectively were called
regulatory amino acids (Kadowaki and Kanazawa 2003). This view was based mainly on studies
in liver or isolated hepatocytes and was in line with the observation that autophagic proteolysis is a
major source of amino acids in starvation (Mortimore and Kadowaki 2001). Although the effect of
amino acids on autophagy was discovered long ago (Buse and Reid 1975; Fulks et al. 1975; Seglen
et al. 1980; Mortimore and Poso 1984), the mechanisms remained largely obscure, particularly in
the case of glutamine. The past decade, however, has seen a tremendous increase in the number
of investigations of these questions paralleled by the discovery that the effects of glutamine on
autophagy were quite variable in different types of cells and tissues and could result not only in
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TABLE 5.1
Different Effects of Glutamine on Autophagy

Primary Mechanism Secondary Mechanism References

Activation
5.2.1 FoxO-induced GS activation Glutamine inhibition of mMTORC1 Van der Vos et al. (2012)
522 Glutaminolysis — NH, Activation of autophagy (not defined) Eng and Abraham
(2010)
Eng et al. (2010)
NH; production mTOR-dependent and AMPK-dependent Harder et al. (2014)

523 Glutaminolysis — NH; (in tumor) Diffusion of NH, Koetal. (2011)

Activation of autophagy by NH, in stroma  Albanese et al. (2011)
5.24  Hexosamine pathway activation Unclear Denzel et al. (2014)
or N-Acetyl-glucosamine

Inhibition
5.2.5 Bidirectional transport of amino acids  Leucine activation of mTOR Nicklin et al. (2009)
5.2.6  Glutaminolysis — o-ketoglutarate Activation of mTORCI Durién et al. (2012)

inhibition but also in activation of autophagy. Concomitantly, these studies provided deep insight
into a surprising complex regulatory mechanism that underlies the context-dependent variation of
glutamine action. For the sake of clarity, the major findings are classified in Table 5.1 and discussed
in detail in the following sections.

5.2.1 THe FoxO-MEeDIATED GLUTAMINE SYNTHETASE-DEPENDENT ACTIVATION PATHWAY

Forkhead box O (FoxO) transcription factors can influence a wide range of biological processes
in many cell types, including stress resistance, nutrient deprivation, cell cycle progression, and
apoptosis (Calnan and Brunet 2008; Dansen and Burgering 2008). They are inactivated trough
phosphorylation by the PI3K-AKT1 axis in response to insulin, insulin-like growth factors (IGFs),
and other growth factors. In their active, non-phosphorylated form FoxO3 and FoxO4 transcription
factors enhance the expression of specific genes, including certain ATGs such as LC3 and Bnip3 in
skeletal muscle (Mammucari et al. 2008) and the enzyme glutamine synthetase in liver (Gebhardt
and Hovhannisyan 2010, van der Vos et al. 2012). Elevated enzyme levels of glutamine synthetase
led to a selective increase in intracellular glutamine at the expense of glutamate and eventually of
a-ketoglutarate (see Figure 5.1). As convincingly shown by van der Vos et al. (2012), high intra-
cellular glutamine abrogates the lysosomal localization of mTORCI and leads to the activation of
autophagy. Of particular interest is that L-methionine sulphoximine, a specific inhibitor of glu-
tamine synthetase, abrogates autophagosome formation in this system indicating that glutamine
synthesis in an essential step. This mechanism seems to be evolutionarily conserved as it could be
demonstrated in C. elegans as well as in several mammalian cell types (van der Vos et al. 2012).
A link between FoxO transcription factors and autophagy was also reported in cardiomyocytes
(Sengupta et al. 2009) and neurons (Xu et al. 2011).

5.2.2 THE GLUTAMINOLYSIS/AMMONIA-DEPENDENT ACTIVATION PATHWAY

The first step in glutaminolysis is catalyzed by glutaminase (GLS) resulting in deamination to glu-
tamate and ammonia. The increased rate of glutaminolysis in tumor cells has been recognized for
a long time. One particular role is replenishment of the tricarboxylic acid (TCA) cycle, which is
critical for the production of biosynthetic precursor molecules. When studying the reasons for the
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sustained increase in autophagic flux in cultured cancer cells, Eng and colleagues discovered a link
between glutaminolysis and the production of a diffusible stimulator of autophagy that turned out
to be ammonia at low millimolar concentrations (2—4 mM) (Eng et al. 2010). Although the molecu-
lar mechanism by which ammonia activates autophagy is not yet fully established, there is evi-
dence against the exclusive dependence on mTORC]. This was confirmed by Harder and colleagues
using MCF7 cancer cells (Harder et al. 2014). In a noteworthy phosphoproteomic study comparing
the effects of ammonia and rapamycin, these authors could partially exclude the participation of
mTORC1 and of MAPK3 from the cellular response to ammonia. Instead, they provided evidence
for an upregulation of 5 AMP-activated protein kinase (AMPK) and the unfolded protein response
(UPR) as possible links between ammonia and autophagy (Harder et al. 2014).

Besides various tumor cells, T lymphocytes may represent a normal cell type that undergoes
explosive rounds of rapid proliferation using the glutaminolysis pathway for fuelling cell growth and
survival (Eng and Abraham 2010).

5.2.3 THE TRANSCELLULAR AMMONIA-DEPENDENT ACTIVATION PATHWAY

This pathway resembles that described in Section 5.2.2. Now, however, the cell producing ammonia
(e.g., the tumor cell) is no longer considered the (exclusive) target of ammonia. Instead, it is assumed
that ammonia is extruded from the producing cell and diffuses into a different cell (type) in the
vicinity (e.g., a tumor cell in a different location or a tumor-associated fibroblast) (Ko et al. 2011). In
the receiving cell (e.g., the fibroblast), ammonia subsequently induces autophagy according to the
mechanism described before (Section 5.2.2).

5.2.4 THE HEXOSAMINE-DEPENDENT ACTIVATION PATHWAY

Induction of autophagy has been associated with increased life span because it provides a
quality-control mechanism that contributes to the turnover of aggregation-prone proteins and
organelle homeostasis (Menzies et al. 2011). Focusing on C. elegans, a model organism fre-
quently used is studies on lifespan extensions, Denzel and colleagues demonstrated that hex-
osamine pathway activation or N-acetylglucosamine supplementation induces distinct protein
quality-control mechanisms, including autophagy, which result in extended life span (Denzel
et al. 2014). Increased autophagy was shown by condensation of the light chain 3 (LC3) homolog
LGG-1 I puncta as well as by an increase in the lipidated form of LGG-1. Apparently, autophagy
was increased by N-acetylglucosamine in a posttranscriptional manner. Generally, transcrip-
tional events could virtually be excluded from participating in this type of mechanism (Denzel
et al. 2014).

Since glutamine is the primary nitrogen donor in the synthesis of hexosamines, there is an obvi-
ous glutamine dependence of this activating mechanism of autophagy. In an earlier report a similar
influence was described for glucosamine (Carames et al. 2013). In that study activation of autoph-
agy was induced via inhibition of the Akt/Forkhead box O(FoxO)/mechanistic target of rapamycin
(mTOR) pathway. Moreover, D-glucosamine supplementation was found to extend the life span of
nematodes and of aging mice (Weimer et al. 2014).

5.2.5 THE BIDIRECTIONAL AMINO AcID TRANSPORT-DEPENDENT INHIBITION PATHWAY

This pathway was originally described in HeLa cells and MCF7 cells. When these cells are pre-
loaded with glutamine (up to 1 mM), which is taken up via the SLCIAS transporter (Fuchs and
Bode 2005), they respond to the subsequent extracellular exposure to essential amino acids (EAA)
by an activation of mMTORCI (Nicklin et al. 2009). The role of glutamine in this mechanism is to
drive the uptake of EAA such as leucine via exchange by the antiporter SLC7A5-SLC3A2. As a
result, sufficiently high intracellular concentrations of leucine are reached. How leucine activates
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mTORCI1 and whether the Rag GTPases play a role in this process remains unanswered in this
study. Alternate mechanisms such as leucine-dependent activation of GDH (see below) were also
not tested.

The strength of this investigation, however, is the broad and convincing evidence that the effect
of glutamine and leucine is dependent on the presence and functional activity of the two amino
acid transport systems, SLCIAS and SLC7A-SLC3A2 (Nicklin et al. 2009). Thus, this mecha-
nism may be of importance in cell populations simultaneously expressing both transport systems.
Prominent examples may be found among epithelial cell types particularly in kidney and intestine
(Bode 2001), but generalization is difficult, because of the large cellular variation in the expression
of transporter subtypes.

Another important point is that rising the extracellular concentration of glutamine in combina-
tion with EAA leads to sustained activation of mTORCI as indicted by the phosphorylation and
activation of ribosomal protein S6 kinase 1 (S6K1) in cultured cells (Nicklin et al. 2009). This
observation reveals that it is the extracellular glutamine that matters in this type of mechanism, not
the intracellular one (which has a low steady-state). This was emphasized also in a recent hypothesis
about the possible role of this mechanism in the periportal zone of the liver (Gebhardt and Coffer
2013).

5.2.6 THE GLUTAMINOLYSIS-DEPENDENT INHIBITION PATHWAY

Glutaminolysis to glutamate and further to a-ketoglutarate proceeds via GLS reaction followed by
either transaminase or glutamate dehydrogenase (GDH) reactions that preserve the oi-amino nitro-
gen or liberate it as ammonia, respectively. The latter pathway is moderately stimulated by leucine
in most mammalian cells that possess only one gene for GDH (Smith and Stanley 2008). Whereas
in humans a similar gene (GDH1) is widely expressed as a type of housekeeping gene, a second gene
(GDH2) is expressed only in certain cells and tissues (e.g., neurons, testicular cells, and pancreatic
[B-cells) (Spanaki and Plaitakis 2012). This is important because leucine is a much stronger allo-
steric activator of GDH2 than of GDH1 (Kanavouras et al. 2007; Smith and Stanley 2008). Thus,
human cells expressing GDH2 are expected to produce much more a-ketoglutarate from glutamate
(or glutamine) in the presence of leucine than do other cells.

Recently, Duran and colleagues reported that the end-product of glutaminolysis, a-ketoglutarate,
is a specific activator of mMTORC1 by enhancing its translocation to the surface of lysosomes (Durin
et al. 2012). Specifically, a-ketoglutarate was found to directly activate mTORCI via activation
of prolyl hydroxylases (Duran et al. 2012), a family of a-ketoglutarate-dependent dioxygenases
(Boulahbel et al. 2009). These findings provide an interesting explanation on how a-ketoglutarate
might transduce the inhibitory effect of glutaminolysis on autophagy.

5.3 GENERAL MECHANISTIC CONSIDERATIONS

5.3.1 THe GLUTAMINE/0-KETOGLUTARATE RATIO

Because of the different scenarios by which glutamine metabolism can affect autophagy
(Table 5.1), it is intriguing to find out whether they can be grouped into a general mechanistic
scheme. In Figure 5.2 the major chemical reactions of glutamine metabolism are depicted. They
include transport possibilities across the plasma membrane, GLS, and glutamine synthetase reac-
tions, and conversion of glutamate to a-ketoglutarate via GDH that results in additional ammonia
or via transaminases that lead to an additional amino acid molecule. Apparently, not all reactions
are active in the same manner at the same time and in the same cells. More likely, different cells
preferentially express different transporters and/or certain subsets of reactions as exemplified in
Table 5.2 and, thus, show different metabolic fluxes and ratios between intracellular levels of glu-
tamine and o-ketoglutarate. In particular, the balance between the intracellular concentrations of
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FIGURE 5.2 Scheme of major transport and enzyme reactions of cellular glutamine metabolism, Gln: glu-
tamine, Glu: glutamate, o-KG: o-ketoglutarate, Leu: leucine, 1 to 4: transport reactions defined in Table
5.2, 5/GLS: glutaminase, 6/GS: glutamine synthetase, 7/ALAT: alanine amino transferase, 8/GDH: glutamate
dehydrogenase.

glutamine, on one hand, and o-ketoglutarate, on the other, seems to be a potent regulatory param-
eter determining mTORCI activity and, consequently, autophagy (van der Vos and Coffer 2012).
For instance, intracellular glutamine is high in cells expressing glutamine synthetase (e.g., peri-
central hepatocytes; astrocytes). Here, levels of glutamate, o-ketoglutarate, and ammonia, which
are all substrates of glutamine synthesis, are low at the same time, resulting in an especially high
glutamine/o-ketoglutarate ratio.

TABLE 5.2
Examples of Cellular Diversity in Glutamine Uptake and Metabolism
Reaction Sequence? Transport Details Cell Type/Organ Function
1,2,5,(7)8 1 = SNAT3 (Slc38a3) (2 Na* in, 1 H* out) Hepatocyte (periportal)  Glutaminolysis
2 =LAT1/CD98 (Slc7a5/Slc3a2)
4,(7)8,3,6,1 4=0AT Hepatocyte (pericentral) ~ Glutamine synthesis
3=GLT1
1 =SNATS3 (Slc38a3) (2 Na* in, 1 H* out)
1,5,7(8) 1 = SNAT3 (SIc38a3) Skeletal muscle Glutaminolysis
3,6,1 3 =SNATI (Slc38al) Astrocyte Glutamine release
1 =SNAT3 (Slc38al)
1,5,8 1 =SNAT1 (Slc38al) Many tumor cells Glutamine accumulation/
or Glutaminolysis
1 =ASCT?2 (Sicla5)
(@ 1,2 1 =ASCT2 (Slcla5) (apical) Enterocyte (a) Transcellular transport
®1,5,8 2 = LAT1/CD98 (Slc7a5/Slc3a2) and (b) (partial) Glutaminolysis
(basolateral) kidney

2 Numbers refer to transporter and enzyme reactions specified in Figure 5.2.
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In contrast, cells with high activities of GLS (e.g., periportal hepatocytes, tumor cells) may show
an especially low glutamine/o-ketoglutarate ratio. In this case, further aspects have to be taken into
account. First, as pointed out by Shanware et al. (2011), availability of glucose may considerably
influence the source and amount of o-ketoglutarate in the TCA cycle, thus, additionally influencing
this ratio. Second, the concentration of NH,*, which is a byproduct of both GLS and GDH reac-
tions, may counteract the inhibitory influence of o-ketoglutarate on autophagy. Whether ammonia
is retained within the cell as NH," or escapes from the cell as NH; depends on the intracellular
pH. Therefore, pH may be an additional regulatory factor under conditions of a low glutamine/c-
ketoglutarate ratio.

5.3.2 REGULATION OF AUTOPHAGY BY MORPHOGENS

Inrecent years, accumulating evidence points to an important role of morphogen signaling pathways
such as Wnt/B-catenin signaling (Gebhardt and Coffer 2013) and hedgehog signaling (Jimenez-
Sanchez et al. 2012; Gagné-Sansfagon et al. 2014) in the regulation of autophagy. Since morpho-
gens are well known as indispensable regulators not only in embryogenesis, organogenesis, and
tissue regeneration (Wartlick et al. 2009, Ingham et al. 2011) but also in carcinogenesis (Brechbiel
et al. 2014, Kahn 2014), it seems plausible that they also seek control over cellular processes as
powerful as autophagy in the context of these developmental phenomena. Surprisingly, within the
past decade it was realized that morphogens are also powerful regulators of metabolism, particu-
larly in mature cells and tissues (Matz-Soja et al. 2013, Gebhardt and Matz-Soja 2014, Teperino
2014). To date, only few experimental studies have explored this promising field, the majority of
which have been carried out in liver. In these studies, it was shown that the zonal expression of
glutamine synthetase and of GLS is reciprocally regulated by wnt/B-catenin signaling in the peri-
central and periportal zone of liver parenchyma, respectively (Gebhardt and Hovhannisyan 2010).
Thus, important enzymes of glutamine synthesis and glutaminolysis are under the control of mor-
phogens (Gebhardt and Matz-Soja 2014). In the context of the considerations made in the previous
section one may wonder whether other enzymes and transport systems such as SLC7AS5 and GDH
are also under the control of these morphogens. These and other questions have prompted us to
advance a hypothesis that assembles most of the isolated findings of glutamine metabolism into an
overarching concept that is specifically tailored to explain the conditions of liver tissue (Gebhardt
and Coffer 2013). It culminates in the conjecture that autophagy may be controlled in a zonal
fashion by different mechanisms, a concept that may be valid also for many other tissues. Briefly,
autophagy is controlled by the bidirectional amino acid transport pathway in the periportal zone
and by the FoxO-mediated glutamine synthesis pathway in the pericentral zone (Gebhardt and
Coffer 2013). However, it needs to be emphasized that glutamine metabolism may only be one of
many different targets of morphogen signaling and that other mechanisms controlling autophagy
may be targeted as well.

Likewise, the interplay of morphogens and autophagy may not be a one-way road. Indeed, there
is evidence that autophagy may feed-back on morphogen signaling. For instance, autophagy was
found to regulate Wnt signaling by promoting disheveled degradation (Gao et al. 2010). Taken
together, these findings imply that autophagy is not only subject to regulation by morphogens but
also may contribute to shaping graded morphogen action, an as yet unsolved problem at least in liver
(Gebhardt and Hovhannisyan 2010).

5.4 IMPLICATIONS

The implications of the complex effects of glutamine on autophagy are manifold and documented
by a vast amount of literature. Since it is beyond the scope of this chapter to present a comprehen-
sive overview, we focus on three major aspects and cite only a selection of reviews or outstanding
research papers.
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5.4.1 PHYsSIOLOGICAL AND PATHOPHYSIOLOGICAL EFFECTS

When dealing with glutamine regulation of autophagy two major aspects come into focus: nutri-
ent sensing and homeostasis. Although glutamine is a nonessential amino acid, its availability is
of considerable importance for the proper function (including energy supply) of many cells. In its
absence (glutamine deprivation) compensating mechanisms have to be switched on at the cellular
or the tissue level, to maintain nutrient homeostasis. One such mechanism is autophagy, which may
allow recycling of excess or unwanted cellular material to ensure the supply of suitable substrates
including glutamine. Several recent publications have highlighted these interactions in different
cell types and tissues such as connective tissue, brain, liver, and heart (Lin et al. 2012; Dunlop and
Tee 2014; Fader et al. 2015; Kesidou et al. 2013). Interestingly, there is an additional amino acid—
sensing mechanism inside the lysosomes that is relayed via the vacuolar H*-ATPase (v-ATPase) to
the Ragulator complex at the outside (Zoncu et al. 2011). The Ragulator complex includes the Rag
GTPases, RagA and RagB, that switch to the active GTP-bound state when amino acids are plenti-
ful (Sancak et al. 2010). The v-ATPase is also involved in energy sensing (Dunlop and Tee 2014).
Such mechanisms may impact on more than just amino acid metabolism. For instance, Ezaki et al.
(2011) have shown that liver autophagy contributes to the maintenance of blood glucose in an amino
acid- and insulin-dependent manner. Furthermore, these processes may enhance the fitness of the
cells and extend life span (Menzies et al. 2011, Rubinsztein et al. 2011, Lapierre et al. 2012). With
respect to cellular fitness, it is highly interesting that autophagy and exosome formation appear as
coordinated mechanisms to alleviate stress particularly in diseased conditions (reviewed in Baixauli
et al. 2014).

Concerning lipid metabolism the specific role of autophagy in the digestion of lipid droplets
was appreciated by coining the term “lipophagy” (reviewed in Singh and Cuervo 2012). Although
lipophagy plays a natural role in adipose tissue (Christian et al. 2013) it may become consider-
ably important in other tissues such as liver under conditions of pathological lipid accumulation
(Gebhardt and Coffer 2013). Important links between the regulation of autophagy and liver compli-
cations associated with obesity and nonalcoholic fatty liver disease (NAFLD) have been reported,
reports provide only an incoherent and controversial picture (Kwanten et al. 2014; Lavallard and
Gual 2014). If disease progresses, fibrotic alterations are common. Autophagy seems to play an
important role in this development as reviewed by Mallat et al. (2014). More important, their review
illustrates the wide spectrum of how autophagy in different cell types, such as hepatocytes and
hepatic stellate cells, contributes to this process. Apart from NAFLD, autophagy seems to play a
role in various other liver diseases (Cursio et al. 2015), but addressing these aspects in detail would
go beyond the scope of this review.

5.4.2 GLUTAMINE, AUTOPHAGY, AND AGING

It has already been discussed above that autophagy plays an important role in aging. In general,
all cellular mechanisms involved in the removal of deteriorated proteins from cells contribute to
longevity (Vilchez et al. 2014; Madeo et al. 2015; Martinez-Lopez et al. 2015; Schloesser et al.
2015) particularly in organs with low cell turnover such as the heart (Linton et al. 2015) or the
brain (Perluigi et al. 2015). Mitophagy, the autophagic removal of damaged mitochondria, has
received special attention with respect to life extension (Biala et al. 2015). As pointed out above,
normal autophagy as well as mitophagy is under the control of mTOR activity, and, thus, it is
no surprise that inhibition of mTORCI activity by various drugs is expected to prolong life span
(Kroemer 2015). The same should hold for glutamine according to the mechanisms described in
Sections 5.2.1 and 5.3.1, but direct experimental evidence for a life-extending role of glutamine is
still lacking. Intriguingly, however, overexpression of FOXO1 in skeletal muscle increased gluta-
mine synthetase protein but did not alter longevity in mice (Chiba et al. 2009). In this context, it
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is interesting to note that in humans serum glutamine level increases with age in healthy females
while it remained unchanged in males (Kouchiwa et al. 2012). In human skeletal muscle, however,
age negatively correlated with the cytosolic concentration ratio of glutamine to total branched
chain amino acids (Stuerenburg et al. 2006), indicating that relative loss of muscle glutamine
contributes to sarcopenia. It is not clear whether glutamine supplementation can reverse these
phenomena. Experiments in adult and very old female rats revealed an increased glutamine
requirement during aging (Mignon et al. 2007) that may be associated with the stimulation of
glutamine synthetase activity in muscle tissue in rats with advanced age (Mezzarobba et al. 2003;
Pinel et al. 2006). In contrast, in some rats with very advanced age (29-32 months) lower values
of glutamine synthetase activity were determined (Pinel et al. 2006). These variable results call
for additional studies on the influence of endogenous glutamine and glutamine supplementation
on life expectancy.

5.4.3 Errects oN CANCER CELLS

The role of autophagy in tumorigenesis, tumor progression, and cancer therapeutics is indifferent
and highly context dependent. It can promote tumor cell survival as well as death, and, thus, tumor
therapeutics influencing autophagy can be either pro-survival or pro-death for tumor cells (reviewed
in Lui and Ryan 2012; Lorin et al. 2013; Lozy and Karantza 2012). Generally, macroautophagy can
be tumor-suppressive by removing aberrant proteins and organelles or it can aid cancer cells to
overcome metabolic stress and cytotoxicity of chemotherapeutic agents.

Herein we focus on glutamine effects in tumor cells. The vast majority of tumor cells is prone
to glutaminolysis for a number of reasons, including (a) support of cell growth and proliferation by
providing carbon and nitrogen for energy production and biosynthetic reactions (e.g., nucleotide and
lipid synthesis) and (b) support of cell survival under stressful conditions, for example, scarcity of
glucose and enhanced production of reactive oxygen species (ROS). These reactions are under the
complex control by oncogens. This is exemplified by Ras-driven signals in pancreatic tumor cells
such as B-Raf signaling and the PI3 K/AKT axis which interfere directly with the various possi-
bilities for regulating glutamine metabolism and its effect on autophagy outlined above (Shanware
et al. 2011; White 2013; Blum and Kloog 2014). Simultaneously, they can also affect autophagy
directly through transcriptional effects (Kubisch et al. 2013).

Another important aspect is the cooperation between cancer cells and stromal cells in their
environment (reviewed in Martinez-Outschoorn et al. 2011; Icard et al. 2014). In this respect, the
production of ammonia via GLS and/or GDH in tumor cells may be of particular interest as NH,
may diffuse out of the tumor cells and stimulate autophagy in neighboring stroma cells, a concept
that has been advanced by Ko et al. (2011). In these cells, autophagy may serve as means to supply
the tumor with substrates for continuous growth and expansion (Martinez-Outschoorn et al. 2014).

5.5 CONCLUSION AND PERSPECTIVES

The findings reviewed convincingly demonstrate that glutamine is a potent regulator of autoph-
agy, the effect of which, however, is strongly dependent on cell type and physiological context.
Obviously, there is an emerging concept based on cellular glutamine metabolism that can explain
many aspects of its regulatory spectrum. It will be a challenge for future research to elaborate this
concept in more detail and to combine it with the regulation through additional signals, nutritional
and hormonal, that can interfere at different levels. Another challenge may be to investigate the
various molecular events through which glutamine may exert its effects on autophagy and, eventu-
ally, on aging. Given the conflicting effects of autophagy, particularly in cancer cells, only a deeper
understanding of the molecular mechanisms may allow us to identify appropriate and selective
targets for therapeutic intervention.
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6.1 INTRODUCTION: BACKGROUND AND DRIVING FORCES

Blood glutamine levels are important for ensuring the proper development of mammalian organ-
isms because glutamine acts as a potent precursor for biosynthetic processes/reactions and is a
metabolic signal. In many pathological conditions, blood glutamine levels may vary with consider-
able consequences, particularly for immune response and regeneration in cases of decrease.

The liver plays a central role in maintaining proper blood glutamine concentrations. In principle,
this organ can either supply or take up glutamine via net production or net consumption. Recently,
it has been revealed that morphogenic signals are master regulators of liver glutamine and ammonia
metabolism. Morphogens can strongly modulate the balance between biosynthetic and catabolic
pathways of glutamine metabolism by differentially influencing the expression of the appropriate
transporters and enzymes in different zones of the liver lobules. These findings raise two important
questions: (a) Does impairment or stimulation of morphogen signaling in the liver contribute to the
alterations of blood glutamine levels in specific diseases? (b) Can morphogenic signaling provide
novel therapeutic targets for improving blood glutamine levels in diseased states? In this chapter, we
review basic findings concerning the regulation of liver glutamine metabolism by morphogens and
attempt to answer the questions raised in the context of current knowledge.

6.2 SYSTEMIC GLUTAMINE LEVELS AND THE LIVER

Glutamine is the most abundant free amino acid in the blood of mammals, including in humans.
It is required for many biosynthetic reactions, for example, pyrimidine and purine bases, amino
sugars and asparagine, but it may also be used as a fuel for cellular energy production in the form
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FIGURE 6.1 Glutamine exchange between different organs and the blood in the post-absorptive state. The
arrows indicate the estimated amount and direction of glutamine delivery and uptake.

of adenosine triphosphate (ATP). With respect to glutamine metabolism, the different tissues can be
subdivided into glutamine-producing and glutamine-consuming tissues (Figure 6.1).

Skeletal muscle, lungs, brain, adipose tissue, and heart (listed in decreasing order of their con-
tribution) are glutamine-producing organs, while the intestine, immune cells, and kidney are gluta-
mine-consuming organs. The skin, although equipped with high glutamine synthetase (GS) activity
in keratinocytes, is neutral or even slightly consuming because it uses all of the formed glutamine
for the synthesis of glutamine-rich proteins necessary for crosslinking via transglutaminase reac-
tions during keratinization (Danielyan et al. 2009). Thus, in this regard, the liver is considered one
of the few organs that is capable of both glutamine production and consumption. Under normal
physiological conditions, the contribution of the liver to plasma glutamine levels is neutral because
glutamine uptake/breakdown and biosynthesis/secretion are nearly balanced. However, this contri-
bution can easily be shifted to one of the other states under specific physiological and pathological
conditions (Watford 2000). For example, in acidosis, hepatic bicarbonate consumption is decreased,
thereby limiting bicarbonate-consuming urea synthesis, which in turn results in an increased pro-
duction of glutamine by the liver to avoid hyperammonemia (Hiussinger 1998). Another exam-
ple is consuming a protein-rich diet, which causes an upregulation of ureogenesis associated with
increased net glutamine consumption by the liver, despite a simultaneous increase in glutamine-
synthesizing capacity (Lal and Agarwal 1975; Boon et al. 1999).

6.3 EFFECT OF ZONATION ON HEPATIC GLUTAMINE METABOLISM

The features described above, and particularly the remarkable flexibility of the liver with respect
to glutamine metabolism, are highly connected to the metabolic zonation of the liver parenchyma.
Figure 6.2 schematically shows the zonation of glutamine metabolism and that of other amino acids
of the glutamate family.

Glutaminase catalyzes the breakdown of glutamine to glutamate and is expressed in periportal
hepatocytes (Moorman et al. 1994), while the opposite reaction, catalyzed by GS, is restricted to a
small rim of hepatocytes surrounding the central vein of each lobule (Gebhardt and Mecke 1983).
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Thus, the liver shows extensive glutamine cycling that is of utmost importance for body nitrogen
balance and, simultaneously, also contributes to acid—base balance in the blood (Haussinger 1998).
However, liver heterogeneity cannot be understood in the simple terms of “periportal” and “peri-
central” localizations but shows a much more facetted pattern, which in the case of glutamine
and ammonia metabolism and the relationship with other metabolic pathways (e.g., carbohydrate
metabolism) is just emerging and presents with unexpected details (Brosnan and Brosnan 2009;
Vasilj et al. 2012; Gebhardt and Matz-Soja 2014).

Briefly, glutamine is synthesized from and broken down to glutamate via GS and glutaminase
reactions (Figure 6.2). Because glutamine synthesis is an endergonic reaction driven by the hydro-
lysis of adenosine triphosphate (ATP), the coexistence of these reactions in one and the same cell
facilitates a futile cycle, resulting in the unwanted waste of energy. Thus, it is reasonable to separate
these reactions not only within the cell into different organelles but also to separate the different
cells along the porto-central axis of the liver lobules. Indeed, glutaminase is mitochondrial and is
expressed in hepatocytes located in the periportal area of the lobule (Moorman et al. 1994), whereas
GS is cytoplasmic and expressed exclusively in a few hepatocytes (usually less than 7%), which
surround the central vein (Gebhardt et al. 1988, 1989). This sophisticated separation serves several
physiological purposes.

First, the liberation of ammonia from glutamine in the mitochondrial matrix fuels ureogenesis
by increasing the ammonia concentration for low-affinity enzyme carbamoyl phosphate synthase I,
which catalyzes the initial step of ureogenesis and is also mitochondrial. However, this supporting
function is not absolutely necessary because ureogenesis is highly active in hepatocytes located fur-
ther downstream (i.e., in the midzonal area) even without prior glutaminolysis (Comar et al. 2010).
Furthermore, the glutamate resulting from the glutaminase reaction can be further disseminated by
periportal glutamate dehydrogenase, resulting in additional ammonium ions and alpha-oxoglutarate
that can be used in the citric acid cycle.

Second, the localization of GS in the pericentral zone (Figure 6.2) ensures reformation of nor-
mal high glutamine concentrations in peripheral blood because the newly synthesized glutamine
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is rapidly exported from the cytoplasm via the system N transporter (SN1/SNAT?3) in the plasma
membrane (Bode 2001). Because GS has a low affinity for ammonia, this reaction also serves to
detoxify the low concentrations of ammonia that have escaped ureogenesis. However, restriction of
the expression of glutamine synthesis to a few cells (sometimes to only one cell layer at the border
of the central veins) requires the cooperation of several enzymatic steps to render ammonia detoxi-
fication as efficient as possible. Indeed, the specific transporter for ammonia, RhBG, the glutamate
transporter Glul, and the enzyme ornithine aminotransferase (OAT) share the restricted localiza-
tion of GS (Gebhardt et al. 2007). In contrast, pyrrolin-5-carboxylate dehydrogenase (P5SCD) is not
zonated and is involved in forming glutamate from proline throughout the parenchyma (Figure 6.2).
Nevertheless, it can transform ornithine to glutamate only in the pericentral zone due to the strict
and limited expression of OAT to this zone. Furthermore, glutamate dehydrogenase in the peri-
central area may form glutamate from alpha-oxoglutarate by additionally removing stoichiometric
amounts of ammonia. Thus, pericentral cells are optimally equipped to channel glutamate (or vari-
ous precursors of it) to ammonia detoxification via glutamine synthesis.

Consistent with the zonal localization of enzymatic reactions, the transport of glutamine and
glutamate is also zonated (Baird et al. 2004; Mackenzie and Erickson 2004). System N amino acid
transporters exhibit shallow gradients with periportal (SNATS) and pericentral (SNAT3) preference
(Baird et al. 2004). Although both transporters are able to regulate bidirectional glutamine fluxes,
the SNATS transporter may have a particular importance for the modulation of net hepatic gluta-
mine flux (Baird et al. 2004).

6.4 REGULATION OF HEPATIC GLUTAMINE METABOLISM

6.4.1 METABOLIC REGULATION

Hepatic glutamine metabolism is affected by various types of signals. Metabolic cues, including
ammonia levels, glutamate and alpha-oxoglutarate concentrations, pH, and several amino acids, act
on the level of transporters and enzymes by modulating the activity of these proteins (Meister 1985;
Baird et al. 2004; Brosnan and Brosnan 2009). Such signals are involved in short-term regulation,
which respond directly to intracellular conditions.

Hormone levels, particularly members of the hypothalamo-pituitary axis, such as growth hor-
mone and glucocorticoids, influence the expression of specific enzymes, such as GS (Gebhardt
et al. 1994; Abcouwer et al. 1995; Lie-Venema et al. 1998), and are involved in adapting liver
glutamine metabolism to nutritional changes and other environmental cues, including circadian
rhythm (Gebhardt and Matz-Soja 2014). Cell swelling due to changes in osmolarity or cellular
levels of specific osmolytes considerably influence hepatic glutamine metabolism (Haussinger
and Schliess 2007). In this respect, glutamine itself is an important cellular osmolyte. Recently,
morphogens, particularly Wnt factors, were identified as master regulators of liver zonation that
specifically contribute to the zonated expression of GS (Benhamouche et al. 2006; Gebhardt et al.
2007).

6.4.2 THE RoLE oF WNT/BETA-CATENIN SIGNALING IN CONTROLLING GLUTAMINE SYNTHESIS

The zonation of glutamine metabolism is differentially regulated. The periportal localization
of glutaminase is dynamic and is directly dependent on the metabolic need that the pericentral
localization GS is static, that is, cannot be easily changed by daily nutritional variations and other
acute signals (Gebhardt et al. 1994). Consistent with this finding, various hormones simply con-
trolled the magnitude of expression rather than its zonal distribution in the parenchyma (Gebhardt
et al. 1994; Gebhardt et al. 2007). However, the enigma regarding which factors are responsible
for the zonated expression of GS was revealed in 2002 when several groups simultaneously dis-
covered that the Wnt signaling pathway is a major player in this regulation (for a review, see
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Gebhardt et al. 2007). Wnt morphogens are most active during development and govern embryo-
genesis and organogenesis via a beta-catenin-dependent (canonical) and several beta-catenin-
independent (non-canonical) pathways (van Amerongen et al. 2012). Liver zonation is one of the
first examples that Wnt signaling is active in the adult stage and is involved in metabolic regula-
tion. In this case, only canonical signaling via beta-catenin appears to be involved and is active
across the porto-central axis by a shallow increasing gradient from the portal tract toward the
central vein (for review, see Gebhardt and Hovhannisyan 2010). This was shown using transgenic
mice in which beta-catenin was hepatocellularly knocked out. These mice do not express any
GS as well as some other enzymes (e.g., some cytochrome P450s), which are also regulated by
Whnt/beta-catenin signaling (Sekine et al. 2006; Tan et al. 2006). Conversely, hepatocyte-specific
knockouts of the tumor suppressor gene, adenomatous polyposis coli (APC), which is a com-
ponent of the destruction complex for beta-catenin, results in an activation of Wnt/beta-catenin
signaling (Benhamouche et al. 2006). In such livers, GS is strongly upregulated and may spread
from the pericentral to the periportal zone, while periportal functions, such as ureogenesis, are
downregulated and limit their expression zone to a small periportal area (Benhamouche et al.
2006). Similar changes (although less pronounced) are found in the so-called APCloxPNeo mice
(generated by Shibata et al. 1997) in the homozygous state (APChomo mice) compared to WT
mice as depicted in Figure 6.3 for GS and CPS1 as well as the zonation markers, E-cadherin (peri-
portal) and Cyp2El (pericentral). These images demonstrate how the pericentral GS-positive area
expands toward the portal triad if Wnt/beta-catenin signaling is activated, while the carbamoyl
phosphate synthase 1-positive area shrinks in APChomo mice.

What is the molecular mechanism by which the zonal expression of enzymes is controlled?
Usually, the expression of Wnt-responsive genes is activated by the binding of beta-catenin to the
T-cell/lymphoid enhancer (TCF/LEF) transcription factor, which subsequently binds to TCF-
binding sites in the respective genes (van Amerongen et al. 2012). However, it must be emphasized
that GS is not a direct TCF-target gene (Gebhardt et al. 2007). Many interactions of beta-catenin
with other transcription factors, such as forkhead box O3 (FoxO3), exist that contribute in a com-
binatorial manner to the expression of this enzyme (for review, see Gebhardt and Hovhannisyan
2010). Moreover, such mechanisms integrate the effect of other factors, such as hormones, and form
the basis for the dominant role of beta-catenin as a master regulator of zonation.

6.5 METABOLIC CONSEQUENCES OF ZONATION AND
REGULATION OF HEPATIC GLUTAMINE METABOLISM

In a normal mouse liver, glutamine consumption and production are almost balanced as indicated
by only slightly lower blood concentrations leaving the organ compared to the blood concen-
trations entering the organ in vivo (Schliess et al. 2014). In the same study, it was shown that
glutamate net consumption is much higher than that of glutamine in the normal liver in vivo.
Because it is complicated to study the effect of zonation on metabolism in vivo, the contribution
of hepatocytes from the periportal or pericentral zone was examined in cell culture. When the
metabolic rates were determined in the culture medium, the differences between periportal and
pericentral hepatocytes were determined as shown for glutamate consumption and urea synthesis
in Figure 6.4b.

However, in the case of glutamine, metabolic fluxes are underestimated because the culture
medium contains a high concentration of glutamine (2 mM), and cultured cells generally show a
much higher consumption of glutamine as hepatocytes in situ. Thus, pericentral production of glu-
tamine is reflected only by a lower net consumption compared with periportal hepatocytes (Figure
6.4b). Consistent with the in vivo findings, arginine is consumed and converted into ornithine via
arginase 1 particularly in the periportal zone (Figure 6.4b). Only part of the ornithine produced
is converted by the strongly pericentral OAT into glutamate-y-semialdehyde and further into
pyrroline-5-carboxylate. Thus, ornithine delivers extra glutamate via the pyrroline-5-carboxylate
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FIGURE 6.3 Influence of the moderate upregulation of Wnt/beta-catenin signaling in transgenic APC mice
on liver zonation. Immunohistochemistry was performed on liver sections obtained from APC wild-type mice
(controls) and homozygous APCloxPNeo mice for glutamine synthetase (GS), carbamoyl-phosphate synthase
1 (CPS1), E-cadherin, and CYP2E1. GS and CPSI1 show the typical pericentral and periportal localization
in APC wild-type mice, as the markers CYP2EI and E-cadherin, respectively. After upregulation of Wnt/
beta-catenin signaling in APC homozygous mice markers of pericentral metabolism increased toward the
periportal zone and markers of periportal metabolism decreased. Sections were stained with peroxidase and
counterstained with hematoxylin. Magnification: x100, pv, portal vein; cv, central vein.

dehydrogenase (P5CD) reaction for glutamine synthesis (Gebhardt et al. 2007). In vivo, this can
occur only after the intrahepatic transfer of periportally secreted ornithine to the pericentral
zone (Figure 6.2). Because the majority of ornithine is not metabolized, a normal liver may be an
ornithine-producing organ. Proline is also converted to pyrroline-5-carboxylate, a reaction that is
preferentially performed in the periportal area but may also occur in the pericentral zone, though
with less activity (Figure 6.2). Thus, proline is consumed by the normal liver.
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FIGURE 6.4 Influence of Wnt/beta-catenin signaling activity and zonation on metabolomic profile of cul-
tured hepatocytes. Extracellular metabolite flux rates of hepatocytes after 2 h of cultivation. (a) Hepatocytes
were isolated from APCloxPNeo mice of different genotypes and (b) from periportal (pp) and pericentral
(pc) regions of liver parenchyma. Positive values represent production rates; negative values represent uptake
rates. Values are means * SD (n(wild type) = 3, n(heterozygous) = 2, n(homozygous) = 5, n(pp) = 3, n(pc) = 4).
Statistical evaluation was performed using the Mann—-Whitney U Test for APC hepatocytes and the unpaired
t-test for pp/pc hepatocytes; *p < 0.05, **p < 0.01.

One possibility to confirm these findings and interpretations in vivo is to examine damage of the
pericentral zone by exposing the animals to CCl4, which results in the loss of glutamine synthetic
activity (Gebhardt et al. 1988). In such mice, the liver converts to a glutamine-consuming tissue
(Schliess et al. 2014). In contrast, net consumption of glutamate decreases to a nearly balanced state
after CCl4-induced liver damage (unpublished observation). This finding indicates that net gluta-
mate uptake is needed to ensure proper synthesis of glutamine under normal conditions. Similarly,
arginine converted into urea and ornithine by periportally localized arginase 1 (Figure 6.2) shows
a high net consumption in normal mouse liver, which is maintained in CCl4-treated mice. Thus far,
the effect of CCl4 damage in the liver on the metabolism of ornithine and proline in vivo remains
to be established. However, given that OAT activity is minimal and PSCD activity is reduced under
these conditions, it is most likely that production of ornithine increases and the consumption of
proline is slightly reduced.
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6.6 FUNCTIONAL CONSEQUENCES OF ALTERED
WNT/BETA-CATENIN SIGNALING

As discussed in Section 6.4.2, liver zonation is controlled by Wnt/beta-catenin signaling. By acti-
vating or inhibiting this signaling pathway, the expression zone of GS can be extended or limited.
Generally speaking, activation of the pathway increases pericentral functions and reduces peripor-
tal functions and vice versa (Figure 6.5).

Uptake and release of glutamine are nearly balanced in WT livers, while livers from APChomo
mice are strongly committed to net glutamine production. This has been further studied in cultured
hepatocytes from APChomo and APChetero mice (see Section 6.4.2) and respective WT mice.
These in vitro approaches adequately reflect the metabolic consequences of activated beta-catenin
signaling with the exception that glutamine production is underestimated as previously discussed.
As depicted in Figure 6.4a, cultured hepatocytes switch from net glutamine consumption (WT)
to net glutamine production (APChomo) mice. Interestingly, hepatocytes from heterozygous mice
range in between, that is, show less net consumption than WT mice, but still more than APChomo
mice. These findings suggest that even slight variations in beta-catenin signaling may result in
remarkable changes in glutamine metabolism. Due to the inverse changes observed with periportal
functions, such as ureogenesis, the switch from ammonia excretion (via urea) to ammonia retention
(via glutamine synthesis), best reflected by the ratio of these pathways, is an even more sensitive
parameter. With regard to the other reactions involved in the interconversion of glutaminogenic
amino acids (see Figure 6.2), it is obvious that the reduction of ureogenesis in APChomo hepato-
cytes is associated with less arginine consumption and less ornithine production (Figure 6.4a). In
contrast, proline consumption remains unaffected because PSCD is not zonated and does not appear
to be a target of Wnt/beta-catenin signaling.

Modulation of the activity of Wnt/beta-catenin signaling by means other than genetic manipu-
lation may likewise affect intrahepatic glutamine metabolism. For instance, the pathway can be
activated with LiCl, an inhibitor of glycogen synthase kinase 3 beta (GSK3f), which phosphory-
lates beta-catenin and marks it for proteolytic breakdown (see Gebhardt et al. 2007). Exposure of
hepatocytes to LiCl results in enhanced glutamine production (Bartl et al. 2015). Similar results
were obtained for another inhibitor of GSK3 (Gebhardt et al. 2010). It is to be expected that such
a mechanism occurs with any therapeutic use of LiCl, for instance, in the treatment of bipolar brain
disorders. However, there is no current information about whether therapeutic doses of LiCl result in

Low GS Normal GS High GS
High ureagenesis Normal ureagenesis Low ureagenesis
L * _°

Glutamine- Glutamine- Glutamine-
consumption balanced production

FIGURE 6.5 Tllustration of the relationship between the lobular expression pattern of glutamine synthetase
or ureogenesis and the resulting glutamine consumption or production of the liver.
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a significant increase in circulating glutamine levels under all conditions and whether this increase
might contribute to the therapeutic success.

6.7 PATHOLOGICAL AND BENEFICIAL ROLE OF GLUTAMINE

In specific pathological conditions, glutamine supply is limited because of either increasing demand
or lower circulating concentrations due to improper de novo synthesis. Well-known examples are
most types of cancer (independent of affected organs), specific heart diseases, and inflammation
(Watford et al. 2002). Thus, glutamine is sometimes classified as a conditionally essential amino
acid (Watford 2008), and supplementation of glutamine may be beneficial, particularly in heart dis-
ease (Shahzad et al. 2011). However, a number of diseases, such as liver cirrhosis, acute liver failure,
or chronic kidney disease are accompanied by increasing plasma levels of glutamine (Ytrebo et al.
20006; Fadel et al. 2014). In these cases, glutamine is produced in excess amounts by skeletal muscle
compensating for the drying up of other sources.

However, glutamine supplementation is highly controversial (Soeters and Grecu 2012). On one
hand, glutamine supplementation did not increase glutamine stores in different tissues and plasma
(Boza et al. 2000); on the other, preconditioning glutamine protects against ischemia/reperfusion-
induced liver injury (Xu et al. 2014). It seems that a general answer is not possible and that each case
should be carefully studied and discussed independently. This endeavor should include a detailed
investigation of the specific role of the liver because this has not been comprehensively performed
in the past. In particular, it should be taken into account that moderate liver damage by many envi-
ronmental toxins and carcinogens has been shown to severely reduce the number of GS-positive
cells in the liver without acutely affecting major liver functions and behavior (Umemura et al. 1998;
Williams et al. 1998). Unfortunately, it is not known whether circulating glutamine levels are altered
(most probably decreased) under these conditions.

An alternative to glutamine supplementation would be the enhancement of the glutamine-syn-
thesizing capacity of the liver to increase the availability of glutamine in the body. Such an approach
has not been considered because it is almost impossible to increase GS activity in the liver by
dietary regimens or hormonal treatment (Gebhardt et al. 1994, 2007). Considering the specific role
of morphogen signaling in determining the zonal distribution of hepatic glutamine metabolisms,
this situation has changed. Moderate activation of the Wnt/beta-catenin signaling by small molecu-
lar activators (e.g., LiCl) may increase endogenous glutamine levels in a transient and regulated
manner. However, activation of Wnt/beta-catenin signaling may be a double-edged sword due to its
role in tumor formation (Niehrs and Acebron 2012). However, a wide therapeutic range of adverse
reactions may manifest because a considerable increase in the GS-positive region can be achieved
by repeated starvation (Ueberham et al. 2004) without any harmful effects on the mice.

6.8 CONCLUSIONS AND PERSPECTIVES

The findings reviewed herein clearly demonstrate that liver zonation is a dominant determinant of
whether the liver is a glutamine-consuming or glutamine-producing organ. Zonation is determined
by morphogenic signaling, which is relatively stable in adulthood and does not vary in response to
nutritional changes in a similar temporal manner as do hormones involved in nutritional adaptation.
However, liver diseases may result in a broad spectrum of changes in morphogenic signaling, rang-
ing from small, almost undetectable, changes to moderate and even dramatic alterations of signal-
ing activity. However, consequences of such changes to the liver’s glutamine metabolism have not
yet received adequate attention, although they may have a considerable effect on immune function,
regeneration, and other important features. Another point of concern is the potential therapeutic use
of this interdependence. A full understanding of how morphogenic signaling controls liver zonation
may reveal new therapeutic targets and open new avenues for the design of new drugs for modulat-
ing morphogenic signaling in an adequate manner, thereby avoiding adverse reactions.
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7.1 GENERAL COMMENTS: SCOPE OF THE CHAPTER

In the brain, glutamine (Gln) participates in numerous metabolic processes that are common to
all the mammalian tissues. These ubiquitous roles of Gln and also its contributions to processes
that are specific to tissues other than brain will not be dealt with here. The scope of this chapter is
confined to the distinct roles of Gln in neurotransmission, a function specific to the nervous system,
and to abnormalities of Gln metabolism critical for the pathogenesis of selected central nervous
system diseases. We commence with a brief description of the distribution of Gln in the brain
tissues and subcellular fractions (Section 2.1). Next, we discuss—in a natural history mode—the
evidence that Gln serves as a precursor of the excitatory neurotransmitter glutamate (Glu) and the
inhibitory neurotransmitter, gamma-aminobutyric acid (GABA; Section 2.2). We focus on the so-
called glutamine/glutamate cycle (GGC), the mechanistic basis of the interplay between nerve cells
(neurons) and their supporting cells, astrocytes in generating neurotransmitter pools of Glu and
GABA. Within this section, we also characterize the brain-specific aspects of glutamine transport,
underscoring the distinct properties of glutamine carriers located in astrocytic and neuronal plasma
membranes that couple Gln transport to GGC activity. Furthermore, we briefly discuss Gln trans-
port to mitochondria, a process critical for the pathogenesis of hyperammonemic encephalopathies.
Discussing the role of Gln in brain pathology (Section 3), we dwell on a strictly pre-selected group of
diseases, considering only those where the prominent roles of altered Gln status in their pathogen-
esis appears beyond doubt. In addition to the aforementioned hyperammonemic encephalopathies,
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we focus on hepatic encephalopathy (Section 3.1), an issue also dealt with in Chapter 8, where the
reader will find some complementary data and views. In what follows, we discuss the peculiarities
of epilepsy (Section 3.2) and brain tumors (Section 3.3). The chapter concludes with an attempt to
draw perspectives for therapies that would be based on correcting the Gln tissue imbalance in the
discussed pathological conditions (Section 4).

7.2 GLUTAMINE IN THE HEALTHY BRAIN

7.2.1 BRAIN GLUTAMINE CONTENT AND DISTRIBUTION

Glutamine is relatively evenly distributed between different brain structures or regions. Its concen-
trations in the rat brain range from ca 5 nmoles/mg in the hippocampus to ca 7 nmoles/mg in the
cerebellum (Jacobson et al. 1985) and in the rabbit brain from ca 4 nmoles/mg in the frontal cortex
to ca 8 nmoles/mg in the hippocampus (Nitsh et al. 1983). While the tissue contents of Gln are equal
or even slightly lower than of other common amino acids like Glu or taurine (Tossman et al. 1987),
its contents in the extracellular fluid (Glngp) are remarkably high, exceeding by at least an order of
magnitude the extracellular contents of the other amino acids, falling in the range of 0.2-0.5 mM
(Hamberger and Nystrom 1985; Kanamori and Ross 2004). Also as opposed to other amino acids,
Glngp is very close to its blood concentration (Xu et al. 1998). The relatively flat brain tissue/extra-
celluar fluid (ECF)/blood Gln facilitates its movements between different compartments, which is
of advantage for its role in coordinating the astrocytic and neuronal aspects of the GGC and thus
the synthesis of the neurotransmitters Glu and GABA (see the following).

7.2.2  GLUTAMINE AS A PRECURSOR OF NEUROTRANSMITTERS GLU AND GABA: A RouTe
FROM SIMPLE PRECURSOR/PRODUCT DEMONSTRATIONS TO THE VISUALIZATION OF
THE ASTROCYTIC-NEURONAL INTERPLAY IN THE GLN/GLU/GABA CyciLe (GGC)

Sound evidence that Gln may serve as a direct precursor of Glu and GABA has been already
obtained in the late 1970s/early 1980s. Depolarization of slices of different brain regions preloaded
with radiolabeled Gln evoked the release of radiolabeled Glu (Reubi et al. 1978; Hamberger et al.
1979a,b) and/or GABA (Reubi et al. 1978; Tapia and Gonzalez 1978). Glu release turned out to be
partly calcium dependent, a feature mimicking the working brain in situ (Hamberger et al. 1979a).
The seminal observation that inhibition of the Gln-degrading enzyme, phosphate-activated glu-
taminase (GA), reduced the synaptosomal pool of Glu and Asp and decreased the depolarization
dependent release of Glu opened the venue for later more sophisticated studies of the coupling of
Gln metabolism to glutamatergic neurotransmission (Bradford et al. 1989). The precursor role of
Gln for releasable Glu has also been demonstrated in cultures of cerebellar granule cells (CGC), a
model of glutamatergic neurons (Gallo et al. 1982). These in vitro findings have found support in in
vivo experiments in which radiolabeled Gln was directly administered to the brain: This resulted
in the labeling of cellular and extracellular Glu and GABA (Gauchy et al. 1980; Thanki et al. 1983;
Ward et al. 1983).

The advent of the nuclear magnetic resonance (NMR) technique facilitated more direct dem-
onstration that Gln is indeed feeding the releasable pools of Glu and GABA. Successful studies
toward this end were performed using 3C- or "N-labeled Gln not only in the in vivo setting (Patel
et al. 2001; Kanamori and Ross 2004; Wang et al. 2007) but also in pertinent in vitro preparations:
cultured CGC (Waagepetersen et al. 2005), GABA-ergic neurons (Waagepetersen et al. 2001), or
brain tissue slices and prisms (Rae et al. 2003).

The discovery that glutamine synthetase (GS, EC 6.3.1.2), the enzyme synthesizing Gln from
Glu and ammonia is located predominantly, if not exclusively, in astrocytes (Martinez-Hernandez
et al. 1977), crystallized the concept of Gln metabolism being compartmented between astrocytes
and neurons. In the first study directly demonstrating the astrocytic leg of the GGC, incubation
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of cultured primary astrocytes with “C-labelled Glu resulted in the production of “C Gln and its
export to the extracellular space (Waniewski and Martin 1986). The concept of the GGC cycle was
successfully advanced in multiple studies in which the fate of 3C or N-labelled Gln and other
precursors was followed in astrocytic neuronal co-cultures (reviewed in Bak et al. 2006; Albrecht
etal. 2007) and has led to the elucidation of metabolic reactions constituting the GGC. The essential
steps of the cycle, representing the key mechanism of generation of Glu and GABA from Gln, are
illustrated in Figure 7.1.

Briefly, a major proportion of Gln that is synthesized in astrocytes and not metabolized in there
is exported to neurons, where it is degraded back to Glu and ammonia by phosphate-activated
glutaminase (GA, EC 3.5.1.2). A portion of so formed Glu feeds the neurotransmitter pool of Glu;
one other portion is converted to GABA by glutamic acid decarboxylase (GAD, EC 4.1.1.15). Glu
released in the neurotransmission process from neurons is taken up to astrocytes to initiate a new
round of the GGC. The released GABA is taken up both by neurons and astrocytes and further
metabolized by GABA aminotransferase (GABA-T, EC 2.6.1.19) that transaminates pyruvate to
alanine, a process taking place outside the GGC. The cycle is partly open: Gln not used in Glu or
GABA synthesis leaves the brain via the cell membranes of endothelial cells forming the blood—
brain barrier. Mechanism of Gln transport across the different points of entry/exit located in the
brain are described below.

As described in different chapters of this book, Gln transport across the cell membranes of mam-
malian tissues is mediated by multiple proteinaceous carriers belonging to the four major systems:
the sodium-independent system L, and the sodium-dependent systems ASC, A, and N (reviewed by
Palacin et al. 1998). The functioning of the GGC cycle is specifically fine-tuned via the involvement
of non-overlapping Gln-transporting moieties located in astrocytes in neurons. By now it is well
established that Gln efflux from astrocytes is promoted by system N transporters, SN1 (SNAT3)
(Chaudhry et al. 2001) and SN2 (SNATS) (Cubelos et al. 2005), which are primarily located in
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FIGURE 7.1 The glutamine—glutamate cycle in the brain. The scheme shows how glutamine is synthesized,
shuttled between the different compartments of the CNS, and degraded and/or transferred out of the CNS,
and illustrates contribution of the major amino acid transport systems or individual carriers to the Gln fluxes.
Newly synthesized Gln exits astrocytes using N system carriers, SN1 (SNAT3) and SN2 (SNATS), and is taken
up by neurons by A system carriers SNAT1 and SNAT?2. A portion of Gln is transported from brain to blood
by system N carriers. Gln also leaves the brain in exchange of large neutral amino acids, which is mediated
by a sodium-independent system L. Abbreviations: GABA, gamma-amino butyric acid; Glu, glutamate; Gln,
glutamine; GS, glutamine synthetase; GA, phosphate-activated glutaminase; Phe, phenylalanine; Trp, trypto-
phan. (Scheme based on Albrecht, J. et al. 2007. Front Biosci. 12: 332-343, modified.)
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Brain edema

FIGURE 7.2 The “Trojan horse” hypothesis of glutamine toxicity in hepatic encephalopathy. Glutamine
(the “Trojan Horse”) derived from ammonia in astrocytic cytoplasm is transferred to mitochondria, where it
is reconverted to ammonia (“unloads the troops”). The “troops” (“Ammonia”) devastate mitochondria, which
leads to mitochondrial permeability transition (MPT) associated with accumulation of reactive oxygen spe-
cies (ROS) and astrocytic swelling. In this way “the troops” become guilty of brain edema associated with
HE. (After Albrecht, J. and M.D. Norenberg. 2006. Hepatology 44 (4):788—794.)

astrocytic processes enwrapping the glutamatergic terminals (Figure 7.1). The preferably outward
mode of action of N transporters, their Gln/Na* cotransport/H* antiport mechanism and electroneu-
trality, render them particularly well suited for carrying out the efflux in the way of fulfilling the
needs of the adjacent neurons. In turn, neuronal Gln uptake is catalyzed by system A transporters,
SNAT1 and SNAT?2 (Figure 7.2), which (i) are exclusively located in neurons, (ii) work in the unidi-
rectional, inward mode, and (iii) cotransport Gln with Na* ions (reviewed by Chaudhry et al. 2002).
The fact that system A—mediated Gln uptake is specifically inhibited by methyl-aminobutyric acid
(MeAiB) has been elegantly used to provide electrophysiological evidence for the precursor role of
Gln. MeAiB suppressed spontaneous glutamatergic transmission in neurons of organotypic hippo-
campal cultures or hippocampal slices, and this effect was reversed upon enrichment of the bathing
medium with Gln (Bacci et al. 2002). In a similar experimental setting, MeAiB served as a tool to
demonstrate the role of Gln in stimulation of the inhibitory GABA-ergic transmission in the pyra-
midal cells of the hippocampus (Liang et al. 2006; Fricke et al. 2007). Most recently, a vicious circle
of events encompassing seizure-related changes in Gln distribution have been demonstrated; in rats
with kainic-acid-induced TLE, seizure-induced decrease of GLN. reflected its increased uptake
into neurons (Kanamori and Ross, 2013).

Gln turnover within GGC also involves Gln uptake to brain mitochondria, which is predomi-
nantly saturable and stereospecific (Roberg et al. 1999). Two features of mitochondrial Gln uptake
are in concert with its role in GGC: (i) It is inhibited by a series of different amino acids, includ-
ing histidine (His) and leucine, which also inhibit GA (Albrecht et al. 2000); (ii) the pool of Gln
transported by the His-sensitive carrier is preferentially metabolized to Glu (Ziemiriska et al. 2004).

7.3 GLUTAMINE IN BRAIN PATHOLOGIES
7.3.1  HyPERAMMONEMIA/HEPATIC ENCEPHALOPATHY

7.3.1.1 General Characteristics

Hepatic encephalopathy (HE) is the most common representative of so-called hyperammonemic
encephalopathies, diseases whose pathomechanism reflects neurotoxic effects of blood-derived
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TABLE 7.1
Grades (Clinical Stages) of Hepatic Encephalopathy

Stage Mental State

1 Mild confusion, euphoria, or depression; decreased attention; slowing of ability to perform mental tasks;
untidiness; slurred speech; irritability; reversal of sleep rhythm

I Drowsiness, lethargy, gross deficits in ability to perform mental tasks, obvious personality changes,
inappropriate behavior, intermittent disorientation (especially for time), lack of sphincter control

I Somnolence, loss of ability to perform mental tasks, persistent disorientation with respect to time and/or
place, amnesia, occasional fits of rage, speech present but incoherent, pronounced confusion

v Coma, with (IVA) or without (IVB) response to painful stimuli

Source: Modified from Albrecht, J. and E.A. Jones. 1999. J Neurol. Sci. 170 (2):138-146.

ammonia. Since the impact of HE is not much publicized and intuitively underestimated, different
aspects of HE will be presented here in some detail.

HE is a complex neuropsychiatric disorder that results from impaired liver function, that is,
impaired clearance from blood of toxins that eventually enter the brain (Albrecht and Jones 1999).
Ammonia is by far not the only pathogen in HE; recent studies underscore the role of neuroinflam-
mation in its pathogenesis (Su et al. 2015). However, since the direct substrate of Gln synthesis and
pronounced derangements of Gln metabolism in HE are almost exclusively related to ammonia only
the hyperammonemia (HA)-related aspects of HE will be subject of consideration in this section.

Diagnosis of the increasing severity of the HE patients’ condition is subject to grading of the
major neuropsychiatric and behavioral symptoms: Detailed description of the HE symptoms char-
acteristic of the subsequent grades of HE are illustrated in Table 7.1.

There is a consensus that development of HE symptoms is mainly associated with ammonia-
induced imbalance between the inhibitory GABA-ergic and the excitatory Glu-ergic neurotrans-
mission in disfavor of the former.

Impaired ammonia detoxification by the liver is associated with liver cirrhosis, which is a seri-
ous epidemiological, social, and economic burden. In EU countries, as many as 1,000,000 people
are affected with liver cirrhosis, of which most show symptoms of HE, with average survival time
of about 15 years. Average yearly treatment cost of one patient (lactulose, one hospitalization) is
about 9000€ (estimate from Neff et al. 2006). The death rate of liver cirrhosis in EU countries (per
100,000) for male population amounts to about 25, which is only slightly belowthe rate for diabe-
tes (23) (Eurostat, online data code: hlth_cd_asdr, 2012). In addition to patients with overt HE,
who show gross mental deficits, about 50%—60% of cirrhotic are affected by subclinical hepatic
encephalopathy (US statistics, discussed in Leevy and Phillips 2007), characterized by mild cogni-
tive, attention, and motor skill deficits that escape detection during routine clinical tests. Subclinical
encephalopathy (SHE) subjects suffer decreased quality of life and impaired working efficiency and
pose increased risks of motor vehicle accidents.

Ammonia affects mainly astrocytes making impaired astrocyte—neuron interactions a key player
in neurotransmission imbalance. Moreover, astrocytic swelling is the primary cause of cerebral
edema, increased intracranial pressure, and herniation, the immediate causes of death in acute HE.
In what follows, we focus on the role of glutamine in the development of ammonia-evoked derange-
ment of the pertinent astrocytic functions.

7.3.1.2 Mediation of Ammonia Neurotoxicity by Glutamine

For many decades, the dominating view has been that the key HE symptoms are due to direct
neurotoxic action of ammonia on central nervous system (CNS) cells, while Gln has been consid-
ered as a benign ammonia detoxification product. Indeed, increase of blood ammonia level, along
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TABLE 7.2
Effects of L-Methionine-DL-Sulfoximine (MSO, Glutamine Synthase Inhibitor)
on the Major HE Parameters in Hyperammonemic (HA) Rats

Control HA HA + MSO
Ammonia (blood) (UM) 29+3 601 =38 908 £ 196
GS (brain) (IU/g) 38.8+0.8 39.9+0.3 14.1£0.2
Gln (brain) (mmol/kg) 56104 18.8+0.4 26104
Glu (brain) (mmol/kg) 10.1£1.0 6.6+0.4 9.5+0.6
Specific gravity (brain) 1.0452 1.0424 1.0446
Water content (brain) (%) 0.783 0.804 0.784

Source: Data from Takahashi, H. et al. 1991. Am. J Physiol. 261 (3 Pt 2):H825-H829.

with electroencephalogram (EEG) abnormalities and impairment of psychometric score, consti-
tute a basic triad for parametric evaluation of HE grade (Conn and Bircher 1994). The concept
that excess glutamine accumulating under increased ammonia load to the brain mediates ammonia
neurotoxicity was derived from observations made in the early 1990s with the use of a relatively
specific inhibitor of GS, L-methionine-DL-sulfoximine (MSO). Administration of MSO to experi-
mental animals with HE or HA evoked by systemic administration of ammonium acetate evoked
by systemic administration of ammonium ions ameliorated pathophysiological manifestations of
ammonia neurotoxicity (Takahashi et al. 1991; Hawkins et al. 1993, see Tables 7.2 and 7.3). Most
significantly, the recovery to normal values included a return to control value of the specific gravity
and relative water content of the brain (Table 7.2).

Subsequent experimental studies in vitro and in vivo with the use of MSO confirmed the role of
Gln in causing astrocytic swelling and cerebral edema. The effects of MSO included abrogation of
ammonia-induced swelling of cortical astrocytes in culture (Norenberg and Bender 1994); attenua-
tion of swelling of perivascular astrocytes and pericytes (Willard-Mack et al. 1996; Tanigami et al.
2005) and reduction of potassium accumulation in the intracellular space in the cerebral cortex
of rats with HA (Sugimoto et al. 1997); and attenuation of the increase of cerebral blood flow and
intracranial pressure in the cerebral cortex of rats with chronic HE and subsequently challenged
with extra ammonia load (Master et al. 1999). Excessive glutamine accumulation in the brain has
been proven to be the HE-inducing factor in humans. Advancement of the NMR technique led in
1990 to the first demonstration of increased Gln content in the brain of a symptomatic HE patient

TABLE 7.3
Effects of L-Methionine-DL-Sulfoximine (MSO, Glutamine Synthase Inhibitor)
on the Major HE Parameters in Portacaval Shunted (PCS) Rats

Control PCS PCS + MSO
Ammonia (blood) (nmol/L) 9718 227 £ 15 265 £27
Ammonia (brain) (nmol/g) 146+ 6 384 +22 424 + 46
Gln (brain) (nmol/g) 5580 360 8780+ 570 5180 % 540
Tryptophan (brain) (nmol/g) 17+1 45+3 25+2
Glucose consumption (brain) (nmol/min/g) 861 53 614 + 39 733 £ 87
BBB transport of tryptophan (uUL/min/g) 18+2 315 15+3

Source: Data from Hawkins, R.A. et al. 1993. J Neurochem. 60 (3):1000-1006.
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(Kreis et al. 1990). A few years later a well-documented study has appeared demonstrating good
correlation between the cerebral Gln content and the HE grade (Laubenberger et al. 1997). A bed-
side brain microdialysis study revealed that in patients with acute HE awaiting liver transplantation
due to cirrhosis, blood ammonia correlated with cerebral (microdialysate) Gln, which in turn cor-
related with the intracranial pressure value (Tofteng et al. 2000).

Initial interpretation of the edema-inducing effect of GIn was that it acted as an osmolyte that by
increasing osmotic pressure in astrocytes promoted their swelling. However, relative contribution
of accumulating Gln to the osmotic pressure produced by the sum of different contributing osmo-
lytes (lactate, alanine) appeared insufficient to account for this effect (discussed in Albrecht 2003).
On top of that, in chronic HE, increase of brain Gln is accompanied by loss of different osmolytes
at low molecular weight, including myo-inositol, taurine, and betaine (Cordoba et al. 1996). Ever
since, strong evidence has accumulated that Gln impairs mitochondrial function and that it occurs
as a consequence of excessive accumulation in mitochondria:

* Ammonia stimulated Gln uptake in isolated non-synaptic mitochondria (Doliniska et al.
1996).

* Gln induced permeability transition and swelling of mitochondria when added to mito-
chondrial preparation (Ziemiriska et al. 2000) or cultured astrocytes (Pichili et al. 2007):
In either case, this effect was blocked by the mitochondrial Gln uptake inhibitor, His.

* In cultured astrocytes, MSO suppressed ammonia-induced formation of reactive oxygen
species (ROS) (Murthy et al. 2001).

* GIn dose-dependently increased ROS synthesis in astrocytes (Jayakumar et al. 2004).

* Cyclosporine A (CsA) suppressed ROS induction by Gln in astrocytes (Jayakumar
et al. 2004) and swelling of mitochondria in a non-synaptic mitochondrial preparation
(Zieminska et al. 2000).

The effects of Gln required Gln degradation: Gln accumulation in ammonia-treated astrocytes
preceded for some hours peak astrocytic swelling (Jayakumar et al. 2006), and swelling of ammonia-
treated astrocytes was prevented by a GA inhibitor (DON) (Jayakumar et al. 2006). Histidine,
which, as mentioned before, preferentially blocks transport to mitochondria of the Gln pool acces-
sible to deamidation (Zieminska et al. 2004), cooperated with MSO in reducing ammonia-induced
swelling of astrocytes. These observations led to formulation of the “Trojan Horse” hypothesis of
action of Gln. Accordingly, Gln carries and unloads excess ammonia in mitochondria, thus behav-
ing in a “Trojan horse” style, and the Gln-derived ammonia triggers mitochondrial impairment
and the ensuing chain of deleterious reactions leading to astrocytic swelling and brain edema.
This hypothesis, as formulated by Albrecht and Norenberg (2006), is illustrated by a diagram
(Figure 7.2).

More recently, the Trojan horse hypothesis found support in both in vitro and in vivo experi-
ments. HE was found to lower the expression of the Gln transporter SN1 that mediates Gln efflux
from astrocytes; the effect paralleled induction of cerebral cortical edema (Zielifiska et al. 2014),
and His added i.p. to rats with HE-abolished brain edema and symptoms of oxidative stress in these
rats (Rama Rao et al. 2010; for a recent review, see Rama Rao et al. 2014).

7.3.1.3 Glutamine as a Modulator of the Cyclic Guanosine Monophosphate
(cGMP)/Nitric Oxide (NO) Pathway in Hyperammonemic Brain:
Role of the Glutamine/Arginine Exchange Carrier, y*LAT2
Alterations in NO and cGMP levels play varied and independent roles in the pathomechanism of
HE. In acute HE, activation of NO synthesis, is usually but not necessarily associated with the acti-
vation of N-methyl-D-aspartate (NMDA) receptors, contributes to oxidative nitrosative stress and
cGMP serves as marker of this activation (Hermenegildo et al. 2000; Hilgier et al. 2005). However,
chronic HE is associated with decreased activity of this pathway and cGMP deficit, which is held
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responsible for cognitive and memory impairments (Erceg et al. 2005). The authors’ laboratory has
shown that pharmacological manipulations increasing extracellular Gln in the brain to the level
found in acute HE patients decrease NO and ¢cGMP production both in healthy and ammonia-
exposed brain, by limiting the transport to the cells of the NO precursor, arginine (Arg) (Hilgier
et al. 2009). Accordingly, preincubation with Gln stimulates Arg efflux from the rat brain slices
pre-incubated with Gln, a situation reflecting that occurring in the early stages of HE, when newly
synthesized Gln accumulates in the extracellular space (Zieliriska et al. 2011). More recently stud-
ies were able to prove the involvement the hybrid y*LAT?2 transporter in this process serves to
exchange Arg for Gln, and for which Gln and Arg compete (Zielifiska et al. 2012). Ammonia was
shown to specifically activate y"LLAT?2 in astrocytes and subsequently Arg uptake, by a mechanism
encompassing increased expression of the transporter at the messenger RNA (mRNA) and protein
level (Zieliniska et al. 2012). Upregulation of y(+) LAT?2 transporter was found to be coupled with
increased inducible nitric oxide synthase (iNOS) expression, leading to increased nitric oxide (NO)
synthesis and protein nitration, a deleterious consequence of oxidative/nitrosative stress (Zielinska
et al. 2015). These variable effects of y"LAT?2 activation on the direction of Arg fluxes may partly
explain the stage-dependent variations of NO synthesis and cGMP accumulation in the astrocytes.

In summary, the available evidence suggests that during HE, ammonia-derived Gln (i) deranges
synthesis of amino acid neurotransmitters Glu and GABA, contributing to excitation/inhibition
imbalance; (ii) increases osmotic pressure of cytoplasm; (iii) impairs mitochondrial function sub-
sequent to liberation of ammonia; (iv) modulates the NO/cGMP pathway by interfering with Arg
transport across the cell membrane. As such, the evidence justifies description of Gln in HE as a
“multifacet intruder.” Though hyperosmosis and mitochondrial impairment primarily and directly
affect astrocytes, their dysfunction bears upon neural transmission. On the other hand, it is not yet
entirely clear whether Gln interference with Arg transport and with the NO/cGMP pathway involves
astrocytes only or also neurons and the physiologic implications (beneficial vs. detrimental) of this
interference remain to delineated.

7.3.2  EpiLEPSY

Epilepsy is a neurological disorder characterized by sudden and temporary discharges of neurons
(epileptic seizures). Depending on the number of neurons involved, epilepsy is defined as par-
tial, focal, or general epilepsy. Temporal lobe epilepsy (TLE) is the most common form, whereby
mesial temporal lobe epilepsy (MTLE) with hippocampal sclerosis has so far been subjected to the
most thorough mechanistic analysis (ILAE Commission Report 2004). Epilepsy is a severe socio-
economic burden: 50 million individuals worldwide have a confirmed diagnosis of this disease.
Reported regional prevalence (per 1000) varies from 2.7 (Rochester, MN) to 17.6 (Chile), while
incidence (per 100,000) ranges from 26 (Norway) to 111 (Chile; based on Banerjee et al. 2009).
Epileptic discharges are due to the imbalance between the excitatory glutamatergic and the
inhibitory GABA-ergic transmission in favor of the former. In MTLE patients who in EEG present
the onset of epileptogenic activity, an excessive accumulation of Glu and concomitant reduction of
GABA is recorded in the extracellular space (microdialysates) of the brain (During and Spencer
1993). The fact that this condition was accompanied by decreased extracellular Gln/Glu (Cavus
et al. 2005) directly implicated deranged Gln metabolism in the pathogenesis of epilepsy. Indeed,
increased glutamatergic activity in MTLE was found to be well correlated with GGC dysfunction,
including impairment of enzymes involved in this cycle. A lower rate of Glu—Gln cycling was found
in hippocampi of MTLE patients, as revealed by '*C NMR spectroscopy (Petroff et al. 2002), and
appeared to be related to a decrease of GS expression and activity, specifically confined to the
epilepsy-affected regions of the hippocampus (CA1 but not subiculum; Eid et al. 2004). Opposite
to GS, GA immunostaining was found increased in surviving neurons of all regions of epilepsy-
affected brain, and co-localized with Glu immunostaining in pre- and post-synaptic mitochondria
(Eid et al. 2007). A recent study using in situ hybridization technique on histologic sections of
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hippocampi preformed on a large population of patients demonstrated dysregulation of GS and
GA expression at the mRNA level (Eid et al. 2013). In rats in which epilepsy was modeled by pen-
tylentetrazole (PTZ) treatment, decreased GS activity was associated with, and mechanistically
related to, increased nitration of tyrosine residues (Bidmon et al. 2008). Collectively, increased GA
and decreased GS activity remain the most likely cause of excessive Glu accumulation and, suc-
cessively, increased Glu-ergic tone. However, the involvement of GS may not be the rule in all the
brain regions affected by epilepsy; no changes in this enzyme activity were detected in brain tissue
of frontal cortical epilepsy patients (Steffens et al. 2005). Most recently, a vicious circle of events
encompassing seizure-related changes in Gln distribution in the epilepsy-vulnerable brain region
has been demonstrated; in rats with kainic-acid-induced TLE, seizure-induced decrease of GLN
reflected its increased uptake into neurons, promoting increased Glu production and thus seizures
(Kanamori and Ross 2013).

Impaired Gln metabolism may also be a cause of GABA-ergic hypofunction associated with
epilepsy. In a rat model of juvenile model of TLE, an early excessive accumulation of Gln in the
brain is accompanied by a profound decrease of GABA content as revealed by magnetic resonance
spectroscopy (MRS) analysis; at the morphological level the decrease of GABA was coincident
with GABA-ergic neuronal loss (van der Hel et al. 2013). In mouse hippocampus, experimentally
induced reactive astrocytosis that mimics epilepsy-associated tissue sclerosis resulted in profound
inhibition of Gln synthesis that was associated with the depression of inhibitory GABA-ergic cur-
rents and coupled with hyper-excitation. These changes in hippocampal currents could be reversed
by Gln administration (Ortinski et al. 2010).

7.3.3  GLUTAMINE AND THE PATHOGENESIS OF BRAIN TUMORS

The incidence of primary brain tumors is 4—11 per 100,000 population per year, and the annual
mortality rates are 3—7 per 100,000 (Ohgaki et al. 2008). Although many risk factors such as genetic
susceptibility, exposure to ionizing and non-ionizing radiation, neurocarcinogenes and metals, and
virus infections have been postulated, the etiology of these neoplasms remains unclear. Gliomas
of astrocytic, ependymal, or oligodendroglial origin account for more than 70% of brain tumors
(Ohgaki 2009). In spite of progress in understanding biology of gliomas, they are still among the
deadliest human tumors: median survival time of patients with the most aggressive glioblastoma
(WHO 1V) is less than one year (Weller et al. 2013).

Gln is a central metabolite in many neoplastic cells and tissues, including gliomas. It provides
a major substrate for respiration and is a source of nitrogen for the production of nucleotides, pro-
teins, and other molecules essential for cell growth (Cheng et al. 2011). Moreover, Gln is both
necessary and sufficient for modulation of glioma cell volume and thereby facilitates cell migration
(Ernest and Sontheimer 2007).

High demands for Gln can be met by upregulated Gln uptake. Transporter ASCT2, belonging
to the ASC system, is abundantly expressed in glioma cell lines (Doliriska et al. 2003) and tissues
(Sidoryk et al. 2004). Consistently, GIn uptake in glioma cells is predominantly mediated by ASCT2
(Doliniska et al. 2003).

Gln, as was mentioned before, is metabolized to Glu and ammonia by phosphate-activated GA.
In mammals, there are two genes coding for GA isoforms: The Gls gene encodes kidney-type GLS
isoforms—Xkidney-type glutaminase (KGA) and glutaminase C (GAC), whereas the Gls2 gene
encodes liver-type GLS2 isoforms—GAB and LGA (Aledo et al. 2000). Deregulated expression and
activity of GA isoforms is a characteristic feature of different tumors and neoplastic cell lines (Szeliga
and Obara-Michlewska 2009). In human developed high-grade gliomas, the GLS isoforms are highly
expressed, whereas transcripts arising from the GLS2 are hardly detectable (Szeliga et al. 2005).

Elevated glutaminolysis results in the intense production of Glu, which also plays an important
role in malignant phenotype of glioma. Significant quantities of Glu released by glioma into the extra-
cellular space exert peritumoral excitotoxicity and thus promote tumor expansion (Sontheimer 2008).
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Release of Glu occurs via the system Xc cystine/glutamate antiporter, whose catalytic subunit xCT is
upregulated in glioma tissues (Ye et al. 1999; Sontheimer 2008). Moreover, failure to express functional
Glu transporters, EAAT1 and EAAT?, leads to significant decrease in Glu uptake (Ye et al. 1999). This
lack of Glu reuptake mechanisms in glioblastomas results in accumulation of this neurotoxic amino
acid in the vicinity of tumor, which in turn causes neuron death. Moreover, Glu released by gliomas
contributes to peritumoral seizures and tumor-associated epilepsy (Watkins and Sontheimer 2012).

74 CONCLUDING COMMENTS: CAN MODULATION OF
GLUTAMINE CONTENT OFFER TREATMENT MODALITIES
FOR GLUTAMINE RELATED BRAIN DISORDERS?

Each of the above-discussed pathological conditions of the brain is associated with impairments
of well-defined steps of GGC, with straightforward consequences for their pathogenesis. In HE,
excess ammonia entry to the brain leads to Gln accumulation, which is one of the causative factors
in cerebral edema and increased intracranial pressure. In epilepsy, inactivation of Gln synthesis plus
its excessive degradation favor increased glutamatergic tone and epileptic discharges. In cerebral
tumors, excessive Gln metabolism provides energy for proliferation and renders Glu as an agent fos-
tering penetration of the surrounding tissues and invasion. In theory, thus, relevant pharmacological
manipulations with GGC may in the future become useful treatment modalities in either of the
pathological conditions. In particular, treatments with inhibitors of GS or GA might relieve symp-
toms of HE and epilepsy, respectively. However, the available inhibitors of these enzymes cannot
be used because of severe side effects. The GS inhibitor MSO is a convulsing agent frequently used
to model epileptic discharges in animals (Bidmon et al. 2008) by a mechanism related to increased
glycogen synthesis (Cloix and Hevor 2009). The fact that primates are much less sensitive to the
convulsive activity of MSO than rodents has raised hopes for using this compound as treatment
modality in human HE (Cooper 2013). However, preclinical data supporting the notion are still pre-
liminary. The common GA inhibitor DON interferes, among other processes, with the y-glutamyl
transpeptidase activity and amino acid transport at the blood—brain barrier (Cloix and Hevor 2009
and references therein). Attempts at designing nontoxic, side effect-free modulators of GS and GA
appear warranted. By recent accounts, some light at the end of the tunnel has emerged with the
discovery of a potent uncompetitive GA inhibitor bis-2-(5-phenylacetamido-1,2,4-thiadiazol-2-yl)
ethyl sulfide (BPTES; Robinson et al. 2007), and its less toxic analogues (Shukla et al. 2012). With
regard to brain tumors, targeted inhibition of the prevalent kidney-type glutaminase, GLS, appears
to be a plausible task for future trials. Of note in this context, the liver-type glutaminase isoform,
GLS2, which is normally underexpressed or absent in highly malignant gliomas, curbs their growth
upon being transfected (Szeliga et al. 2009). Most recently, combination of inhibition of GLS1 and
overexpression of GLS2 turned out effective in limiting the growth of glioma cells in vitro (Martin-
Rufian et al. 2014; Szeliga et al. 2014). Clearly, further development efficient methods of targeted
delivery of the modalities to the tumor tissue appear to be a prerequisite of therapeutic success.
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8.1 INTRODUCTION

Removal of excess ammonia in mammalian systems depends principally on its conversion to urea
via the urea cycle, a metabolic pathway that is only expressed in the liver although other tissues,
including the brain, may express some of its constituent enzymes.

Liver failure sufficient to cause central nervous system (CNS) dysfunction is referred to as hepatic
encephalopathy (HE), which may result from acute or chronic liver failure with a wide range of eti-
ology, including viral hepatitis, alcoholic liver injury, nonalcoholic steatohepatitis, ischemic liver
damage, and a range of genetic abnormalities. HE is a common and debilitating neuropsychiatric
complication of liver disease and is characterized by cognitive dysfunction starting with attention
deficits, psychomotor slowing, and asterixis progressing to stupor and coma as well as disorders of
motor coordination and sleep. Seizures may occur in acute liver failure (ALF).

Neuropathologic studies in material from patients with ALF reveal cytotoxic brain edema that,
in extreme cases, may result in intracranial hypertension and death by brain herniation. Another
feature is a characteristic alteration of astrocytes in chronic liver failure known as Alzheimer type
2 astrocytosis in which the nuclei of these cells are characterized by swelling, glycogen deposition,
and margination of the normal chromatin pattern. Neuronal cell death has been reported in chronic
liver failure (cirrhosis), the two most common presentations involving neuronal cell death being
acquired hepatocerebral degeneration and “Parkinsonism in cirrhosis.”

While the principal etiologic factor in the pathogenesis of HE appears to be increased levels
of circulating and brain ammonia, glutamine (GLN) has also been implicated in the pathogenesis
of HE. Blood and brain concentrations of GLN are increased in HE (Laubenberger et al. 1997,
Lavoie et al. 1987a, Tofteng et al. 2006) consistent with the detoxification of ammonia via glutamine
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synthetase (GS), the only significant alternate pathway available in conditions in which hepatic urea
synthesis is seriously impaired, as in liver failure.

8.2 GLUTAMINE: PHYSIOLOGICAL FUNCTIONS
AND PATHOGENIC IMPLICATIONS

Glutamine, a nonessential amino acid, is found abundantly in the CNS where it participates in a
variety of metabolic pathways. Its major role in the brain is that of precursor of the releasable pool
of the excitatory neurotransmitter amino acid glutamate and the inhibitory amino acid, y-amino
butyric acid (GABA). During hepatocyte dysfunction, ammonia detoxification to GLN in brain and
skeletal muscle is activated. In addition to ammonia detoxification, enhanced GLN synthesis may
exert beneficial effects on the immune system and gut barrier. However, increased GLN production
may stimulate branched-chain amino acids catabolism in skeletal muscle and adversely affect the
CNS by inducing astrocyte swelling and altered neurotransmission.

8.3 BRAIN GLUTAMINE ACCUMULATION IN LIVER FAILURE

Brain GLN concentrations are significantly increased in liver failure; in general, the magnitude
of the increase in GLN is significantly correlated with the severity of HE and, in the case of ALF,
with the presence of brain edema and intracranial hypertension (Clemmesen et al. 1999). Proton-
Nuclear Magnetic Resonance (NMR) studies in patients with decompensated liver cirrhosis reveal
a significant correlation between brain GLN and severity of encephalopathy (Laubenberger et al.
1997) (Figure 8.1). Such findings have led to the suggestion that accumulation of the GLN molecule
per se is somehow causally related to the neurological symptoms in liver failure independent of the
etiology.

A series of mechanisms involving brain GLN accumulation have been proposed to explain its
possible role in the pathogenesis of HE and such mechanisms include alterations in osmolarity
resulting from the intracellular accumulation of GLN, GLN-induced increases of cerebral blood
flow (hyperemia) (Cooper and Plum 1987), as well as mitochondrial dysfunction resulting in induc-
tion of the mitochondrial permeability transition, a calcium-dependent process that results in the
collapse of the inner mitochondrial membrane and consequent production of free radicals and
energy failure (Albrecht and Norenberg 2006, Bai et al. 2001).

However, although increases in brain GLN are consistently described in HE, direct evidence for
arole of increased brain GLN synthesis rates per se remains rather less convincing.

8.4 BRAIN GLUTAMINE SYNTHESIS RATES IN LIVER FAILURE

Ammonia removal by the brain is an astrocytic responsibility since the enzyme responsible (GS)
has a predominantly, and perhaps exclusively, astrocytic localization. The neuron has little, if
any, measureable capacity for ammonia removal. It was shown that ammonia is incorporated
almost exclusively into GLN via GS, rather than to glutamate via glutamate dehydrogenase and
that, under normal physiological conditions, brain contains very little excess GS capacity over
that required to maintain normal metabolic flux (Cooper and Plum 1987). Direct measurements
of GS in autopsied brain tissue from patients who died in grade 4 HE actually showed a small
but significant loss of GS enzyme activity (Lavoie et al. 1987b) and studies in an experimental
animal model of minimal HE (MHE) resulting from end-to-side portacaval anastomosis in the
rat likewise revealed losses of GS activity in several brain regions (Butterworth et al. 1988). One
explanation that was proposed to explain this apparent limitation on GS activity in brain involves
stimulation of post-synaptic glutamate (NMDA) receptors in the brain leading to the formation of
nitric oxide that then goes on to inactivate GS in the neighboring astrocytes by protein tyrosine
nitration (Schliess et al. 2002).
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FIGURE 8.1 1H-NMR spectra from cirrhotic patients with varying severity of hepatic encephalopathy (HE).
A:no HE, B: mild HE, C: moderate HE, D: HE. Note that increased intensities of glutamine (Gln) resonances
with increasing severity of HE. mI: myoinositol, Cho: Choline, Cr: Creatine. (Modified from Laubenberger, J.

et al. 1997. Gastroenterology. 112(5):1610—16, with permission.)

To directly assess GLN synthesis rates per se in ALF, the technique of 1H/13C NMR spectros-
copy was utilized (Zwingmann and Butterworth 2005, Zwingmann et al. 2003). Using this tech-
nique, it was shown that, although de novo synthesis rates for GLN in brain were increased, neither
the increased brain concentrations of GLN nor the magnitude of the increase in de novo GLN
synthesis rates were significantly correlated with the severity of HE or with the occurrence of brain

edema in these animals (Figure 8.2).

Moreover, mild hypothermia (sufficient to delay progression of HE and to prevent brain edema in
ALF animals) had no significant effect on GLN synthesis rates in brain leaving open the possibility
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FIGURE 8.2 Increased de novo synthesis of brain glutamine from 13C-glucose is not correlated with the
severity of encephalopathy in rats with ALF resulting from hepatic devascularization. C2 (PC) represents
glutamine synthesis from 13C-glucose via pyruvate carboxylase; C4 (PDH) represents glutamine synthesis
from 13C-glucose via the pyruvate dehydrogenase complex. Values represent mean +/— SEM. Values sig-
nificantly different from sham-operated control values (sham) indicated by *p < 0.01. Significant differences
between ALF precoma and ALF coma are indicated by fp < 0.02 by ANOVA. (White bars represent sham,
grey bars represent precoma and black bars represent coma). (From Zwingmann, C. et al. 2003. Hepatology.
37(2):420-28, with permission.)

that the increase in brain GLN reported in HE may have resulted from alternative mechanisms
such as the inhibition of GLN hydrolysis or GLN transamination. This issue has been reviewed
(Zwingmann and Butterworth 2005).

Finally, inhibition of GS in an animal model of cirrhosis and HE (the bile-duct ligated rat)
revealed that the brain and the kidney were important for metabolizing blood-borne ammonia
(Fries et al. 2014). Furthermore, methionine sulfoximine (MSO), a GS inhibitor, has been shown
to be neuroprotective in rodent models of hyperammonemia and ALF, confirming the pathoge-
netic role of GLN and suggesting that MSO may have clinical potential (Jeitner and Cooper 2014).
However, applicability of such inhibitors in the prevention of HE has been limited by their potential
adverse effects.

8.5 THE GLUTAMATE-GLUTAMINE CYCLE IN BRAIN

Ammonia removal as GLN in the astrocyte is an essential component of the so-called glutamate—glu-
tamine cycle shown in simplified schematic form in Figure 8.3. The cycle involves the astrocyte and
its adjoining neuron (in the interest of clarity, Figure 8.3 indicates the glutamatergic neuron only).
Ammonia uptake into the astrocyte from the circulation is removed by GS (Section 8.3) and the GLN
formed is then transported out of the cell by the neutral sodium-coupled amino acid transporters SNAT-
1, SNAT-3, and SNAT-5, transporters that may directly influence both glutamatergic and GABAergic
transmission in mammalian brain. SNAT-3 (previously SN-1) favors the release of GLN, rather than
its uptake, from astrocytes (Chaudhry et al. 2001). SNAT-5, like SNAT-3, shares the Na*/H~ coupling
mechanism and is expressed in high concentrations by astrocyte cell bodies and their processes that
surround glutamatergic, GABAergic, and glycinergic nerve terminals (Cubelos et al. 2005).

The GLN released from the perineuronal astrocyte may then be uptaken by the adjacent neuron
where the action of GLNase results in the renewal of the transmitter pool of glutamate. Synaptic
release of glutamate then occurs and any surplus glutamate is transported principally into the
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FIGURE 8.3 Schematic representation of the “Glutamate—Glutamine cycle” involving the perineuronal
astrocyte and adjacent glutamatergic nerve terminal showing the role of the astrocytic glutamate (EAAT2)
and glutamine (SNAT-5) transporters in relation to blood-borne ammonia removal by glutamine synthetase
(GS) in the astrocyte and to transmitter glutamate (GLU) synthesis via glutaminase (GLNase) in the nerve
terminal. CSF: cerebrospinal fluid; NH,: ammonia; SNAT-1: neuronal glutamine transporter.

neighboring astrocyte by one of a series of high-affinity glutamate transporters including excitatory
amino acid transporters EAAT-1 and EAAT-2 and the cycle continues. One turn of the cycle results
in the removal of ammonia in the astrocyte but synthesis of ammonia in the neuron. It should be
borne in mind, however, that the constituent enzymes and transporters of the cycle do not represent
a concerted series of steps and represent possible metabolic conversions with no intended relation-
ship to metabolic fluxes.

Ammonia-infused animals manifest suppression of brain GLN release to the extracellular fluid
(Kanamori and Ross 2005) consistent with downregulation of one of the SNATs. ALF resulting from
hepatic devascularization in the rat leads to significant downregulation of SNAT-5 (Desjardins et al.
2012) suggesting that restrictions of the transfer of GLN from the astrocyte (rather than increased
GLN synthesis within the cell as had been previously presumed) could offer a cogent explanation
for the increase in intracellular GLN leading to cytotoxic brain edema in ALF. Moreover, GLN trap-
ping within the astrocyte has the potential to limit neuronal excitability by limiting the transfer of
GLN from the astrocytic to the releasable neuronal pool and, in this way, result in encephalopathy
in ALF. Further studies using techniques such as in vivo microdialysis are now required to assess
these possibilities.

8.6 BRAIN GLUTAMINE METABOLISM IN LIVER FAILURE

8.6.1 GLUTAMINASE

The glutamate—glutamine cycle is predicated on the assumption that GLNase is localized exclu-
sively in neurons and this was initially shown to be the case (Laake et al. 1995). However, the results
of recent studies suggest that such a simplistic model may need to be adjusted. At least two GLNase
isoforms are expressed in mammalian brain, namely the K-type and the L-type with different
molecular structures and regulatory properties that are found to co-localize in cells throughout the
brain. Moreover, L-type GLNase is localized to both neuronal mitochondria and nuclei (Marquez
et al. 2009, 2012). Whether or not a fully functional GLNase is expressed in astrocytes remains a
matter of debate. Immunohistochemical studies show that the K-type protein is expressed in rat
brain astrocytes (Aoki et al. 1991). On the other hand, no GLNase signal was observed in astrocytes
of rat cerebellum (Laake et al. 1999).
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The notion of a possible astrocytic localization for one of the GLNase isoforms led to the “Trojan
Horse” theory of HE. According to this theory, GLN synthesized in the astrocyte in liver failure
serves as a “Trojan horse” and as an indirect carrier of nascent ammonia into the mitochondrion
of the astrocyte where the action of the purported astrocytic GLNase rapidly regenerates ammonia
with mitochondrial cytotoxic consequences (Albrecht and Norenberg 2006; this theory was recently
revisited; Rama Rao and Norenberg 2014). This notion of GLNase-derived ammonia toxicity was
based principally on the results of studies of the exposure of astrocytes in culture to GLN that
led to cell swelling and activation of the mitochondrial permeability transition (Bai et al. 2001).
The theory, while attracting some interest and debate, has also drawn criticism based on the rela-
tively low activities of GLNase reported in astrocytes in situ (Laake et al. 1999). The likelihood of
futile cycling in cells expressing both GS and GLNase needs to be considered as does the question
of the selective effects of GLNase-derived ammonia being harmful to astrocytes but not neurons
despite the fact that neurons express significantly higher levels of GLNase. Further studies, prefer-
ably in animal models of HE or using patient material, are now required to resolve these issues
before full credence can be given to this theory and its possible role in the pathogenesis of HE.

8.6.2 GLUTAMINE TRANSAMINATION

An important but little-studied step in GLN metabolism involves GLN transamination resulting in
the production of alpha-ketoglutaramate (AKGM) that may then be hydrolyzed to alpha-ketogluta-
rate and ammonia in a reaction catalyzed by omega-amidase, the so-called glutaminase-II pathway.
This pathway is active in human brain (Cooper and Gross 1977) and studies in liver failure (Vergara
et al. 1974) reveal significant increases of AKGM in circulation and in the brain. Moreover, in cir-
rhosis, the correlation between cerebrospinal fluid concentrations of AKGM and HE grade was
found to be equal to that of ammonia or GLN (Vergara et al. 1974). It was recently proposed that
serum concentrations of AKGM could afford an effective biomarker for hyperammonemic disor-
ders (Cooper and Kuhara 2014, Haldmkova et al. 2012).

8.7 CONCLUSIONS

Liver failure leads to increased plasma and brain concentrations of ammonia and its detoxifica-
tion product GLN. Increased brain GLN correlates well with HE grade in patients with cirrhosis.
On the other hand, studies using 1H/13C NMR spectroscopy fail to show a significant correlation
between increased GLN synthesis per se and either HE grade or brain edema in experimental ALF.
This limitation on GLN synthesis capacity may be the consequence of tyrosine nitration of the GS
protein. Skeletal muscle adapts metabolically to become the major organ responsible for ammonia
removal in liver failure, an adaptation resulting from post-translational induction of the GS gene.
This metabolic adaptation accounts for the importance of maintaining adequate dietary protein
intake in patients with liver failure. However, it was recently reported that, in a rat model of cirrho-
sis, hyperammonemia was associated with inadequate compensation by muscle GS and increased
gut GLNase activity (Jover-Cobos et al. 2014). These results suggest that GS and GLNase may serve
as important future therapeutic targets.

Other GLN metabolic and regulatory pathways with the potential to impact on brain function in
liver failure include GLN deamination by GLNase, and GLN transamination leading to the produc-
tion of AKGM with possible neurotoxic properties. Recent findings of reduced expression of the
GLN transporter SNAT-5 (responsible for GLN exit from the astrocyte) in an ALF model raises the
possibility of “GLN trapping” within these cells, a mechanism that could contribute to cytotoxic
brain edema and to the encephalopathy that results from an imbalance between excitatory and inhibi-
tory neurotransmission. Additional studies are warranted to elucidate the mechanisms implicating
GLN as a key player in the pathogenesis of CNS complications of liver failure. As the pathogenetic
mechanisms are identified, insights for new therapeutic strategies will undoubtedly be uncovered.
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9.1 INTRODUCTION

Parkinson’s disease (PD) is a common neurodegenerative disorder that affects the human popula-
tion worldwide (Braak et al. 2003). It generally presents clinically in adults over the age of 60 years,
and major symptoms include akinesia, rest tremor, bradykinesia, and postural instability (Beitz
2014). The disorder is characterized by progressive loss of dopaminergic neurons in the substantia
nigra pars compacta (SNc) and a resulting decrease in dopamine in the dorsolateral and ventral
striatum (Hornykiewicz 1998). The low level of dopamine in the striatum leads to dysfunction of
corticobasal ganglio-thalamo cortical pathways in the brain and subsequently to clinical manifes-
tations of PD. Currently, its diagnosis is based largely on assessment of these clinical symptoms.
Unfortunately, this purely clinical diagnosis, combined with the similarities of PD symptoms with
those of other movement disorders, results in frequent misdiagnosis (Meara 1999). PD can only be
confirmed upon postmortem analysis through its pathological hallmark of Lewy bodies and Lewy
neurites located in residual neurons or axons, respectively (Shults 2006).

To complicate matters, diagnosis is generally made at an advanced stage of neurodegeneration
because motor symptoms occur after 60%—80% loss of dopaminergic neurons in the SNc (Goldstein
et al. 2006). Thus, the introduction of new therapeutic strategies to prevent dopaminergic dener-
vation and organize the PD management will depend on improved diagnosis, preferably at early,
premotor stages when there is still a larger population of dopaminergic cells. Identifying sensitive,
specific biomarkers for PD therefore becomes an exciting challenge.
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Documented reports show that the loss of dopaminergic neurons in the SNc and the consecu-
tive reduction in dopamine content within the striatum have effects on the biochemistry of these
structures (Nagatsu and Sawada 2007; Obeso et al. 2010). Thus, there is evidence of inflammatory
process (Nagatsu and Sawada 2007), cellular death by apoptosis (Nagatsu and Sawada 2007; Choi
et al. 2008) in the SNc, and changes in neurotransmitter contents in the striatum (Kish et al. 1986;
Tanaka et al. 1986; Soghomonian and Laprade 1997; Chassain et al. 2008, 2010; Emir et al. 2012).
Changes in neurotransmission in the striatum induce dysregulation in corticobasal ganglio-thalamo
cortical loops and can explain cardinal signs of PD, such as akinesia.

Continuing development of magnetic resonance spectroscopy (MRS) produced techniques for
the measurement of cerebral neurotransmitters gamma-aminobutyric acid (GABA) and glutamate
and of the energetic and neurotransmission fluxes associated with these compounds. Thus, the
detection and quantification of brain metabolites selectively in brain structures involved in cortico-
basal ganglia-cortical pathways could improve the mechanistic understanding of the physiopathol-
ogy of PD. In addition, this metabolite profile could be used as a tool for early diagnosis and for
monitoring therapeutic responsiveness.

In this chapter, we describe some of the insights gained into the physiopathology of PD through
the study of glutamate, glutamine, and GABA levels, and metabolic processes. The chapter is
divided into two parts. The first section presents our current knowledge of biochemical changes
in PD assessed by proton ('"H) MRS. 'H MRS studies in animal models of PD have shown that the
tissue levels of the neurotransmission-related metabolites glutamate, glutamine, and GABA are
increased in the striatum (Chassain et al. 2008, 2010; Bagga et al. 2013; Coune et al. 2013) and that
acute pharmacological treatment and acute, subchronic, and chronic deep brain stimulation of the
subthalamic nucleus (STN) modify these levels (Melon et al. 2015; Chassain et al. 2016). In clinical
studies, there is evidence to suggest that the metabolic profile of the striatum undergoes changes in
PD (Mazuel et al. 2016).

In Section 2, we present the results of works examining the glutamate—glutamine cycle in PD.
Early studies using carbon 3C MRS found that levels of glutamate and glutamine labeled on C4
increased after [2-*C] sodium acetate infusion in the brain of animal models of PD (Chassain
et al. 2005). A more recent study reported altered energy metabolism in the striatum of the MPTP-
intoxicated mouse, a murine model of PD (Bagga et al. 2013).

In the pathophysiology of PD, these results showed a significant role for glutamate metabolism,
glutamate—glutamine cycle, and neuron—glia interactions, as expressed through glutamate and glu-
tamine concentrations in the striatum.

9.2 BIOCHEMISTRY OF THE STRIATUM IN PD

9.2.1 GLUTAMATERGIC HYPERACTIVITY IN THE STRIATUM

The motor symptoms of PD are primarily attributed to dysfunction in the corticobasal ganglia-
thalamo cortical loop circuits that results from degeneration of the dopaminergic neurons in SNc.
Dopamine denervation-induced changes in glutamate and GABA neurotransmission systems are
key components of the pathophysiology of PD. Alterations in the glutamatergic drive include
increased glutamatergic transmission and maladaptive synaptic plasticity at the synapses formed by
cortical afferents onto projection neurons of the striatum (Lindefors and Ungerstedt 1990; Calabresi
et al. 1993; Centonze et al. 1999), the main basal ganglia input station, and pathological activation
in bursts of STN (Hollerman et al. 1992; Bergman et al. 1994; Bevan et al. 2002). Dopamine dener-
vation triggers opposite changes in the two populations of striatal projection neurons, decreased
activity of the direct pathway neurons and increased activity of the indirect pathway neurons, which
contribute, together with pathological activation of STN, to produce an overactivity of the BG out-
put structures, the internal globus pallidus, and the substantia nigra pars reticulata (SNr) (Blandini
et al. 2000; Obeso et al. 2008). The increased tonic activity of these structures enhances inhibition
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of thalamic neurons projecting to the sensorimotor cortex and then induces cortical hypoactivity
(Figure 9.1).

According to this scheme, the striatum is a basal ganglia center that supports massive glutama-
tergic inputs arising from the brain cortex. Several experimental results have shown that corticos-
triatal glutamatergic transmission is increased in PD. Morphological study in human PD analyzing
characteristics of the synapses formed by afferents in asymmetric contact with dendritic spines of
neurons in the caudate nucleus of patients with PD evidenced synaptic plasticity (Anglade et al.
1996). In fact, the length of the postsynaptic densities and the number of perforated synapses are
both significantly increased in PD patients (+24 and +88%, respectively). Furthermore, the size of
these afferents and the surface area occupied by their mitochondria are also greater. This plasticity
of corticostriatal synapses has been observed in the striatum of rats with a 6-hydroxydopamine-
induced (6-OHDA) lesion of the SNc (Ingham et al. 1998; Meshul et al. 1999, 2000). More recently,
a quantitative analysis of postsynaptic glutamatergic areas using 3D modeling shows that the length
of these areas is increased in the non-human primate intoxicated with MPTP, model of PD. This is
indicative of a remodeling of the glutamatergic synapses (Villalba et Smith 2011). Together, these
results suggest hyperactivity of the glutamatergic synapses after dopamine depletion.

The hypothesis of a corticostriatal pathway hyperactivity after dopamine denervation is consis-
tent with an increase in the basal extracellular level of striatal glutamate, as measured by in vivo
microdialysis in 6-OHDA-lesioned rats (Lindefors et Ungerstedt 1990; Meshul et al. 1999; Jonkers
et al. 2002).

Excitatory

Inhibitory

GPi-SNr

Dopaminergic

Parkinsonian state

FIGURE 9.1 Functional organization of the basal ganglia in Parkinson’s disease. Denervation of dopaminer-
gic neurons in SNc (illustrated with gray-dotted arrows) induces hyperactivity of some basal ganglia-related
nuclei such as the STN, GPi-SNr, CM-Pf, and PPN that are represented by a darker color. This results in
hyperactivity of neurons in GPi/SNr and a decrease in thalamo-cortical glutamatergic activity. The diagram
shows the presence of a number of transverse, modulatory loops. Black arrows indicate inhibitory projec-
tions and grey ones excitatory projections. The thickness of the arrows reflects changes in neuronal activity
following dopaminergic denervation: The thinner arrows correspond to a decrease in activity, and the thick
arrows indicate an increase. CM-Pf: centromedian-parafascicular thalamic nucleus, GPe: globus pallidus pars
externa, GPi: globus pallidus pars interna, PPN: pedunculopontine nuclei, SNc: substantia nigra pars com-
pacta, SNr: substantia nigra pars reticulate, STN: subthalamic nucleus, VL: ventral lateral nucleus. (Adapted
from Obeso, J.A. and J.L. Lanciego. 2011. Frontiers in Neuroanatomy, 5:1-6.)
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In association with this corticostriatal hyperactivity, ultrastructural data support synaptic changes
in contacts between axio-spinous glutamatergic elements coming from the cortex and striatal astro-
cytes in MPTP-treated parkinsonian monkeys (Villalba et Smith 2011). The authors observed a
significant expansion of the astrocytic coverage of striatal synapses in the parkinsonian state.

All these results show:

1. Lesions of dopamine nigrostriatal pathways increase corticostriatal glutamatergic
transmission.

2. These changes are associated with compensatory modification of the astrocytic microen-
vironment in the striatum.

All the above factors could modify the biochemistry of the striatum.

9.2.2 IN vivo MRS MEASUREMENTS

The proton ("H) nucleus is the most sensitive nucleus for NMR, both in terms of intrinsic NMR sen-
sitivity (high gyromagnetic ratio) and high natural abundance (>99.9%). Since nearly all metabolites
contain 'H, in vivo '"H MRS is a powerful technique to observe, identify, and quantify biologically
important endogenous metabolites noninvasively in vivo.

However, the application of 'H MRS in vivo is challenging for several reasons. First, owing to
its high concentration, the water resonance is several orders of magnitude larger than the low-con-
centration metabolites, making metabolic detection difficult. Second, the chemical shift range of in
vivo '"H NMR spectra is narrow at 5 ppm. This creates strongly overlapping metabolite resonances
making their detection and quantification difficult. Detection of glutamate metabolite at 2.34 ppm
is hampered by spectral overlap with other metabolites: glutamine, N-acetyl aspartate (NAA), and
GABA. At 3 T field strength, glutamate is detected by spectral editing that minimizes the contribu-
tion of other metabolites (Kicklers et al. 2007). However, the detection and quantification of metab-
olites in the brain requires high field strength (9.4 T) and very short echo time, as demonstrated
by Peuffer et al. (1999). Third, NMR is a very insensitive technique, making the detection of low-
concentration metabolites a compromise between time resolution and signal-to-noise ratio. This
low sensitivity limits the detection to compounds with a concentration higher than about 0.5 mM.

With the advent of higher magnetic field strength scanners, an increasing sophistication of acqui-
sition techniques and of water suppression methods, and also with improvement of spectral resolu-
tion, in vivo '"H NMR spectra have many resonances from a wide range of metabolites.

Thus, after water suppression and with the use of a short echo time, the main resonances observed
in a spectrum are from the following:

* The CH, groups of the combined N-acetyl resonances, mainly consisting of N-acetyl
aspartate (NAA; 2.01 ppm) and with a smaller contribution from N-acetylaspartyl glu-
tamate (NAAG; 2.04 ppm). Mainly located inside neurons, NAA is considered as a cell
integrity marker (Moffett et al. 2007). Synthesized in mitochondria, it may be linked to
neuronal energy metabolism (ATP synthesis) (Benarroch 2008).

» The N(CHs;), groups of total choline (Cho; 3.22 ppm), which consist of phosphoryl choline
and glycerophosphoryl-choline. These compounds are involved in membrane phospholip-
ids, and variations in Cho levels reflect changes in cellular density.

» The CH, groups of total creatine (creatine and phosphocreatine, tCr; 3.03 ppm). Creatine
is involved in cell energetic metabolism and thus it is used as a marker of energetic status
(Andres et al. 2008).

* The myo-inositol (myo-Ins; 3.6 ppm) is observed only at short echo time. Mainly located
in astrocytes and microglial cells, myo-Ins is considered to be a glial marker (Brand et al.
1993). It is thought to be involved in osmoregulation (Ross 1991).
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* The glutamate and glutamine signals between 2 and 2.5 ppm. Glutamate is the main excit-
atory neurotransmitter; its degradation and recycling involve glutamine synthesis inside
astrocytes.

These two metabolites traditionally constitute one pool owing to their striking structural similar-
ity within the brain. As mentioned earlier, recent developments of the method have led to improved
spectral resolution that allows the two molecules to be distinguished.

Some other metabolites in low concentrations in the brain, such as alanine, aspartate,
v-aminobutyric acid (GABA), glucose, glycine, scyllo-inositol, and taurine, can also be detected
using short echo time and at high magnetic field.

In pathological situations such as in tumor tissues or cerebral ischemia, the lactate signal can be
observed (Goergen et al. 2014). In addition, the metabolite resonances are typically superimposed
on an intense baseline arising from macromolecules and lipids.

Carbon 13 (3C) NMR spectroscopy is a useful tool in assessing metabolism in the intact
brain. In vivo 3C NMR spectroscopy of brain faces a number of problems that make its applica-
tion more challenging. It is the appropriate method for monitoring the dynamics of metabolism
in the Krebs cycle flux after the injection of substrates bearing labeled carbon atoms. Direct
detection of 1*C label provides a wealth of highly specific information on metabolites and meta-
bolic rates, such as the measurement of resolved carbon resonances of glutamate and glutamine
in the brain. Despite yielding a well-resolved '3C spectrum with good chemical shift dispersion,
13C NMR spectroscopy is hampered by low sensitivity of the '*C nucleus and the need for highly
localized measurements in a functionally heterogeneous organ such as the brain. The protons
bound to *C atoms can be detected by proton-observed, carbon-edited NMR spectroscopy. This
pulse sequence (POCE) proposed as an alternative to direct 3C NMR spectroscopy is there-
fore of great interest, as it would have the same sensitivity as a 'H sequence. (Rothman et al.
1992; De Graaf et al. 2003). Thus, 3C NMR spectroscopy, combined with the administration of
13C-labeled substrates, allows for the detection of '3C incorporation from *C-labeled precursors
into various carbon positions of metabolites, such as tricarboxylic acid (TCA) cycle intermedi-
ates and the glutamate—glutamine cycle between the neuronal and glial compartments (de Graaf
et al. 2011). In fact, the glial compartment uses glucose or acetate as substrates and contains GS.
This allows the production of glutamine, which is transferred to the neuronal compartment and
metabolized into glutamate and GABA (Figure 9.2). [2-13C] sodium acetate is synthesized to
[2-13C] acetyl-CoA, which enters the glial TCA and is incorporated into C4 glutamate. The latter
is quickly metabolized into C4 glutamine by the glial GS. Labeled C4 glutamine is recycled in
the neuronal compartment, where labeled C4 glutamate and C2 GABA are produced. In subse-
quent TCA cycles, C2 and C3 glutamate are synthesized and then metabolized into C2 and C3
glutamine.

9.2.2.1 Applications in Animal Models of PD

"H MRS has been used to detect cerebral metabolic changes in animal models of PD. The recent
technical advances of NMR spectroscopy, including the availability of high magnetic fields and the
development of reliable methods for absolute metabolite quantification and a better identification of
metabolite signals, have yielded detailed in vivo information of pathophysiology of PD. However,
studies performed in animal models of PD have yielded differing results, in part because they are
extremely heterogeneous in terms of the animal model used (mouse or rat), the mode of neurotoxin
injection (systemic or local), the site of injection, the toxin dose, and the time between injection
and NMR acquisitions. The NMR spectroscopy techniques used to identify and to process the
metabolite signals and the methods used to calculate the metabolite concentrations are also differ-
ent. Technical NMR spectroscopy factors, including different echo and relaxation times, voxel sizes
and locations, field strength, and POCE, could also account for the variations in results observed
between studies.
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FIGURE 9.2 '3C labeling patterns of amino acids derived from [2-'3C] sodium acetate in glial and neuronal
compartments (from Chassain et al. 2005). Two metabolic compartments associated with the glial (left) or
neuronal (right) compartment exist in the brain. [2-3C] sodium acetate is activated to [2-1*C] acetyl-CoA,
which enters the glial tricarboxylic acid (TCA) cycle and is incorporated into C4 glutamate. The latter is
quickly metabolized into C4 glutamine by glial GS. Labeled glutamine is recycled in the neuronal compart-
ment, where labeled C4 glutamate and C2 GABA are produced by glutaminase and GAD, respectively. Filled
circles indicate the position of 1*C-labeled carbon atoms. Abbreviations are as follows: C2 GABA: C2 gamma-
aminobutyric acid; C4 Glu: C4 glutamate; C4 Gln: C4 glutamine; GAD: glutamic acid decarboxylase; Gln
synthase: glutamine synthetase.

Thus, some studies reported higher intracellular glutamate, glutamine, and GABA levels in the
striatum of the MPTP-intoxicated mouse, a mouse model of PD, than in the striatum of control
mice (Chassain et al. 2008, 2010, 2013; Bagga et al. 2013) (Figure 9.3). High levels of glutamate
and glutamine in the striatum support the hypothesis of overactive striatal glutamate transmis-
sion in response to dopamine denervation and the development of compensatory mechanisms to
prevent excitotoxicity in the mouse model of PD. In addition, these adaptive processes are mainly
synaptic because no change is observed in the cortex of MPTP-intoxicated mice relative to con-
trols (Chassain et al. 2010). GABA levels in the striatum of MPTP-intoxicated mice provide
further evidence that GABAergic neurons are hyperactive after lesions of the nigrostriatal dopa-
minergic pathway. This increase is in accordance with the well-documented increased activity of
GABAergic striatopallidal neurons after experimental lesions of the dopaminergic nigrostriatal
pathway (Calabresi et al. 1993; Carta et al. 2003). Interestingly, after acute L-dopa administration,
the neurochemical profiles return to normal (Chassain et al. 2010, 2013). Furthermore, we show
that dopaminergic denervation >59% is sufficient to induce these metabolic changes (Chassain
et al. 2013) (Figure 9.4).

Other studies performed on different rat models of PD, the rat with a complete nigrostriatal
lesion induced by 6-OHDA cerebral injection and a genetic model based on the nigral injection of
an adeno-associated viral vector coding for human o-synuclein revealed no change (Kiclers et al.
2009) or significant decrease in glutamate levels and increase in GABA levels measured in the
striatum (Coune et al. 2013).
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FIGURE 9.3 In vivo proton NMR spectra from the striatum of a control and an MPTP-intoxicated mouse
at 9.4 T (Chassain et al. 2008) and absolute concentrations for GABA, glutamate, and glutamine. Spectra are
acquired using a PRESS sequence for NMR localized spectroscopy in a voxel of 8 UL (2 x 2 X 2 mm) located
on the striatum. Major acquisition parameters are TR = 4000 ms, TE = 8.8 ms, NS = 512. Free induction decay
was 4096 points and Fourier transformed. Spectra are line broadened (5 Hz), and resonances are assigned as
N-acetyl aspartate (NAA) at 2.008 ppm; GABA at 2.27 ppm, glutamate (Glu) at 2.34 ppm, glutamine (Gln)
at 2.42 ppm; total creatine (tCr) at 3.022 ppm and 3.98 ppm, total choline (tCho) at 3.22 ppm; taurine (Tau) at
3.24-3.42 ppm; myo-inositol (Myo-Ins) at 3.48-3.52 ppm; and Glu + Gln complex (Glx) at 3.75 ppm. Absolute
metabolite concentrations (mmol/L) defined by jMRUI software for spectra analyses are shown to the right
of the figure. Data represent mean + SD for seven animals in each group. Statistically significant differences
are noted for comparison between metabolite concentrations of controls and MPTP-intoxicated mice using a
Student’s t-test. *p < 0.05.
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FIGURE 9.4 Individual data measured in the dorsal striatum in relation to dopaminergic (DA) denervation
of the substantia nigra pars compacta (SNc). Plotted are the gamma-aminobutyric acid (GABA), glutamate
(Glu), and glutamine (GIn) concentrations assessed by NMR spectroscopy in the dorsal striatum. Individual
data points represent individual measurements for the MPTP-intoxicated mice, which were sacrificed for
tyrosine hydroxylase (TH) immunohistochemical staining, after saline and levodopa administration (n = 5).
The percentages of DA denervation in the SNc are indicated on the right. Horizontal bars are the mean value
for each group of animals.
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9.2.2.2 Clinical Applications in PD

Using 'H MRS to measure changes in the striatum of PD patients could provide important infor-
mation in terms of pathophysiology and would also allow as diagnosis of PD and an assessment of
therapeutical response (see review of Ciurleo et al. 2014). Thus, changes in glutamate and GABA
concentrations detected in vivo in basal ganglia of PD patients could be suggestive of dysfunction of
neuronal excitatory and inhibitory activities that are involved in the control of movements. In vivo
NMR spectroscopy meets many of the criteria of an ideal imaging biomarker. 'TH MRS has good
test-retest reliability and, compared with other in vivo imaging techniques, such as positron emis-
sion tomography (PET) and single photon emission tomography (SPECT), is noninvasive and cheap,
and it does not require contrast agents for the molecular imaging involving exposure to radioactive
substances.

Again, previous studies provide conflicting results. Glutamate and glutamine levels in the puta-
men of PD patients were close to those measured in the putamen of healthy volunteers (Kicklers
et al. 2007; Emir et al. 2012). Only one study at very high magnetic field showed a higher concen-
tration of GABA in the striatum of PD patients compared to controls (Emir et al. 2012). Several
factors might account for the discrepancies, including the measurement method, spectra analysis
processes, absolute versus relative data, the number of PD patients enrolled, and their clinical het-
erogeneity. These studies included parkinsonian patients with or without dopaminergic treatment
and those with large variation in disease duration. This clinical heterogeneity is almost certainly
a key factor in explaining many of the differences observed. However, owing to the spectral over-
lap of the glutamate metabolite at 2.34 ppm with other metabolites, changes in glutamate levels
could be masked by changes in the other direction of glutamine, NAA, and/or GABA. Studies
on larger samples of homogeneous PD patients, MRS at high magnetic fields, standardized meth-
ods for the acquisition and processing of spectroscopic metabolite signals, and the use of absolute
quantification of tissue metabolite concentrations are therefore required to definitively validate '"H
MRS for PD characterization. In regard with these points, a recent study performed on patients
with a moderate PD at 3 T using a standard short-echo-time single-voxel MRS sequence showed
metabolic changes in the putamen of parkinsonian patients compared to healthy volunteers (Mazuel
et al. 2016). Determination of absolute concentrations by the LCModel software showed signifi-
cantly lower putamen concentrations of tNAA, tCr, and myo-Ins in drug-OFF parkinsonian patients
compared to healthy volunteers (Figure 9.5). Moreover, L-DOPA treatment restored tNAA and
tCr levels while m-Ins levels remained unchanged. Interestingly, changes in tNAA and tCr could
reflect mitochondrial energy impairment in the putamen of drug-OFF parkinsonian patients. These
changes are reversed under dopaminergic treatment, which means tNAA and tCr could be used to
assess responsiveness to treatment.

9.3 GLUTAMATE: GLUTAMINE CYCLING INVOLVED IN PD

High levels of glutamine concomitant with high levels of glutamate in the striatum after dopaminer-
gic denervation in murine models of PD are suggestive of abnormalities in the glutamate—glutamine
cycle.

9.3.1 GLUTAMATE: GLUTAMINE CYCLE

Our knowledge of the metabolism of glutamate in glutamine is long-standing, in particular owing
to the use of radiotracers labeled with carbon 14. Then, the following studies suggest there are
two pools of glutamate. The first corresponds to the glutamate stored in synaptic vesicles used for
neurotransmission and which does not interact with the second pool of glutamate derived from the
metabolism. This concept was challenged by an early work of '3C carbon in human brain, in which
authors describe synthesis of glutamate and glutamine after [1-'3C] glucose infusion (Gruetter et al.
1994). This study was the first to identify a rapid transfer of '*C labeling of glutamate (principally
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FIGURE 9.5 Three-plane T,-weighted image from a healthy control showing a spectroscopic volume-of-interest located exactly on the left putamen. Volume-of-
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interface. Individual spectra representative of mean spectral quality for healthy volunteers (LW = 0.067 ppm; S/N = 6), for PD patients in drug-OFF (LW = 0.076 ppm;
S/N =5), and for PD patients in drug-ON (LW = 0.067 ppm; S/N = 6). The resonances of selected metabolites were assigned as follows: NAA =2.008 ppm, tCr (total
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condition, the in vivo spectrum (black spectrum) was estimated with LCModel output (red spectrum). The difference between spectra is plotted at the top and represents
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neuronal) to the glutamine (mainly astroglial) suggesting the existence of glutamate metabolism
involving neuron—glia interactions. Furthermore, studies using [1-1*C] acetate, a precursor specifi-
cally metabolized inside the glial cells, reported a glutamine synthesis prior to the detection of the
glutamate (Lebon et al. 2002; Deelchand et al. 2009). Together, these studies support the transfer of
13C labeling from neurons to astrocytes and from astrocytes to neurons, which involves a metabolic
cycle between glutamate and glutamine and neuron—astrocyte interaction.

Following its release in the synaptic cleft, glutamate is avidly taken up by astrocytes to start a
process of recycling. Glutamate reuptake is efficiently performed by two glial glutamate transport-
ers (EAAT1 or GLAST and EAAT?2 or GLT-1) (Danbolt 2001) while the conversion of glutamate
into glutamine is under the control of a specific astrocytic enzyme, glutamine synthetase (GS).
Glutamate is then transported back to neurons via amino acid transporters (Mackenzie and Erickson
2004), transformed into glutamate by the phosphate-activated glutaminase and finally packed into
vesicles by the vesicular glutamate transporters (VGLUT) (Fremeau et al. 2004) (Figure 9.6). Thus
a “glutamate—glutamine cycle” between neurons and astrocytes is formed. It plays a vital part in
preserving the low extracellular concentration of glutamate needed for proper receptor-mediated
functions and in maintaining low concentrations of extracellular glutamate to prevent excitotoxic-
ity and to replenish the glutamate vesicular pools (Schousboe 2003; Schousboe and Waagepetersen
2005).

A disturbance in this glutamate—glutamine equilibrium could play an important role in the
pathogenesis of some brain diseases (Albrecht et al. 2016; Butterworth and Bemeur 2016). In vivo
MRS has been used to demonstrate changes in the concentrations of glutamate and glutamine in
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FIGURE 9.6 The glutamate—glutamine cycle. Glutamate is released in the synaptic cleft from glutamatergic
neuronal vesicles via a calcium-dependant mechanism. To prevent excitotoxicity of high levels of extracel-
lular glutamate, astrocytes avidly take up glutamate by specific glutamate transporters (EAAT1/EAAT?2).
Glutamate is then quickly converted into glutamine by glutamine synthetase. Some specific transmembrane
transporters of glutamine allow the secretion of glutamine by astrocytes and then the reuptake of glutamine
by neurons. This coupling of glutamine synthetase and glutamine traffic from glia to neurons allows gluta-
mate to pass into the extracellular compartment in a non-neuroactive form (glutamine), thus avoiding toxicity.
Neurons then hydrolyze glutamine into glutamate and ammoniac via the glutaminase and store the glutamate
inside vesicles by using the vesicular glutamate transporters (VGLUT).
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many neurological and psychiatric diseases (Ramadan et al. 2012), including also neurodegenera-
tive disorders (Lin et al. 2003; Martin 2007).

9.3.2 GLUTAMATE—GLUTAMINE CycLE IN PD

Changes in the concentrations of glutamate and glutamine in the striatum of animal models of PD
described in previous '"H MRS works seem to argue in favor of a disturbance in this cycle in PD.

Interestingly, the number of GS-positive astrocytes defined by immunohistochemical analysis is
significantly higher in the dorsal striatum of MPTP-intoxicated mice than that of controls (Chassain
et al. 2013) (Figure 9.7). These results are indirect evidence of changes in glutamate metabolism
after dopaminergic denervation.

After infusion of [2-3C] acetate in a rat model of PD, animals with a unilateral lesion of the
dopaminergic nigrostriatal pathway, 3C MRS is used to detect in vivo labeling in neosynthesized
molecules (Chassain et al. 2005). The resonance of glutamine and glutamate C2 is detected at
about 55 ppm (Figure 9.8a). Glutamate C4 (34.16 ppm) and glutamate/glutamine C3 (near 27 ppm)
emerge, respectively, under the resonances of carbon methylene groups (—CH,—COO) and —CH,
moiety of fatty acids (—CH,—CH = CH). The [2-3C] acetate appears at 24.4 ppm. Spectral resolu-
tion is not sufficient to distinguish between the relative contribution of glutamate and glutamine
to the C2 and C3 signals. Hence, only the glutamate C4 resonance is analyzed. In the parkinso-
nian group, glutamate C4 expressed as the percentage of lipid peak is significantly higher than in
the control group (Figure 9.8b). Once again, increased glutamate metabolism is observed in dopa-
mine-depleted striata and is restored by administration of the anti-parkinsonian drug, the levodopa
(Chassain et al. 2005).

A lack of sensitivity is the main limiting feature of *C NMR spectroscopy. The intrinsic low
sensitivity of NMR is linked to the low degree of polarization of the nuclear spin by experimen-
tally achievable magnetic field at thermal equilibrium. In addition, the low in vivo abundance of
13C and its lower magnetogyric ratio further limit the sensitivity of 3C NMR. Thus, powerful new
techniques to enhance weak NMR signals from metabolites have recently been developed (Golman
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FIGURE 9.7 (See color insert.) The effect of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) intoxi-
cation on glutamine synthetase (GS) labeling in the dorsal striatum of mice. Visualization of GS immunola-
beling in coronal slice of the dorsal striatum. Typical labeling is shown (arrows) in the insets (X20). Scale bar,
1 mm. Quantitative analysis of the effect of dopaminergic (DA) denervation on the number of GS-positive
cells in the dorsal striatum. Data are expressed as the mean number of immunoreactive cells * standard devia-
tion (SD) for 5 animals per group. Statistical comparisons were performed by two-way ANOVA, followed by
Dunnett’s test. **p < 0.01 versus the control group.
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FIGURE 9.8 (a) In vivo *C NMR spectra of the cerebral hemisphere of a control rat using a '*C acquisition
sequence at 4.7 T with 'H decoupling during acquisition. The baseline spectrum is an accumulation of 512
acquisition scans (17 min) during NaCl 9% infusion. The spectrum obtained at the end of the experiment is an
accumulation of 512 scans (17 min) during [2-3C] sodium acetate infusion. Resonances present in the baseline
spectrum are -CH,-CH = CH at 27 ppm, (-CH,)n of lipids at 30.3 ppm, -CH,-COO- at 34 ppm, and PCr/Cr at
55 ppm. Other peaks present in the spectrum at the end of the experiment include [2-13C] acetate at 24.4 ppm,
Glu/Gln C3 near 27 ppm, Gln C4 at 31.6 ppm, Glu C4 at 34.16 ppm, and Glu/Gln C2 near 55 ppm. (b) In vivo
time courses of Glu C4 labeling. Peak areas are expressed as the percentage of the lipid peak. Before the start of
[2-13C] acetate infusion, the ratio Glu C4/lipids was constant for each group. The value from baseline spectrum
was subtracted from spectra obtained at different times. Data represent the mean + SEM for the control + saline
(n = 6), control + levodopa (50 mg/kg i.v.) (n = 6), parkinsonian + saline (n = 5), and parkinsonian + levodopa
(50 mg/kg iv.) (n=5) groups. Zero time represents the start of [2-3C] acetate infusion. *p < 0.05, **p < 0.01,
**%p < 0.001 versus control + saline group and #p < 0.05 versus parkinsonian + levodopa group.

et al. 2003). These techniques, referred to as hyperpolarization methods, increase the signal-to-
noise ratio. The technique using 3C, incorporated into small molecules, has produced polariza-
tion levels several orders of magnitude higher than thermal equilibrium values. The most versatile
hyperpolarization technique is based on Dynamic Nuclear Polarization (DNP) (Ardenkjer-Larsen
et al. 2003). To use the DNP for liquid probes (e.g., aqueous injectable solutions of molecular trac-
ers), the probe is doped with free radicals in a glass-forming solvent (e.g., glycerol), frozen to a very
low temperature (about 1 K) inside a magnetic field (3 T), and irradiated with microwaves to transfer
a high polarization of electron spins residing in low-concentrated free radicals to the surrounding
nuclear spins. After creating a “hyperpolarized” nuclear spin state in a frozen probe, the molecular
sample is quickly dissolved in water (Ardenkjaer-Larsen et al. 2003). The liquid probe can then be
administered in the body and used as a tracer to visualize its biodistribution and metabolism in vivo.
The major limitation of the technique arises from the short lifetimes of hyperpolarized spin states
in liquids, determined by the relaxation times T,. This becomes especially critical when considering
in vivo applications. Thus, the injection of the hyperpolarized probe and subsequent NMR examina-
tion has to be performed rapidly. Despite this time limitation, the huge gain in signal-to-noise obvi-
ates the need for signal accumulation, thereby allowing complete dynamic data acquisitions within
the time window needed for imaging applications.

The technique has been applied successfully for in vivo metabolic analyses using stable isotope-
enriched natural compounds. Studies with hyperpolarized compounds provide information on the
physical state of tissue (MRI Magnetic Imaging) and on the metabolism of biomolecules (MRS)
(Mansson et al. 2005; Golman et al. 2006a; Gallagher et al. 2008). Most of these investigations dealt
with cardiac metabolism (Golman et al. 2008), metabolism in muscle (Golman et al. 2006a), and
tumor diagnosis (Golman et al. 2006b; Day et al. 2007), using *C-pyruvate as a molecular probe.
The great potential of the *C DNP-MRS method for metabolic imaging has also been demonstrated
with other molecules (Gallagher et al. 2008). The recent hyperpolarization of endogenous molecules
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such as [1-13C] glutamate (Gallagher et al. 2011) and [5-3C] glutamine (Cabella et al. 2013) shows
that 3C DNP-MRS has potential use in the study of brain metabolism.

Thus, according to the choice of precursor, the application of '*C metabolic imaging using hyper-
polarized '3C-labeled substrates to neurochemistry opens up a promising new avenue of research.

9.4 CONCLUSION

The studies reviewed in this chapter focused on alterations in the glutamate, glutamine, and GABA lev-
els in the striatum after dopaminergic denervation. Higher concentrations of glutamate, glutamine, and
GABA were observed in the striatum of animal models of PD. These changes may be associated with
an increase in glutamatergic and GABAergic neurotransmission in the striatum after dopaminergic
denervation. These modifications suggest that alterations in the metabolism, particularly the astroglial
neurotransmitter cycling of glutamate and glutamine, may be involved in the pathophysiology of PD.
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10.1 INTRODUCTION

The metabolism and functions of glutamine in healthy intestine or in pathological situations cannot
be dissociated from those of glutamate since these two nonessential amino acids possess a par-
tially common metabolic fate (Blachier et al. 2009). In cells equipped with the enzymatic activity
glutaminase (like enterocytes in which the catalytic activity is high), glutamine can be converted
to glutamate and ammonia. Conversely, in cells equipped with glutamine synthetase (GS) activ-
ity (like colonocytes that are characterized by a high GS activity in comparison with enterocytes)
(Andriamihaja et al. 2010), glutamate can be condensed with ammonia to form glutamine (Eklou-
Lawson et al. 2009). However, glutamine, but not glutamate, can be used for the synthesis of several
compounds, including purine and pyrimidine (Newsholme and Carrie 1994), N-acetylglucosamine
and N-acetylgalactosamine; these latter two being involved in intestinal mucin synthesis (Reeds
and Burrin 2001). If one considers the circulating concentrations of the 20 amino acids used for the
synthesis of body protein measured in the plasma of healthy subjects, there is a striking difference
between glutamate that is present at a very low concentration and glutamine that is present at the
highest concentration among all amino acids (Cynober 2002). In food products like milk, the sum of
glutamine and glutamate represents the highest protein-bound amino acids (Wu and Knabe 1994),
and more generally glutamate by itself is one of the most abundant amino acid in alimentary protein
(Beyreuther et al. 2007).

To document the effects of glutamine on intestine in physiological situation, one has to consider
whether glutamine is acting by itself and/or through its metabolism and on what cell type in the
intestinal mucosa the amino acid is active. In addition, the intestinal microbiota both in the small
and large intestine may impact the metabolism of glutamine released in the process of protein
digestion from alimentary and endogenous proteins. In various pathological situations, like those
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presented in this chapter, there are some indications that glutamine supplementation may benefit
the intestinal mucosa. The aim of this chapter is then to focus on the metabolic and physiological
effects of glutamine on the intestine in both healthy and several pathological situations in which the
intestinal mucosa integrity is altered.

10.2 GLUTAMINE AND INTESTINAL PHYSIOLOGY

10.2.1  GLUTAMINE AND INTESTINAL FUNCTIONS

Glutamine is the preferential substrate of rapidly dividing cells such as epithelial cells and immune
cells, that is, lymphocytes. Approximately 60% of absorbed glutamine is oxidized in the small
intestine to provide energy (Windmueller and Spaeth 1978; Blachier et al. 2009). In the colon, glu-
tamine can be provided from blood to the epithelial cells through the basolateral side. In addition,
colonocytes can use the short-chain fatty acids acetate, propionate, and butyrate as fuel substrates.
These short-chain fatty acids are produced by the microbiota from glutamate and from other amino
acids released from undigested alimentary and endogenous proteins and from indigestible polysac-
charides and oligosaccharides (Blachier et al. 2007).

Glutamine transport is coupled to sodium, and glutamine has an additive effect on sodium absorp-
tion compared with glucose, which suggests that glutamine may be beneficial in different intesti-
nal injured conditions associated with diarrhea. Indeed, glutamine enters into enterocytes through
amino acid transporter ATBO/ASCT2, a major sodium-dependent transporter (Avissar et al. 2004).
During hypersecretion conditions, glutamine supply is associated with improved absorption (Lima
et al. 2002; Coeffier et al. 2005).

Glutamine seems to be also involved in the regulation of other intestinal functions, that is, gut
barrier and immunoinflammatory response, by acting on several metabolic pathways. Glutamine
appears as the preferential fuel of immune cells and may regulate not only lymphocyte prolifera-
tion but also cytokine release (Yaryura-Tobias et al. 1970; Yaqoob and Calder 1998). Glutamine
deficiency leads to a decrease of immune response in different pathophysiological conditions
(Wernerman 2008). As reviewed (Rhoads and Wu 2009), glutamine may regulate gut barrier func-
tion by acting on proliferation/apoptosis balance and/or on protein synthesis/degradation and/or
by acting on specific signalling pathways such as MAPKSs. Proliferation rate of small intestinal
epithelial cells is dependent on glutamine availability (Rhoads et al. 1997) as well as on apoptosis
rate (Evans et al. 2003). Protein metabolism in the intestinal mucosa is also improved by glutamine
(Higashiguchi et al. 1993; Coeffier et al. 2003). Particularly, glutamine stimulates protein synthesis
in intestinal epithelial cells through the mTOR pathway (Boukhettala et al. 2012), whereas gluta-
mine depletion induces GCN2 pathway leading to arrest of protein synthesis (Boukhettala et al.
2012). In addition, glutamine depletion is associated with increased intestinal permeability in vitro
(Le Bacquer et al. 2003; Boukhettala et al. 2012) associated with a decreased expression of tight
junction proteins, occludin, claudin-1, and ZO-1 (Li et al. 2004). Finally, glutamine has cytoprotec-
tive effects in the intestine, mainly related to its capacity to induce the heat shock proteins (HSP).

10.2.2 GLUTAMINE METABOLISM IN INTESTINAL CELLS

Although the Nat*-independent carriers (system L and B° transporters) are associated with the
brush-border membranes of jejunal enterocytes (Fan et al. 1998), the Na*-dependent B° transport
system represents the major route of luminal glutamine absorption. It has to be kept in mind that
glutamine can be also provided to epithelial intestinal cells from the circulating blood plasma.
This is particularly true when considering colonic epithelial cells that cannot, except for a short
period of time following birth, transfer amino acids to any significant extent from the lumen to the
portal blood (Darragh et al. 1994) and thus depend on the blood plasma glutamine as one oxida-
tive substrate for their energy supply (Darcy-Vrillon et al. 1993). As stated above, L-glutamate and
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FIGURE 10.1 Schematic view of the metabolism of L-glutamine in enterocytes.

L-glutamine are extensively metabolized in enterocytes (Windmueller and Spaeth 1974; Ardawi
and Newsholme 1985). L-glutamine originating from lumen or blood is degraded into L-glutamate
and ammonia by the mitochondrial phosphate-dependent glutaminase activity (Wu et al. 1994; Wu
et al. 1995) (Figure 10.1). Then, L-glutamate is exported into the cytosol and transaminated with
oxaloacetate to produce alpha-ketoglutarate and L-aspartate (Blachier et al. 1999; Blachier et al.
2009). L-glutamate can also be transaminated in the presence of pyruvate to produce L-alanine and
alpha-ketoglutarate (Wu et al. 1995). L-aspartate, either produced endogenously from glutamine/
glutamate or originating from the luminal content, can enter the mitochondria for oxidative purpose
(Windmueller and Spaeth 1976). Transamination is the principal pathway by which L-glutamate
is converted to alpha-ketoglutarate in enterocytes since these cells have little capacity for the con-
version of L-glutamate into alpha-ketoglutarate (and ammonia) through glutamate dehydrogenase
(Madej et al. 2002). Alpha-ketoglutarate then reenters into the mitochondria and is used in the
Krebs cycle (Duee et al. 1995) (Figure 10.1). L-glutamine and L-glutamate can be converted to
other amino acids, including L-ornithine (Blachier et al. 1992), L-citrulline, and L-proline (Wu
et al. 1994). Together with L-cysteine and glycine, L-glutamate is the precursor for the synthe-
sis of glutathione in enterocytes (Reeds et al. 1997). The ratio of reduced/oxidized glutathione
is an important parameter for the determination of intracellular concentrations of both oxygen-
reactive and nitrogen-reactive species (Chakravarthi et al. 2006). Colonic epithelial cells are also
able to metabolize glutamine and glutamate in metabolic pathways not vastly different from those
in enterocytes (Darcy-Vrillon et al. 1994). The L-glutamine-degrading enzyme glutaminase is also
highly expressed in colonocytes, but the GS activity appears to be much higher in colonocytes than
in enterocytes (Eklou-Lawson et al. 2009), and this capacity to condense L-glutamate and ammonia
is likely related to the high ammonia concentration in the large intestine (Mouille et al. 2004) and to
the inhibitory effect of excessive concentration of ammonia toward colonocyte respiration (Mouille
et al. 2004; Andriamihaja et al. 2010).

10.2.3 GLUTAMINE AND GASTROINTESTINAL BACTERIA

Dietary and host-derived proteins and amino acids are used for the growth and survival of bacteria
in the digestive tract (Libao-Mercado et al. 2009). The conditionally essential amino acid glutamine,
either synthesized by the cells or taken up from the luminal environment of the gastrointestinal
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tract, plays an important role in nitrogen balance and protein synthesis in bacteria (Forchhammer
2007) and small intestine (Wu et al. 2010a,b; Xi et al. 2010). Glutamine, together with glutamate,
not only provides nitrogen for purines, pyrimidines, asparagine, tryptophan, histidine, glucos-
amine, p-aminobenzoate, and arginine in most bacteria but can also serve as key nitrogen donor for
biosynthetic reactions.

The first step of glutamine metabolism in the bacterial cells is glutamine incorporation. Sodium-
dependent transport and facilitated diffusion play an important role in most amino acid transport
by some of the dominant amino acid-fermenting bacteria (Chen and Russell 1989; Chen and Russell
1990). However, transport of glutamine in Streptococcus bovis is likely driven by phosphate-bond
energy (Chen and Russell 1989). Dashper confirmed that glutamine transport is likely to be ener-
gized by ATP hydrolysis (Dashper et al. 1995). The rate of glutamate and glutamine transport is
related to cytoplasmic pH (Poolman et al. 1987). The activity of the transporter is maximal between
pH 6.0 and 7.0 and can decrease rapidly above pH 7.0. Thus, glutamine transport into bacterial cells
can be affected by extracellular environment.

Glutamine incorporated into bacterial cells derives from de novo synthesis. Studies with pure
bacteria cultures showed that ammonia might be the preferred nitrogen source and support the fast
growth for Escherichia coli (Reitzer 2003). The most important pathway for glutamine synthesis
is the glutamine synthetase/glutamate synthetase (GS/GOGAT) pathway, which is ubiquitous and
catalyzes the only reaction of glutamine formation in bacteria (Merrick and Edwards 1995; Reitzer
2003). Glutamine synthetase (GS) converts glutamate to glutamine and assimilate ammonia at the
same time. Glutamate synthetase (GOGAT) transfers the amide group from glutamine to 2-ketoglu-
tarate to produce two glutamate molecules.

As one of the metabolic fates, quantitatively significant amounts of dietary glutamine are catabo-
lized by enterocytes during first-pass intestinal metabolism (Bergen and Wu 2009). In vitro studies
also showed that the net utilization of glutamine by jejunal and ileal bacteria is about 22% and
40% (Dai et al. 2011), respectively, suggesting a considerable contribution of intestinal bacteria to
the first-pass intestinal amino acid metabolism. Among the glutamine utilized by bacteria, about
10% are recovered in proteins, while 1% is oxidized. The remaining 89% glutamine is utilized in
other metabolic routes, including pathways like deamination, transamination, and decarboxylation
(Metges et al. 1999; Dai et al. 2010). The rapid utilization and metabolism of glutamine by small-
intestinal bacteria may also suggest its role in the survival and growth of bacteria in the intestine
through the regulation of the bacterial metabolism of nitrogenous compounds, particularly amino
acids (Forchhammer 2007).

Glutamine may also affect amino acid utilization and metabolism by the small-intestinal bacte-
ria, thereby modulating the production and profile of nitrogenous compounds in the lumen of small-
intestine and whole-body amino acid homeostasis. In vitro bacterial culture studies (Dai et al. 2013)
show that glutamine supplementation may regulate the utilization and metabolism of the arginine
family of amino acid in pig small-intestinal bacteria. In jejunal mixed bacteria, net utilization of
ornithine decreases while net utilization of citrulline increases in the presence of glutamine. In
ileum mixed bacteria, net utilization of arginine increases while the net utilization of ornithine
decreases with the addition of glutamine. The reduction in the net utilization of ornithine in the
small-intestinal bacteria might result from the decreased flux of ornithine into citrulline in jejunal
microbiota and increased fluxes of arginine into ornithine in the ileal microbiota. Glutamine supple-
mentation also influences the metabolism of serine and aspartate by pig small-intestinal bacteria.
The utilization of asparagine and serine by jejunal mixed bacteria is reduced while the net produc-
tion is increased with the increasing doses of glutamine. Thus, the metabolism of glutamine and
asparagine in small-intestinal bacteria might be closely related to each other.

In summary, glutamine can be synthesized in bacteria through GS/GOGAT pathway. The
metabolism of glutamine by small intestinal bacteria may contribute considerably to the first-pass
intestinal amino acid metabolism. The metabolic routes of glutamine include protein synthesis,
oxidization into CO,, and other metabolic pathways. In the small intestine, glutamine can also
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regulate other amino acid metabolism by luminal bacteria, especially arginine metabolism. Thus,
the glutamine metabolism by intestinal bacteria is likely to be important among other amino acids
and, consequently, the luminal homeostasis in the small intestine (Wang et al. 2008).

10.3 GLUTAMINE AND INTESTINAL PATHOLOGY

10.3.1  GLUTAMINE AND INTESTINAL INFLAMMATION AND MucosAL HEALING

In LPS-treated mice, Manhart et al. reported that glutamine supplementation is associated with
an increase of lymphocyte population in Peyer’s patch (Manhart et al. 2001). Interestingly, this
glutamine effect is mediated by an enhanced content of intestinal gluthatione, a major antioxidant
player. In malnourished rats, glutamine supplementation also increases intestinal gluthatione con-
tent (Belmonte et al. 2007). Several studies have also suggested that glutamine is able to regulate
intestinal inflammatory response in experimental models. While glutamine depletion is associated
with exacerbated inflammatory response (Liboni et al. 2005), and since a decrease of mucosal
glutamine content has been reported during inflammatory bowel diseases (IBD) (Sido et al. 2006),
glutamine supplementation is able to limit the inflammatory response in intestinal epithelial cells
(Marion et al. 2004; Hubert-Buron et al. 2006). Interestingly, glutamine reduced inflammatory
response not only by limiting proinflammatory cytokines but also by increasing anti-inflammatory
cytokines (Aosasa et al. 2003; Coeffier et al. 2003). Similar data have been obtained in experi-
mental models of colitis in rats (Ameho et al. 1997). By using a culture model of colonic biopsies
obtained from patients with Crohn’s disease, Lecleire et al. reported that glutamine is able to limit
interleukin-8 and interleukin-6 release (Lecleire et al. 2008). Similar to the glutamine effects on gut
barrier function, several signaling pathways have been proposed to contribute to the anti-inflam-
matory effects of glutamine, including the MAPK pathways (Rhoads and Wu 2009), Stat proteins
(Kretzmann et al. 2008), and NF-xB pathways (Hubert-Buron et al. 2006; Lecleire et al. 2008).
However, clinical trials evaluating glutamine supplementation in patients with IBD gave controver-
sial results (Scheppach et al. 1996; Den Hond et al. 1999; Akobeng et al. 2000; Ockenga et al. 2005)
and do not permit to conclude on the efficiency of glutamine supplementation in patients with IBD.

Glutamine supplementation for mucosal healing following an episode of intestinal mucosal
inflammation has shown some efficiency in animal models. Indeed, oral glutamine supplemen-
tation (3%) is able to improve the healing of the small intestine mucosa after radiation-induced
enteritis (Klimberg et al. 1990). In a model of anastomosis in rats, early enteral feeding with glu-
tamine (12.5% given through an orogastric tube) was found to improve the microscopic aspect of
the healing (Guven et al. 2007). Regarding supplementation with glutamate, it has been shown
that supplementation with 5% monosodium glutamate for 5 days promotes small intestine mucosal
healing after chemically-induced enteropathy in rats (Amagase et al. 2012). Recently, it has been
shown that a mixture of glutamate (a major oxidative substrate in colonocytes and a precursor of
glutathione, 0.57 g/day in the form of monosodium glutamate), methionine (a precursor of cysteine
for glutathione synthesis, 0.31 g/day), and threonine (an amino acid highly used for mucin synthesis,
0.50 g/day) given in the mucosal healing phase after chemical induction of colitis in rats improves
colonic mucosal regeneration/re-epithelialization after 10-day supplementation without affecting
the spontaneous resolution of inflammation (Liu et al. 2013). Future studies should test dietary
compounds (including glutamine and glutamate) individually or in combination for their capacity to
improve mucosal healing after an active phase of intestinal mucosal inflammation in clinical trials.
If successful, such an approach would be beneficial for patients by allowing a better definition of the
most effective adjuvant nutritional supplementation for intestinal mucosal healing (Lan et al. 2015).

10.3.2 GLUTAMINE AND ENDOTOXEMIA AND SEPSIS

Endotoxemia is defined as the presence of endotoxin in blood and may result from a massive trans-
fer of endotoxin (also currently called lipopolysaccharide [LPS]) from the intestinal lumen to the
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bloodstream due to impaired gut selective barrier function in the small and/or large intestine. Major
endotoxemia may lead to sepsis defined as a medical condition characterized by a whole-body
inflammatory state (also called Systemic Inflammatory Response Syndrome [SIRS]) (Tsiotou et al.
2005). In critically ill patients, the gastrointestinal tract is believed to play a central role in the
pathogenesis of septic shock (Swank and Deitch 1996; Hassoun et al. 2001). Indeed, increased
gut permeability and bacterial translocation play an active role in multiple organ failure by induc-
ing a vicious cycle of increased intestinal permeability, leading to increased transfer of luminal
compounds to the bloodstream. In this way, the gut may be seen as both an instigator and a victim
of post-injury multiple organ failure (Hassoun et al. 2001). This idea was already proposed in the
pioneering work of Deitch et al. (1987) showing that intraperitoneal injection of endotoxin to mice
is able to promote the translocation of bacteria from the gut. Sepsis considerably alters the intestinal
barrier functions, which in turn modifies the absorption and bioavailability of nutrients (Elwafi
et al. 2012). In septic patients, sodium-dependent glutamine transport is decreased in both jejunum
and ileum when compared to control healthy patients (Salloum et al. 1991). In the rat model, intra-
peritoneal injection of LPS resulted in a decrease of the sodium-dependent jejunal glutamine uptake
and glutaminase activity (Souba et al. 1990; Salloum et al. 1991; Haque et al. 1997). In another
experimental model of sepsis induced by cecal ligation and puncture, the capacity of enterocytes
for glutamine oxidation and the intestinal mucosa glutaminase activity are also decreased (Ardawi
et al. 1990; Ardawi and Majzoub 1991) with a concomitant negative nitrogen balance. However, the
effect of endotoxemia and sepsis on glutamine metabolism in the intestinal mucosa is not specific
for this amino acid, since absorption of other amino acids, including leucine, proline, glutamic acid,
and arginine, is also affected (Salloum et al. 1991; Gardiner and Barbul 1993; Gardiner et al. 1995;
Abad et al. 2001). Indeed, following endotoxemia, almost all circulating amino acids are mark-
edly decreased, suggesting an overall decrease of the intestinal mucosa capacity for amino acid
absorption (Boutry et al. 2012). In addition, endotoxemia affects the morphology of the intestinal
mucosa (Chambon-Savanovitch et al. 1999; Crouser et al. 2000) and decreases the mucosal oxygen
consumption (King et al. 1999). All these results reinforce the view that endotoxemia affects the
intestinal functions and metabolism, including glutamine metabolism (Figure 10.2).
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FIGURE 10.2 Schematic view of the effects of endotoxemia/sepsis on intestinal metabolism and physiology.
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10.3.3 GLUTAMINE AND BACTERIAL TRANSLOCATION

The gut microflora is a complex mixture of autochthonous bacteria that have developed mutualistic
relationship with their hosts. The gut epithelium forms an essential element of the mucosal barrier.
The structural and functional integrity of mucosa confers efficient protection for intestinal and
systemic homeostasis as a vast diversity of microbes and food antigens cover the luminal surface
of the mucosa (Garrett et al. 2010). The disruption of gut barrier function may be involved in the
pathogenesis of numerous gastrointestinal diseases such as IBD, irritable bowel syndrome (IBS),
and infectious enterocolitis (Rao and Samak 2012). When the gut barrier function disrupts, the
bacterial translocation may happen. The term bacterial translocation was first addressed by Berg
and Garlington (1979). Under conditions of impaired intestinal barrier, both viable and nonviable
microbes and microbial products, such as endotoxin, may spread to other tissues and organs through
the epithelial mucosa into the mesenteric lymph nodes (MLNs) and blood vessels of the mesenteric
circulation (Wiest and Rath 2003; Louis et al. 2013). The mechanisms of bacterial translocation
include alteration in the normal gastrointestinal microflora and bacterial overgrowth, physical dis-
ruption of the gut mucosal barrier, and impaired host defense (Wiest and Rath 2003). Using mice
infused with lipopolysaccharide and zymozan as an experimental model, it has been shown that
these animals developed multiple organ dysfunction syndrome due to bacterial translocation from
the intestine (Louis et al. 2013). Thus, the bacterial translocation may disrupt the homeostasis of
gut or even whole body.

Dietary factors such as protein malnutrition may impair the antibacterial host defense and the
gut—-microbiota balance, while enteral or parenteral administration of glucose and amino acid solu-
tion is associated with modification of bacterial translocation (Deitch et al. 1987). Glutamine serves
as a fuel source for cells such as intestine epithelial cells and plays a vital role in the maintenance
of mucosal integrity (Brewster et al. 1998). The protective effects of glutamine against intestinal
damage and bacterial translocation have been widely demonstrated. Earlier research conducted in
rats with cerulein-induced acute pancreatitis showed that glutamine substitution may contribute
to the reduction of bacterial translocation by improving gut barrier function (Foitzik et al. 1999).
Glutamine availability plays a key role in the enterocytes for the modulation of bacterial transloca-
tion. Glutamine administration inhibits the tumor necrosis factor o-induced Escherichia coli trans-
location in Caco-2 epithelial cells, while under glutamine depletion the cytokine-induced bacterial
translocation may be enhanced (Clark et al. 2003). Deprivation of dietary glutamine in infant rats
by inhibiting glutamine synthase resulted in the increase of bacterial translocation (Potsic et al.
2002). In jaundiced rats, oral glutamine administration (20 mg/100 g body weight) has been shown
to reduce bacterial translocation in blood and hepatocellular damage, to protect ileal epithelium and
to reduce villus atrophy, suggesting an effective protection of glutamine in preventing or reducing
bacterial translocation and oxidative damage (Karatepe et al. 2010). Glutamine treatment decreases
the bacterial translocation by inhibiting the spread of Escherichia coli to organs such as liver, lung,
and spleen in rats with intestinal obstruction (de Oliveira et al. 2006). Glutamine administration in
LPS-challenged rats improves the intestinal microcirculation by increasing the functional capillary
density of the intestine and decreasing the submucosal leukocyte activation, paralleled with the
improvement of endotoxemia symptoms (Lehmann et al. 2012). Thus, glutamine may serve as an
efficient protectant against bacterial translocation.

Although the mechanisms of glutamine against bacterial translocation remain unknown, the
protective role of glutamine on intestine may possibly explain the phenomenon. Glutamine intake
(0.5 g/kg ideal body weight) can significantly improve the intestinal permeability and the mucosal
architecture in Crohn’s disease patients (Benjamin et al. 2012), although in this study, the lack of
a control group made the interpretation of the results difficult. Restoration of intestinal perme-
ability and tight junctions has been reported after glutamine supplementation in different models
both in vitro (Seth et al. 2004; Rao 2009; Beutheu et al. 2013) and in vivo (Beutheu et al. 2014).
Pretreatment of Caco-2 cells with L-glutamine attenuated acetaldehyde-induced permeability to
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LPS, which was associated with the prevention of acetaldehyde-induced redistribution of tight junc-
tion proteins, such as occludin, ZO-1 (Rao 2009). Conversion of glutamine into glutamate has been
shown to be necessary in some studies (Vermeulen et al. 2011; Beutheu et al. 2013) while Seth et al.
reported that inhibitor of glutaminase did not blunt glutamine effects (Seth et al. 2004).

It appears that the protective effect of L-glutamine is likely to be mediated by the transactivation
of EGF receptor leading to activation of PKC and MAPK, which could induce the expression of
tight junction proteins (Basuroy et al. 2005; Rao and Samak 2012). Other signaling pathways have
also been proposed (Beutheu et al. 2014).

In summary, glutamine could mediate multiple protections against bacterial translocation and
intestinal integrity. Although the molecular mechanisms of glutamine function are gradually uncov-
ered, the clinical application of glutamine supplementation remains elusive and needs further future
research since most studies performed have been experimental.

10.4 CONCLUSION AND PERSPECTIVES

Glutamine is highly metabolized in the small- and large-intestinal mucosa. In enterocytes and colo-
nocytes, glutamine is converted into glutamate and ammonia, glutamate being a fuel substrate and
a precursor of various compounds, including glutathione. Glutamine is also a precursor of several
amino acids, including aspartate, alanine, proline, ornithine, and citrulline, which are released in
the portal blood.

In animal models, glutamine is involved in numerous intestinal functions, including the mainte-
nance of the gut barrier function through a regulating effect of this amino acid on the proliferation/
apoptosis balance of intestinal epithelial cells through specific signaling pathways.

A significant part of glutamine released from alimentary and endogenous protein in the digestion
process is used by the intestinal microbiota in various metabolic pathways, including deamination,
transamination, decarboxylation, and protein synthesis. In addition, luminal glutamine interferes
with the metabolism of several other amino acids by the intestinal bacteria.

Although studies with animal models of intestinal inflammation, mucosal healing, and endo-
toxemia suggest that glutamine supplementation is beneficial for the recovery of intestinal mucosal
integrity and protection against bacterial translocation, the efficiency of such supplementation in
clinical application remains presently elusive. Additional human studies are then required, in which
glutamine, used individually and in combination with other deficient compounds from dietary ori-
gin, would be tested in supplements.
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11.1  INTRODUCTION

Glutamine (Gln) is the most abundant o-amino acid in human plasma and muscle tissue. It is also
the primary metabolic fuel for the small intestine. GIn has been traditionally viewed as nonessen-
tial, inasmuch as the glutamate contained in the diet or intravenous blood can be converted in the
liver and skeletal muscle to Gln. Gln is currently available for oral and parenteral use. In humans,
it is used by bodybuilders to inhibit muscle breakdown and has been studied in infants with short
bowel syndrome (SBS) and other types of diarrhea. Seminal work of Windmueller and Spaeth in
the 1970s (Windmueller and Spaeth 1978, 1980) provided the observations leading to an explosion
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of Gln research in the 1980s and 1990s. This work showed that GIn was a major metabolic fuel of
the small intestinal mucosa, significantly surpassing glucose and fatty acids.

In this review, we will discuss studies of our group and others relevant the effects of glutamine
in the intestine. This chapter contains subsections as noted in the Table of Contents. We will discuss
the effect of this important amino acid on Na* and fluid absorption; its impact on intestinal recovery
from injury; and its unique signaling characteristics in the intestinal epithelium. Finally, its poten-
tial uses in human diseases will be outlined.

11.2 HISTORICAL OBSERVATIONS

Gln levels were found to be regulated by complex pathways within the bloodstream, liver, and
intestine by elaborate interorgan metabolism and transport mechanisms. The clinical ramifications
of Gln depletion were therefore difficult to study, because of the action of the enzyme Gln syn-
thase, localized primarily in skeletal muscle, and, to a lesser extent, in liver, which maintains Gln
levels by the conversion of glutamate to Gln (Watford et al. 2002). Similarly, administration of Gln
enterally altered not only serum Gln level, but also the levels of several other amino acids, because
of the action of specific enzymes, including phosphate-dependent glutaminase in the intestine,
liver, kidneys, and immune system. A complex system of enzymes yielded critical levels of amino
acids, including aspartate, proline, arginine, citrulline, ornithine, pyruvate, and other products (e.g.,
branched-chain a-ketoacids) into the portal circulation in a tissue-specific manner (Wu 1998).

By the 1990s, virtually all clinicians and investigators recognized that a certain level of Gln
(> 0.5 mM) not only was desirable, but also was necessary for the health and function of the intes-
tine. Others, mainly intensive care unit physicians, surgeons, gastroenterologists, and oncologists,
wondered whether higher (supraphysiologic) levels could have therapeutic effects to enhance intes-
tinal absorption and barrier function in various disease states. The 1990s witnessed international
fervor in defining the role of Gln—in cancer-associated diarrhea syndromes, SBS, multiorgan sys-
tem failure, oral rehydration solutions (ORSs) for acute diarrheal dehydration, chronic diarrhea, and
inflammatory bowel disease.

11.3 GLUTAMINE STIMULATES INTESTINAL SALT AND WATER ABSORPTION

Our laboratory studied the effects of Gln on intestinal fluid and electrolyte absorption in piglets
and calves for more than 15 years, with the aim being to determine whether Gln would be a use-
ful addition to ORSs for humans with diarrhea (Rhoads et al. 1990; Rhoads 2004). The research
by our group and others has consistently shown that Gln stimulates Na* absorption by electrogenic
or Na*-coupled absorption analogous to but distinct from glucose-Na* cotransport (Rhoads et al.
1991). In addition, GIn was found to stimulate electroneutral NaCl absorption (which is a coupled
exchange at the brush border of Na* for H* and CI~ for HCO;") (Rhoads et al. 1990). Gln stimulates
absorption in the jejunum or ileum of every mammalian species studied, including humans, chick-
ens, pigs, rats, and cows, and is effective in newborn as well as older animals (Rhoads et al. 1990).

11.3.1  STUDIES IN MAMMALIAN SPECIES

We studied Gln in intestinal infectious enteropathies because of its potential as a therapeutic addi-
tion to ORS. Gln stimulated electrolyte absorption in rotavirus diarrhea (Rhoads et al. 1991) and
in the enteritis produced by infection with Cryptosporidium parvum (Argenzio et al. 1994). Gln
was additive to glucose in promoting Na* absorption (Rhoads et al. 1992; Grondahl and Skadhauge
1997). GIn was uniquely (and unexpectedly) capable of stimulating NaCl absorption when admin-
istered to the serosal (mesentery-facing) surface of the intestine (Rhoads et al. 1992). We pos-
tulated that the absorptive response to “blood-side” addition of Gln to the intestine was related
to intracellular metabolism of Gln. Supporting this theory, we found that chemical blockade of
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Gln-metabolizing enzymes such as phosphate-dependent glutaminase (with 6-diazo-5-oxo norleu-
cine) or alanine aminotransferase (with amino (oxy)acetate) blocked the stimulation by Gln of elec-
troneutral NaCl absorption (Rhoads et al. 1992). Our data were most consistent with a model in
which the CO, produced by Gln metabolism yielded carbonic acid, which dissociated into H* and
HCOj;~, subsequently stimulating parallel exchanges in the gut brush border membrane (BBM) of
Na* for H* and CI- for HCO,;~ (Rhoads et al. 1992) (Figure 11.1).

Subsequent research in other laboratories has identified three Na*-dependent Gln transport
mechanisms in the BBM: system B(0)AT1 (the dominant transporter), system A (ASCT?2), and SN2
(Bode 2001; Saha et al. 2012). Recent work by Sundaram’s group has shown that B(o)AT1 and SN2
transporters are differentially affected by intestinal chemotherapy injury in rabbits. In this intestinal
disease, B(0)AT1 (localized to villus cell BBM) decreases while SN2 (localized to crypt cell BBM)
increases (Saha et al. 2012). These findings could be relevant to infectious diarrhea, in which the
epithelium is characterized by a crypt-dominant epithelium (Rhoads et al. 1990).

Other groups garnered similar evidence for the concept that Gln plus glucose could maximally
enhance sodium absorption in the gut. Dechelotte et al. (1989) first showed that Gln and glucose
have additive effects on Na* absorption in rabbit ileum, and (as mentioned) we found that this
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FIGURE 11.1 The figure summarizes the effects of Gln at the intestinal epithelial level. Gln enters the apical
brush border membrane coupled to Na* across the B(0)AT1 or ASCT?2 transporter. Its metabolism is linked to
H* generation, which stimulates apical Na*/H* exchange, across NHE2 or NHE3. Both processes contribute
to transepithelial sodium absorption. Concomitantly, there is an enhancement of tight junction stability, lead-
ing to improved barrier function. Gln metabolism is also linked to mitogen-activated protein kinase (ERK)
activation, leading to mitogenesis, and coupled with breast-milk components, Gln leads to more rapid villous
repair. The middle cells shows pathways linked to Gln-enhanced cytoprotection. These include a block in the
TNF-alpha receptor-mediated activation of caspases 2 and 3 via cytochrome ¢, which leaks out following the
mitochondrial permeability transition. Additionally, Gln stimulates intestinal levels of heat shock proteins
25, 32, 70, and 72. The functions, along with ERK activation and PI-3 kinase activation also inhibit apopto-
sis during intestinal stress. Finally, Gln-mediated barrier stabilization is associated with increased levels of
tight-junction-associated claudin-1, zonula-occludens-1, and occludin, all dependent on the activation of the
epidermal growth factor receptor by Gln. Citrulline derived from Gln may also contribute to this effect, based
on in vitro studies of epithelial cell membrane hypoxic damage.
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additivity persists even in intestines infected with cryptosporidium and rotavirus (Rhoads et al.
1991; Argenzio et al. 1994). Desjeux et al. (1994) showed that GIln augments glucose in enhancing
Na* absorption in a rabbit model of enteroadherent Escherichia coli diarrhea. Finally, Islam et al.
in Bangladesh (Islam et al. 1997) and Silva et al. in Charlottesville, VA, USA (Silva et al. 1998)
showed that Gln stimulates more Na* absorption than glucose in normal and cholera toxin-exposed
rabbit intestine.

11.3.2 HuMmaN Stubpies oF GIN IN ORAL REHYDRATION

In human volunteers, Van Loon et al. showed that GIn and glucose had comparable proabsorptive
effects on intestinal Na* and water absorption (van Loon et al. 1996). Although separate absorption
mechanisms were postulated, a clinical trial in Brazil comparing Gln-supplemented ORS with stan-
dard ORS in infants with diarrhea showed no difference in efficacy of the two preparations (Ribeiro
et al. 1994). One criticism of this otherwise well-designed study was that the ORS supplemented
with Gln was hypertonic, which could have drawn water into the intestinal lumen. Additionally, the
study subjects were only mildly dehydrated (weight ~2% below rehydrated weight) at admission,
and therefore a significant clinical effect may have been hard to measure because of “signal-to-
noise” problems. If a trophic effect of Gln following villus injury secondary to the infection were to
be present, recovery from diarrhea could occur by this additional mechanism. However, this study
did not show whether Gln concentrations were increased in the plasma of the Gln-treated subjects.
Future clinical trials may need to target subjects with moderate or severe dehydration using iso- or
hypotonic rehydration solutions and to determine if the supplemental dose of Gln is sufficient to
raise its concentration in the circulation. A review discussing the potential for Gln to be added to
oral treatment solutions for infants with diarrhea was published by Guerrant’s group (Carneiro-
Filho et al. 2003).

11.4 GLUTAMINE STIMULATES INTESTINAL RECOVERY FOLLOWING INJURY

Following injury from infection, radiation, chemotherapy, starvation, endotoxin, and other pro-
cesses, a critical step in recovery is crypt cell proliferation to regenerate the villi. Work spear-
headed by the late pioneer of “glutaminology,” Douglas Wilmore, was the first to document
trophic effects of Gln at the mucosal level, including mitogenesis in the crypt (Wilmore et al. 1988;
O’Dwyer et al. 1989). Ko et al. (1993) showed that a level of ~1 mM was required for enterocytes
to proliferate in response to epidermal growth factor (EGF). Any nutrient of such vital importance
might theoretically have the capacity to affect cellular metabolism, but Gln was the first amino
acid to be found to not only improve oxidative metabolism but also to target specific mitogenic
protein kinases, which phosphorylated their downstream targets (signaling which occurred within
minutes) (Rhoads et al. 2000). Thus, Wilmore suggested that Gln might function as a “primitive
hormone” for the gut.

During the past 20 years, more than 2000 scientific articles focusing on Gln have been pub-
lished. However, the clinical research on Gln has not consistently shown beneficial effects. The
most convincing studies showing Gln efficacy have been in severe stress models. These include
multiorgan system failure, endotoxemia, skin burns, and cancer. Findings in rodent and pig models
have been relatively consistent. Some examples of animal studies relevant to human disease from
recent research will be summarized.

11.4.1 Couis

In a model of colitis in rats induced by dextran sodium sulfate (DSS), Wischmeyer’s group showed
that oral gavage feeding of Gln reduced diarrhea and blood in the stool, and induced protective
levels of heat shock protein (HSP)25 and HSP70 in the colon (Xue et al. 2011). Studies in humans
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with Crohn’s disease have not shown benefit of Gln with respect to induction of remission (Akobeng
et al. 2000) or gut permeability (Den et al. 1999; Benjamin et al. 2012). However, in adults with
ulcerative colitis, a Chinese trial of a Gln enterosoluble capsule added to a retention enema with
glucocorticoid and metronidazole was superior to the steroid-metronidazole enema without Gln in
producing remission of symptoms (Tan et al. 2008).

11.4.2 Enpotoxic GuTt INJURY

Li et al. showed that in a “pup-in-a-cup” model of newborn intestinal inflammation, in which
lipopolysaccharide (LPS) was fed orally, Gln-feeding reduced cytokine-induced neutrophil che-
moatrractant (CINC) levels and oxidative injury (Li et al. 2004). Wischmeyer’s group showed that
endotoxic injury in septic rats was prevented by Gln feeding, and HSP25 and HSP70 were induced
by Gln in the gut and lung (Wischmeyer 2002). In another sepsis model produced by cecal ligation
and puncture, single-dose intravenous Gln improved survival and oxygenation, and reduced lung
mechanical injury (Oliveira et al. 2009). In the intestine, enterocyte apoptosis and villus tip necrosis
were largely prevented.

11.4.3 Hypoxic INJURY

We aimed to determine the best way to promote villus regrowth after hypoxic injury, using a model
of ischemia/reperfusion (I/R) injury in pigs with Thiry-Vella loops. In these loops, the villi were
destroyed consistently by transient mesenteric arterial ligation; the technique allowed 100% animal
survival despite severe gut injury. Gln and growth factors could then be instilled in the lumen. The
procedure allowed several treatments to be compared simultaneously. We found that regrowth of
villi was rapid and was not stimulated individually by Gln or transforming growth factor-alpha
(TGF-0., a trophic component of breast milk), but was optimally stimulated by both together
(Blikslager et al. 1999). An early event during the recovery process in response to Gln and TGF-o
was recovery of two triglyceride-synthesizing enzymes in the mucosa mono- and diacylglycerol
acyltransferases (Ahdieh et al. 1998).

Others have found beneficial effects of Gln given individually in oxidant injury models. For
example, after ischemia reperfusion injury, a single dose of intravenous Gln reduced histological
injury while reducing plasma levels of tumor necrosis factor (TNF)-a., inhibiting nitrotyrosylation
of gut tissues, blocking gut nuclear factor-kappa B (NF-kB) activation, and reducing intestinal cell
apoptosis, as measured by terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
assay and Bax/Bcl-2 levels (Mondello et al. 2010). In a rat model of high-altitude hypoxia, bacterial
and endotoxin translocation as well as intestinal villus exfoliation were largely prevented by Gln
administration (Zhou et al. 2011).

11.4.4 WEANLING DIARRHEA

One condition leading to perinatal mortality in the swine and beef industries is “weanling scours,”
a diarrheal condition associated with bacterial and viral infection (Lecce et al. 1982). Feeding 0.5%
Gln during the weaning period reduced the incidence of diarrhea, and at the gut level, normalized
villus and crypt height in the gut while reducing apoptosis (Jagust and Budinger 1992).

11.4.5 INTESTINAL INJURY ASSOCIATED WITH CANCER AND IMMUNOSUPPRESSANT THERAPY

In clinical practice, some of the most severe cases of diarrhea occur in patients receiving treatment
for cancer. Very strong evidence has been presented for Gln in the preservation and recovery of
intestinal structure following radiation injury. Both the villi and crypts are longer with oral Gln
(Klimberg et al. 1990; Nambu et al. 1992; Campos et al. 1996), and the effect may be mediated by
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induction of heme oxygenase-1 (HO-1) (Giris et al. 2006). In a model of radiation-induced intesti-
nal damage, inhibition of HO-1 with zinc protoporphyrin (Giris et al. 2006) or tin mesoporphyrin
(Uehara et al. 2005) blocked the protective effect of Gln.

In one of the many studies looking at drug-induced gut injury, Gln reduced injury produced by
the immunosuppressant methotrexate, while reducing membrane lipid peroxidation (Gulgun et al.
2010). Arginyl-glutamine dipeptide had similar protective effects (Li et al. 2012).

One intestinal-toxic agent is methionine sulfoximine, an inhibitor of glutamine synthase. Neu’s
group was able to produce villous atrophy in artificially fed rat pups via inhibition of Gln synthesis
plus withdrawal from luminal Gln. Their procedures resulted in shorter ileal villi and sloughing
of microvilli with degeneration of the terminal web (Potsic et al. 2002), and the effects could be
reversed with Gln. Note that elevated concentrations of methionine sulfoximine may have other
toxic effects than to act as an inhibitor of glutamine synthetase. Results from the rat and pig small
intestines indicate the near absence of this enzyme from their mucosae.

11.4.6 OTHER MODELS

Other animal models of injury ameliorated or prevented by Gln include traumatic brain injury-
associated intestinal damage (Feng et al. 2007), indomethacin injury (Basivireddy et al. 2004), and
surgical manipulation injury (Prabhu et al. 2003).

11.5 MECHANISTIC CONSIDERATIONS REGARDING
GLN IN MUCOSAL RECOVERY

Before discussing human trials of Gln in systemically ill patients, it is important to consider that Gln
may protect the epithelium from injury as well as facilitate mucosal regeneration following damage.

11.5.1 GIN Is A SIGNAL TO ENHANCE EPITHELIAL INTEGRITY AND CELL
SURVIVAL IN THE INTESTINE AND OTHER CRITICAL ORGANS

One way that Gln benefits the intestine is by stimulating its crypt-residing stem cells to proliferate,
predominantly via mitogen-activated protein kinases (MAPKSs) or extracellular signal-regulated
kinases (ERKs). Gln also enhances cell survival in the intestine via HSPs and by inhibiting entero-
cyte apoptosis. A paradigm that we proposed was that the intestinal cell is like a Ferrari, with
the fuel (Gln) when at high levels “pumping” a rapid start, and subsequently burning smoothly
during the cruise. If the car were to run out of fuel, the car would drift into neutral and then
become idle. Using this paradigm, acceleration would be analogous to Gln activating mitosis via the
MAPKSs (ERK-1 and ERK-2) (Rhoads et al. 1997), coasting analogous to maintaining physiological
serum Gln levels for gut homeostasis (including crypt cell proliferation and migration up toward
the villus tip), and braking analogous to causing a reduction in ambient Gln (Rhoads et al. 2000),
which activates stress pathways, including Jun nuclear kinases (JNKs) (Beutheu et al. 2013), HSPs
(Wischmeyer et al. 2001), leading to a “stop’ intestinal cellular apoptosis (Larson et al. 2007).

11.5.1.1 Activation of Protective HSPs

Gln-mediated activation of the HSP pathway is responsible for cellular protection which has been
tested in fibroblasts (Morrison et al. 2006) and intestinal epithelial cells (Wischmeyer et al. 1997).
In-depth investigation of the mechanism by which Gln induces HSPs in intestinal cell lines has
shown that luminal physiological Gln doses (1-5 mM), when applied to Gln-starved cells, increased
their resistance to oxidant-mediated cell death, while nonmetabolizable analogue D-Gln was inef-
fective (Wischmeyer et al. 1997). To confirm Gln cytoprotection in vivo, rats were injected with
Gln intravenously, resulting in supraphysiological serum levels (3—5 mM) transiently. Moreover, the
Gln “blast” activated HSP25 (another smaller molecular weight HSP) in multiple organs, including
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the lung, heart, liver, and colon (Wischmeyer et al. 2001). This induction provided protection of the
rats from a subsequent systemic challenge with bacterial endotoxin that was lethal in control rats
(Wischmeyer et al. 2001). Gln treatment of intestinal and other epithelial cells also induces HSP70
(Wischmeyer et al. 1997) and 72 (Ropeleski et al. 2005) levels.

Another member of the HSP family is HO-1, a 32-kDa HSP. In several disease models, Gln
protection requires HO-1 induction. For example, as mentioned, inhibition of HO-1 with zinc pro-
toporphyrin blocked the protective effect of Gln in a model of radiation-induced intestinal dam-
age (Giris et al. 2006). Similar findings were observed in rats injected with endotoxin. Uehara
et al. showed that Gln treatment markedly induced HO-1 messenger RNA and protein in colonic
epithelial cells as well as in the lamina propria cells in the ileum and the colon. If given before
LPS administration, Gln significantly ameliorated LPS-induced mucosal injury, inflammation,
and apoptotic cell death in the ileum and the colon, while reducing mortality (Uehara et al. 2005).
Support for Gln induction of HSP is now strong; and even in critically ill humans, intravenous Gln
increases circulating HSP70 expression (Ziegler et al. 2005).

11.5.1.2 Antiapoptotic Effects

Gln starvation induces apoptosis in enterocytes (Papaconstantinou et al. 1998). Evans et al. showed
that tumor necrosis factor-alpha-related apoptosis-inducing ligand (TRAIL)-induced apoptosis was
completely prevented by Gln, but was not inhibited by other amino acids, including the glutathione
(GSH) constituents, glutamate, cysteine, and glycine. Cellular GSH was oxidized during TRAIL-
induced apoptosis, an effect which was completely blocked by Gln. However, inhibition of GSH
synthesis did not alter antiapoptotic effects of Gln. Thus, the concept was proposed that Gln specifi-
cally protects intestinal epithelial cells against cytokine-induced apoptosis, and that this occurs by
a mechanism that is distinct from the protection against oxidative stress mediated by cellular GSH
(Evans et al. 2003).

11.5.1.3 ERK and PI3K Pathway

Extracellular-signal-related kinase (ERK) and phosphatidylinositol-3 kinase (PI3K) signaling path-
ways play critical roles in regulating the effects of Gln on intestinal cell growth and survival (Larson
et al. 2007). Recent studies on apoptosis and its relationship to the ERK pathway indicated that
apoptosis was significantly increased following an ERK inhibition. Addition of Gln activated ERK
and prevented cell apoptosis. The studies suggested a critical role for the ERK-signaling pathways
in Gln-mediated cytoprotection. Furthermore, the activation of PI3K/Akt, the important pathways
in cell growth and survival, was also assessed. The results showed that Gln starvation increased
phosphorylated Akt levels; inhibition of Akt enhanced intestinal cell DNA fragmentation. Thus, the
activation of PI3K/Akt during periods of Gln deprivation likely occurs as a protective mechanism
to limit apoptosis associated with cellular stress (Larson et al. 2007).

11.5.2 BARrIER FUNCTION: GIN Is NECESSARY FOR TIGHT JUNCTION STABILIZATION

Tight junctions containing proteins such as occludin, zonula occludens-1 (ZO-1), and claudins anchor
the intestinal epithelial cells together, much in the way that the plastic rings hold together a six pack
of soda. Studies of intestinal cell monolayers have provided a mechanistic explanation for how Gln
levels may impact the ability of the intestinal barrier to withstand injury. Li et al. showed that Gln
deprivation caused dissolution of membrane-bound components of the tight junction claudin-1 and
Z0-1 in Caco-2 cell monolayers (Li et al. 2004). Additionally, electron microscopic evaluation of
Gln-deprived tissues showed a reduction in electron-dense material at the zonula occludens, rescued
by 0.6 mM Gln. Simultaneous work from Seth et al. showed that enterocyte monolayer damage pro-
duced by acetaldehyde produced a dissolving effect on tight junction ZO-1, E-cadherin, and beta-
catenin, which was completely rescued by 2 mM Gln. Interestingly, the tight junction-stabilizing
effect was not inhibited by inhibiting Gln metabolism (Seth et al. 2004). In the setting of barrier
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disruption with intestinal monolayer exposure to acetaldehyde, Gln induced a rapid increase in the
tyrosine phosphorylation of EGF receptor, and the protective effect of diglutamine (GInGln) was
prevented by AG1478, an EGF-receptor tyrosine kinase inhibitor. Gln protection of tight junctions
in other models appears to require intact glutaminase function, essential to its oxidation (Beutheu
et al. 2013); however, at least some of the protective effect may be shared with two of its alternative
metabolites, citrulline and arginine (Chapman et al. 2012; Beutheu et al. 2013).

11.6 HUMAN STUDIES OF GLN IN GUT INJURY

There have been a number of relatively small human trials determining if Gln has benefit in certain
diseases. None of these trials have conclusively shown benefit in a human disease, although most
likely issues of statistical power and an ineffective dosage may have masked potential benefits.

11.6.1  IN ViTro StUDIES OF HUMAN BioPSY MATERIALS

The studies have supported a role of Gln in reducing proinflammatory IL-6 and IL-8 production
by intestinal biopsies, while increasing anti-inflammatory IL-10 levels in the intestinal cells and
circulating mononuclear cells (Coeffier et al. 2001, 2003). When extended to in vivo randomized,
controlled trials, Gln appeared to reduce morbidity and gut permeability in patients with multiorgan
system trauma (Houdijk et al. 1998). A number of subsequent studies confirmed beneficial findings
in critically ill patients (Avenell 2006; Coeffier et al. 2008; Sevastiadou et al. 2011). Gln has been
added to total parenteral nutrition (TPN) but is rarely given orally, except in experimental studies.
In practice, Gln is rarely added to parenteral nutrition (PN) solutions, largely because PN with a
small amount of Gln is spontaneously cyclized at room temperature to form pyroglutamic acid
(a neurotoxic substance).

11.6.2 GLN AND NOSOCOMIAL INFECTIONS

Yarandi et al. (2011) in Ziegler’s group in a recent review of PN summarized a large number of
clinical trials. The broad picture is that Gln indeed decreases nosocomial infections in critically
ill patients and in bone marrow transplant patients (Yarandi et al. 2011); however, it has not been
shown that Gln reduces length of hospital stay or mortality. Currently, we use Gln on an ad hoc
basis; for example, in children with chronic diarrhea after bone marrow transplantation (BMT).

11.6.3 GiN IN CANCER

The requirement of Gln in cell growth and survival has led to debate regarding its role in tumor
biology. The high metabolic demands of rapidly growing tumors and the observation that Gln-
supplemented cancer cells may have increased proliferation have led some investigators to target this
pathway as an avenue for pharmacologic therapy in cancer (Eagle et al. 1956). Such efforts have been
unsuccessful to date but continue to be pursued. In contrast to these earlier observations, some stud-
ies appear to show benefit of Gln supplementation in certain types of cancers (Hensley et al. 2013).

The role of Gln in treatment of recipients of BMT has been extensively studied. Individuals
receiving BMT are often susceptible to complications often associated with injury to rapidly divid-
ing cells, including enterocytes and immune cells. Gastrointestinal toxicity resulting in mucositis
and diarrhea can be noted in up to three-fourths of BMT recipients (Woo et al. 1993; van Kraaij
et al. 2000). Infectious complications are also common in these individuals and may be the result of
bacterial, fungal, or viral infections, and this risk of infection may be due to increased translocation
of infectious pathogens from the injured gut into the bloodstream. Protection from Gln could result
from barrier stabilization or from direct immune-stimulating effects on cytokine production and
immune cell proliferation (Soeters and Grecu 2012).
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Because Gln is fuel for the enterocyte and because it is utilized by rapidly growing enterocytes
and immune cells, there is some rationale for its use in cancer treatment following the BMT. In
Gln-fed mice, Gln was noted to reduce intestinal damage, bloody diarrhea, and mortality follow-
ing administration of radiation or methotrexate (Fox et al. 1988; Klimberg et al. 1990). Use of
Gln in humans has produced conflicting results. To date, there are over 25 studies utilizing Gln in
BMT recipients of varying methodological quality and study heterogeneity. A number of reviews of
these studies reveal that benefits of Gln supplementation in these patients are inconclusive. A recent
Cochrane review demonstrated a reduced incidence of positive blood cultures in BMT patients
receiving PN supplemented with Gln but no clear effect on hospital length of stay (Tubman et al.
2008). A subsequent meta-analysis of 17 trials revealed a decreased incidence of mucositis and
opioid use with oral Gln supplementation and a reduced incidence of positive blood cultures in
BMT patients receiving intravenous Gln. This meta-analysis also noted a potential increased risk
of disease tumor relapse noted in two small studies (Crowther et al. 2009). The European Society
for Clinical Nutrition and Metabolism (ESPEN) guidelines concluded that there is potential benefit
for Gln supplementation in doses of 0.6 g/kg/day, based on their review of the available literature
(Bozzetti et al. 2009).

One reason for equivocal clinical results in the face of overwhelming preclinical evidence for
efficacy is that Gln could be beneficial in only certain subgroups of patients, such as those with low
serum Gln levels. Alternatively, the patients are deficient not only in Gln but also in other amino
acids (e.g., arginine). Review of the animal studies shows that often higher than physiological lumi-
nal concentrations (2-3 mM) were often used. Consider the effects of three levels of administration:
“serum physiological” (mimicking normal levels of 600—800 micromolar (UM) in serum); “lumen
physiological levels” (mimicking postprandial levels as measured in the intestine of suckling pigs
by Wu and Knabe (95% confidence interval = 1-4 mM) (Wu and Knabe 1994); or pharmacological
levels (>4 mM). Suboptimal dosing may have affected results in human trials.

11.6.4 GLN IN THE PREVENTION OF NECROTIZING ENTEROCOLITIS

As an example of the importance of considering Gln levels, a well-designed and well-powered, mul-
ticenter, placebo-controlled trial aimed to determine if premature infants would achieve feeding tol-
erance earlier if Gln were administered in TPN. This study, conducted by the multicenter Neonatal
Network, was designed in such a way that the protocol required the removal of 25% of the essential
and nonessential amino acids from the PN, to be replaced with Gln, rather than supplementation of
the standard solution with Gln or alternative amino acids (Poindexter et al. 2004). This is a ques-
tionable experimental design. Consequently, serum Gln levels increased only from a mean value of
291 to 381 uM (Poindexter et al. 2003), which is inadequate. In the adult studies that have shown
beneficial effects of Gln in patients with multiple traumas or in surgical patients, serum Gln levels
have always exceeded 530 uM (Houdijk et al. 1998; Novak et al. 2002; Beale et al. 2008). This level
is well below the level of ~1 mM that has been shown to protect from apoptosis and stabilize tight
junctions in vitro (Ko et al. 2001). Note that levels in human milk are ~600 UM compared with
about 50 UM in formula, with glutamate values about twice this high (Baldeon et al. 2014).

A number of subsequent neonatal studies in more than 2700 premature infants appear to have
the same conclusion of lack of Gln efficacy. The most recent review had a total of five studies that
reported that Gln was “added to parenteral nutrition,” but in at least the above-mentioned study, it
was actually subtracted from total amino acid nutrition; in only five smaller studies was it used as
a supplement, given enterally. Serum Gln levels were not measured in most of the studies and were
low in those in which it was reported (Moe-Byrne et al. 2012). Recently, a Cochrane Database sys-
tematic review analyzed 12 studies of 2877 preterm infants that were investigated in randomized
controlled trials or quasi-randomized trials. Half the studies looked at effects of enteral Gln and
half determined the results of intravenous Gln (Moe-Byrne et al. 2012). Results showed no change
in mortality, incidence of infectious complications, or incidence of NEC. However, in this and
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previous Cochrane reviews, there is no mention of which studies added Gln to standard amino acid
requirements and compared with an isonitrogenous control, and which studies subtracted required
amino acids and replaced with Gln, and even more importantly which determined whether Gln
serum levels were restored to normal (Moe-Byrne et al. 2012). There have been only three tri-
als looking at neurodevelopmental outcomes in Gln-treated premature babies (with inconclusive
results). One study of 65 preterm infants showed that the head circumference and white and gray
matter volumes were increased in children who received Gln (de Kieviet et al. 2014).

11.6.5 GLN IN SHORT BOWEL SYNDROME

Use of Gln supplementation has also been studied in individuals with SBS following massive small
bowel resection. Individuals with SBS may experience a period of intestinal adaptation following
massive bowel resection, a time when need for PN support decreases and enteral tolerance increases
as a result of structural or functional changes in the intestinal mucosa. These individuals are suscep-
tible to systemic infections, often from gut-derived bacteria that may translocate through the bowel
wall through a disrupted intestinal mucosa. Glutamine supplementation in those with SBS may
therefore be helpful, given the trophic effects of Gln. Glutamine’s immunomodulatory effects may
also be helpful in management of SBS, inasmuch as there may be an increased risk for bacterial gut
translocation and subsequent systemic bacterial infection.

In animals, results of studies in which Gln was used to stimulate intestinal adaptation are
conflicting, with some studies revealing improvement in mucosal mass and others revealing no
improvement in intestinal mass with Gln supplementation (Tamada et al. 1992; Vanderhoof et al.
1992). Nevertheless, there may be immunoprotective effects attributable to Gln in animal models of
SBS. In a rat model of SBS, the replacement of 20% of the dietary casein with Gln appeared to result
in increased total serum antibodies, decreased serum antibody to bacterial LPS, and increased stool
intestinal immunoglobulin A (Tian et al. 2009).

Despite these observations, human studies utilizing Gln in conjunction with conventional PN
support have been disappointing. Scolapio et al. (2001) performed a randomized placebo con-
trolled trial in eight adult patients with SBS with 8 weeks of oral Gln supplementation and noted no
improvement in intestinal morphology, gastrointestinal transit, b-xylose absorption, or stool output
with Gln. A recent Cochrane review in neonates with severe gastrointestinal disease found no obvi-
ous benefit with intravenous or enteral Gln supplementation although only two studies were deemed
to be of methodologic quality for inclusion in this analysis (Wagner et al. 2012).

Glutamine has also been used in conjunction with growth hormone (GH) in patients with SBS
(Ziegler et al. 2003). A pilot unblended study by Byrne et al. (1995) in patients with PN-dependent
SBS showed that a 3-week regimen of GH administration, intravenous or oral Gln (30 g/day), and a
high-carbohydrate/low-fat diet significantly improved intestinal sodium, fluid, nitrogen, and energy
absorption and improved lean body mass. In a larger group of chronic SBS patients undergoing
the same protocol of GH+GlIn+diet modification for three weeks followed by maintenance on the
modified diet and Gln supplementation alone, PN requirements were either eliminated or markedly
decreased in a large proportion of the patients at follow-up 1 year later (Byrne et al. 1995). Later,
a prospective, double-blind, randomized, placebo-controlled clinical trial performed in 41 adults
dependent on PN with SBS indicated that only subjects receiving GH+Gln+diet maintained signifi-
cant reductions in PN for at least 3 months (Byrne et al. 1995). However, both a Cochrane review as
well as a statement by the European Society for Clinical Nutrition and Metabolism does not recom-
mend GH with or without Gln use for routine use because there is no clear beneficial effect of this
treatment (Van et al. 2009; Wales et al. 2010).

In summary, based on the available literature, there does not appear to be good evidence for
recommending Gln for routine use in individuals with SBS, particularly in those receiving some
enteral feedings. One possible explanation for the lack of efficacy of Gln in short bowel syndrome
is that its serum levels are higher in these subjects because less Gln is metabolized by the intestine.



Glutamine 159

11.7 CONCLUSIONS

It is an enigma that the major popular use today for Gln appears to be for bodybuilders who consume
Gln powder to enhance muscle mass. However, it should be noted that guidelines published by the
European Society for Clinical Nutrition and Metabolism and the German Association for Nutritional
Medicine recommended that patients in the intensive care unit receive 0.2—-0.4 g/kg/day Gln intrave-
nously daily. In the United States, it has been recommended that “use should be considered if a product
is available” (Yarandi et al. 2011). Clearly, interest in Gln has faded from its high glory in the late twen-
tieth century, but Gln remains of considerable widespread interest in the medical-surgical-intensive
care community and particularly among those interested in optimizing intestinal function—for exam-
ple, those who treat diarrheal diseases and patients receiving chemotherapy and radiation therapy.
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