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Preface

In humans, L-arginine is considered as a conditionally essential amino acid. As with many other ana-
lytes, it may be harmful in some conditions. For example, L-arginine has been shown to impart an
immunomodulatory effect and protects cells against cellular stress. On the other hand, L-arginine
depletion has been shown to reduce experimental depression and some cancers depend on L-arginine
derived from extracellular pools. The science of L-arginine is also interlinked with nitric oxide metab-
olism, itself a specialized area of study. On the whole though L-arginine supplementation has been
shown to be beneficial to a variety of cells and tissues including immune cells, cardiovascular tissues,
liver, muscle, kidney, and bone. However, finding all the relevant and wide ranging information on
L-arginine in a single source has hitherto been problematic as the material is so diverse. This is, how-
ever, addressed in L-Arginine in Clinical Nutrition.
L-Arginine in Clinical Nutrition is divided into seven major Parts

. Basic Processes at the Cellular Level

. L-Arginine Metabolism and Functions

. L-Arginine Status in Cells Related to Organ Damage and Disease

. L-Arginine Status and Use in Healthy Individuals

L-Arginine and Diseases of the Gastrointestinal Tract (Gl tract)

. Therapeutic Uses of L-Arginine: Diabetes, Obesity, and Cardiovascular Diseases

. Therapeutic Uses of L-Arginine: Cancer, Sickle Cell Disease, Wound Healing, and Infectious
Disease

N A WL~

The book addresses the science and understanding of L-arginine and coverage ranges from cells to
whole organs. The role of L-arginine in healthy individuals and those with various clinical conditions
is also described. Contributors are authors of international and national standing, leaders in the field,
and trendsetters. Emerging fields of science and important discoveries are also incorporated in
L-Arginine in Clinical Nutrition.

This book is designed for nutritionists and dietitians, public health scientists, doctors, epidemiolo-
gists, health-care professionals of various disciplines, policymakers, and marketing and economic strat-
egists. It is designed for teachers and lecturers, undergraduates and graduates, researchers and
professors.

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

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

“L-Arginine in Clinical Nutrition”, edited by Vinood Patel, Victor Preedy and Rajkumar Rajendram,
is a very welcome addition to the Nutrition and Health Series and fully exemplifies the Series’ goals.
This volume extends the Series that the editors have developed that includes volumes that review
branched chain amino acids and glutamine. L-Arginine belongs to the family of nonessential amino
acids as it can be synthesized within the human body mainly in the cells of the liver and kidney.
L-Arginine has numerous functions, including its role in removing excess ammonia from the body,
and is required for cell division, wound healing, and immune function. L-Arginine is also a component
of several important larger, more complex molecules such as proteins. L-Arginine is also often con-
sidered a conditionally essential amino acid and has a central role in the synthesis of nitric oxide that
is essential for controlling the flow of blood throughout the body. L-Arginine is of critical importance
in human physiology and metabolism in healthy individuals and is of great importance during the
stresses of injury, inflammation, chronic diseases, and maternal and fetal health. This unique volume
represents the first text to provide an integrated review of the biochemistry, metabolism, and roles of
L-arginine in human health and disease. The volume includes balanced, data-driven discussions of the
beneficial as well as potentially harmful effects of both deficiency and overproduction of nitric oxide.
The explosion of clinical research over the last two decades warrants this 48-chapter tome. The vol-
ume is designed as an important resource for nutritionists and dietitians, research and public health
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scientists, cardiologists, gastroenterologists, and related physicians and health-care professionals who
interact with clients, patients, and/or family members. The volume provides objective, relevant infor-
mation for professors and lecturers, advanced undergraduates and graduates, researchers and clinical
investigators who require extensive, up-to-date literature reviews, instructive tables and figures, and
excellent references on all aspects of L-arginine’s role in human health and disease.

The editors of this volume are experts in their respective fields and represent the medical profes-
sion as well as the academic research community. Dr Rajkumar Rajendram, AKC, BSc (Hons),
MBBS (Dist), MRCP (UK), FRCA, EDIC, FFICM, is an intensive care physician, anesthetist, and
perioperative physician. He was trained in general medicine and intensive care in Oxford, during
which period he attained membership of the Royal College of Physicians (MRCP) in 2004.
Dr Rajendram then trained in anesthesia and intensive care in the Central School of Anesthesia,
London Deanery, and became a Fellow of the Royal College of Anesthetists (FRCA) in 2009. He is
one of the first intensivists to become a Fellow of the Faculty of Intensive Care Medicine (FFICM).
Dr Rajendram recognized that nutritional support was a fundamental aspect of critical care, and as a
visiting lecturer in the Nutritional Sciences Research Division of King’s College London, he has pub-
lished over 100 textbook chapters, review articles, peer-reviewed papers, and abstracts. Dr Vinood
B. Patel, BSc, PhD, FRSC, is currently a Senior Lecturer in Clinical Biochemistry at the University
of Westminster and honorary fellow at King’s College London. He presently directs studies on meta-
bolic pathways involved in liver disease, particularly related to mitochondrial energy regulation and
cell death. Dr Patel graduated from the University of Portsmouth with a degree in Pharmacology and
completed his PhD in protein metabolism from King’s College London. His postdoctoral work was
carried out at Wake Forest University Baptist Medical School. Dr Patel is a nationally and internation-
ally recognized liver researcher and was involved in several NIH-funded biomedical grants related to
alcoholic liver disease. Dr Patel has edited biomedical books in the area of nutrition and health pre-
vention, autism, and biomarkers and has published over 150 articles, and in 2014, he was elected as a
Fellow to The Royal Society of Chemistry. Professor Victor Preedy is a senior member of King's
College London where he is a Professor of Nutritional Biochemistry and Professor of Clinical
Biochemistry at King's College Hospital. He is also Director of the Genomics Centre and a member
of the School of Medicine. He is a member of the Royal College of Pathologists, a Fellow of the
Society of Biology, the Royal College of Pathologists, the Royal Society for the Promotion of Health,
the Royal Institute of Public Health, the Royal Society for Public Health, and in 2012 a Fellow of the
Royal Society of Chemistry.

Part I: Basic Processes at the Cellular Level

The 48 chapters in this comprehensive volume are organized into seven parts: Basic Processes at the
Cellular Level; L-Arginine Metabolism and Functions; L-Arginine Status in Cells Related to Organ
Damage and Disease; L-Arginine Status and Use in Healthy Individuals; L-Arginine and Diseases of
the Gastrointestinal Tract; Therapeutic uses of L-Arginine: Diabetes, Obesity, and Cardiovascular
Diseases; and lastly, Therapeutic Uses of L-Arginine: Cancer, Wound Healing. and Infectious
Disease. The eight introductory chapters in the first part provide readers with the basics of L-arginine
metabolism so that the more clinically related chapters can be easily understood. The chapters
describe investigations into the mechanisms and factors affecting L-arginine transport into cells as
well as its metabolism within these cells and its release from cells and/or degradation. Because
L-arginine is the major source of nitric oxide (NO) and transport into the cells is a critical regulator
of NO production, knowledge of the enzymes and mechanisms involved in the movement of L-argi-
nine into cells is of great value. Several chapters review the recent findings that L-arginine transport
is defective in a number of cardiovascular and metabolic diseases. Defective L-arginine transport has
been linked to a higher risk of both cardiovascular and diabetes-related morbidity and mortality.
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Because of the critical role of L-arginine in cell growth, there are a number of investigations into the
potential of altering L-arginine availability in cancer cells, especially those that have lost the capacity
to synthesize L-arginine. Descriptions of three novel biochemical analogue classes of potential thera-
peutics are reviewed, and each chapter contains excellent figures that help the reader to better under-
stand the strategies undertaken to specifically deprive cancer cells of L-arginine while preserving the
viability of healthy cells. The introductory chapters also provide reviews of the genetic factors and
cellular metabolic processes that link L-arginine status in erythrocytes, lymphocytes, and other
immune cells and pancreatic cells with the development of diseases discussed in the therapeutic
sections of this volume.

Part II: L-Arginine Metabolism and Functions

Part II contains six chapters that continue the examination of the cellular functions of L-arginine and
the factors that affect its metabolism. The first chapter reminds us that in preterm infants, proline, a
nonessential amino acid that can cycle back to form L-arginine, and then be cycled to form proline,
serves as a limiting precursor of L-arginine. In preterm and term infants, L-arginine is not considered
nonessential as it is critical for growth. Adequate levels of proline must be provided to the preterm
neonate as rapidly as possible following birth to help avoid L-arginine deficiency and consequent seri-
ous oxidative damage. The importance of L-arginine in the release of growth hormone is reviewed in
a second chapter that informs us of the use of an L-arginine challenge to determine if there is a growth
hormone deficiency in young children who are small for their age. The section also contains chapters
that include in-depth discussions of the two major enzymes that utilize L-arginine as their substrate:
nitric oxide synthase and arginase. There are also two chapters that review the importance of L-argi-
nine in macrophages. Macrophages contain specific L-arginine transport systems, and the NO formed
from L-arginine metabolism is important in killing of pathogens and signaling of other immune cells.

Part III: L-Arginine Status in Cells Related to Organ Damage and Disease

The intensity of research into the effects of L-arginine in different cell types from healthy and diseased
tissues and overall effects on the related human organs has resulted in important data reviewed in the
six chapters of the fourth part of this insightful volume. As mentioned earlier, L-arginine has been
linked to many different functions within the body. Three chapters in this section describe the effects
of L-arginine binding to genetic components, DNA, RNA binding proteins, and histones. In each case,
L-arginine affects the functioning of these critical molecules and can alter the recognition of these
molecules by the immune system, resulting in increased risk of certain autoimmune diseases. Some
of the L-arginine-bound DNA molecules are photosensitive and can also increase the risk of adverse
immune-mediated reactions. Two chapters examine L-arginine’s role at the cellular level in the pre-
vention of cardiovascular disease and stroke. The methylated analogue of L-arginine can compete
with L-arginine for the enzyme forming NO and increase the risk of vascular constriction. Altering the
balance between these two molecules is the focus of new research strategies. New, preliminary
research findings concerning an endogenous amino acid —homoarginine—and its effects on the syn-
thesis of creatine are also reviewed and link this amino acid’s competition with L-arginine to increased
risk of cardiovascular diseases. Both L-arginine uptake and the catabolic end products are examined
as potential effectors of carcinogenesis in colon and breast cancer cells. These cancer cells have
enhanced uptake of L-arginine and thereby reduce circulating levels. Potential therapeutic strategies
involve the targeting of molecules used to synthesize and/or degrade L-arginine to starve tumor cells
of L-arginine.
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Part IV: L-Arginine Status and Use in Healthy Individuals

This comprehensive volume contains four parts that focus on the clinical aspects of L-arginine
research. Two chapters in this section involve females and the requirements for L-arginine during
pregnancy. The two other chapters in this part involve the role of L-arginine in muscle and exercise
examined in males. L-Arginine is considered an essential amino acid during human pregnancy, and the
lack of sufficient L-arginine is associated with significantly increased risks of low birth weight neo-
nates as well as intrauterine growth retardation. There is also evidence for an increased risk of pre-
eclampsia. Calculations of the increased requirement throughout singleton pregnancies in adult and
adolescent pregnancies are provided as are data from women of different ethnic groups. All of the
functions of L-arginine are essential to the normal development of the fetus as well as the maternal
uterine and fetal placental tissues. The importance of L-arginine and its metabolites in the develop-
ment of the blood vessels, cells, and other blood components, collagen for bones, and virtually all of
the tissues in the developing fetus are reviewed in detail. The requirement for adequate L-arginine
begins even before embryo implantation as L-arginine is normally secreted into the uterus during the
normal menstrual cycle. L-Arginine’s metabolite, NO, is involved in the embryo’s implantation and
development. The functions of L-arginine throughout gestation are described in detail. The major
functions of L-arginine that are so vital for the normal development of the fetus are the same functions
that make L-arginine a prime amino acid of interest to athletes and serious strength-training exercisers.
Two chapters examine the data linking L-arginine status with skeletal muscle growth and energy pro-
duction as well as removal of ammonia from the exercised body. The chapters provide objective
evaluations of the studies that look at L-arginine, citrulline, and/or ornithine supplementation on exer-
cise performance and improvements in strength.

Part V: L-Arginine and Diseases of the Gastrointestinal Tract (GI Tract)

The six chapters in Part V describe the numerous roles of L-arginine in the GI tract including the
molecular interactions, cellular, tissue, and organ responses, and the important animal models used to
examine these functions. Chapters review the importance of L-arginine status when the GI tract is
exposed to pathogens, increased gastric acidity, inflammation from genetically linked autoimmune
disease as well as preterm intestinal failure, imbalances in the microbiome, and ischemia—reperfusion
injury. This section contains over 40 figures and tables that enhance the reader’s understanding of the
importance of L-arginine balance especially in the face of pathogens that can utilize L-arginine to fur-
ther infect the host. L-Arginine also serves as a buffer in esophagus and stomach as well as a source of
repair molecules. There is a chapter that reviews the effects of L-arginine transport defects in chronic
inflammation. Further evidence is also provided concerning the provision of L-arginine in the preterm
infants where L-arginine is an essential nutrient especially for the rapidly growing intestine. Lastly,
L-arginine status can affect the balance between beneficial and harmful bacteria in the colon and reduce
the adverse effects of reperfusion in the intestine that is seen following ischemia—reperfusion injury.

Part VI: Therapeutic Uses of L-Arginine: Diabetes, Obesity,
and Cardiovascular Diseases

The nine chapters contained in Part VI have a common theme of examining the mechanisms of action
previously described for L-arginine in the context of patients with aberrant cardiovascular functions.
The first five chapters examine the importance of L-arginine in glucose control and insulin sensitivity
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and we are reminded that L-arginine is critical for beta cell function. L-Arginine functions in both Type
I and Type 2 diabetics, and laboratory animal models and cell culture studies of these diseases are
described. Survey studies and clinical intervention trials are presented in helpful tables, and numerous
figures are also included. Novel chapters explore the potential for specific foods, such as cod and
related fish, and food engineering of apples to enhance L-arginine intakes. Studies with these products
in patients with diabetes are reviewed. The specific effects of L-arginine in adipose tissue and the
potential for L-arginine supplementation to be of benefit in weight loss are also reviewed. The chapter
authors caution that dosage and duration of use as well as patient characteristics, including sex, age,
and concomitant diseases, all impact the potential benefits seen with L-arginine and may in part
account for the lack of consistent findings between studies. The next three chapters in this Part look
at the important mechanisms of action of L-arginine related to cardiovascular disease. There is a
unique chapter in this comprehensive volume that examines the potential for L-arginine to lessen the
heart muscle damage associated with inherited defects in mitochondrial DNA. The use of the ratio of
L-arginine to ornithine plus citrulline, which is also called the Global L-Arginine Bioavailability Ratio,
has been used as an index of potential cardiovascular injury in patients with sickle cell anemia and
both cardiovascular and coronary artery disease especially in light of the importance of NO in vascu-
lar functioning. However, this ratio may not be of value in hypertensive patients and another marker
of L-arginine status, urinary orotic acid, is proposed. At present, there is a dearth of clinical research
into the potential effects of L-arginine supplementation in hypertension. The last chapter in this Part
reviews the significant adverse vascular effects of sickle cell disease and the potential for L-arginine
to reduce the risks of intravascular embolisms and serious pain that may be caused by microvascular
blockages. Sickle cell patients are often L-arginine deficient that is worsened during vascular stress. A
partial explanation for the L-arginine deficiency especially during episodes is that hemoglobin released
from sickled red blood cells destroys NO and may therefore reduce precursor (L-arginine) levels.
L-Arginine supplementation has been provided to adults with sickle cell disease with some benefits.

Part VII: Therapeutic Uses of L-Arginine: Cancer, Sickle Cell Disease,
Wound Healing, and Infectious Disease

The final Part of the volume includes nine chapters that describe the current state of the data on the
potential for L-arginine to impact several major clinical outcomes. The final chapter provides readers
with a comprehensive list of resources including relevant journals and volumes related to L-arginine.
Five chapters look at the potential of modulating L-arginine concentrations in the patient or directly in
tumor cells as a mechanism for controlling tumor growth as several types of tumor cells cannot syn-
thesize L-arginine. Because these tumor cells require exogenous sources of L-arginine, the timing of
administration and dose can have widely different effects. In head and neck cancer patients who have
undergone surgery to remove tumors, circulating L-arginine levels are often quite low. These cancers
may limit the ability to eat and the surgeries also can interfere with swallowing. L-Arginine supplemen-
tation has enhanced wound healing and immune responses in these patients, and both presurgery and
postsurgery supplementation have been beneficial. Exploratory research studies that target the depriva-
tion of L-arginine to tumors that are unable to synthesize L-arginine are being developed and include
the use of albumin to carry L-arginine, the formation of polyarginines, and/or polyethylene glycol
modifications that mask the presence of an enzyme for L-arginine metabolism (a foreign molecule)
from the host’s immune system. There is also new research on animal models of radiation damage to
see if L-arginine or another amino acid, glycine, can protect adjacent normal host tissues from irradia-
tion damage. A number of these modalities are in early stage clinical trials. Of importance are the stud-
ies of the responses of cancer cells when exposed to L-arginine depletion. In vitro studies document the
induction of different pathways in these tumor cells that overcome the L-arginine deficiency.
Combination therapies are being developed to respond to this resistance to L-arginine deprivation.
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The next three chapters in this comprehensive volume examine the role of L-arginine and its effects
on the host’s immune system when it is challenged during wounding and bacterial infections. The
complex cascade of events involved in wound healing are explained in detail, and L-arginine’s func-
tion in the formation of proline, a component of collagen, and L-arginine’s direct effects on T cells are
reviewed. NO is a critical factor in the early stages of wound healing. NO is also a critical factor in the
activation of a number of immune cells and is an important molecule used in the killing of bacterial
pathogens. When pathogenic bacteria escape the gastrointestinal tract via bacterial translocation,
there is an increased risk of sepsis. L-Arginine has been shown to enhance intestinal epithelial integ-
rity and reduce bacterial translocation in animal models. Clinical studies are difficult once sepsis has
been initiated and pretreatment of patients at risk is under study. The chapter on tuberculosis describes
the complex life cycle of this bacteria and the importance of L-arginine sufficiency to help in the eradi-
cation of this disease. Tuberculosis is linked to malnourishment and L-arginine deficiency as well as
reduced immune responses to the bacterial infection. Theoretically, L-arginine’s numerous functions
in the immune system should point to benefits with supplementation; however, clinical intervention
trials have not shown these benefits consistently. Further research is needed as tuberculosis continues
to be an important infection with no vaccination available. The final chapter contains helpful lists of
websites for regulatory bodies and relevant professional organizations around the world; important
journals and book volumes that will be helpful for the reader are also tabulated.

The above description of the volume’s 48 chapters attests to the depth of information provided by
the 145 well-recognized and respected editors and chapter authors. Each chapter includes complete
definitions of terms with the abbreviations fully defined for the reader and consistent use of terms
between chapters. Key features of the comprehensive volume include over 280 detailed tables and
informative figures, an extensive, detailed index, and more than 2500 up-to-date references that pro-
vide the reader with excellent sources of worthwhile information. Moreover, the final chapter contains
a comprehensive list of web-based resources that will be of great value to the health provider as well
as graduate and medical students.

In conclusion, “L-Arginine in Clinical Nutrition”, edited by Vinood Patel, Victor Preedy and
Rajkumar Rajendram, provides health professionals in many areas of research and practice with the
most up-to-date, well-referenced volume on the importance of L-arginine in maintaining the overall
health of the individual especially in certain disease conditions. The volume will serve the reader as
the benchmark in this complex area of interrelationships between dietary protein and individual amino
acid intakes, the unique role of L-arginine in the synthesis of NO, polyamines, and proline for collagen
formation, insulin and glucose modulation, and the functioning of major organ systems that are
involved in the maintenance of the body’s metabolic integrity. Moreover, the physiological, genetic,
and pathological interactions between plasma levels of L-arginine and the functioning of the endothe-
lium in the gastrointestinal tract, vascular system, and immune cells are clearly delineated so that
students as well as practitioners can better understand the complexities of these interactions. Unique
chapters examine the effects of genetic mutations at a number of points in the metabolism of L-argi-
nine and the consequences during fetal development and birth, infancy, and through the aging pro-
cess. The editors are applauded for their efforts to develop the most authoritative and unique resource
on the amino acid, L-arginine, and its role in health and disease, and this excellent text is a very wel-
come addition to the Nutrition and Health Series.

Adrianne Bendich, Ph.D., FA.C.N., FA.S.N.
Series Editor
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Basic Processes at the Cellular Levels



Chapter 1
L-Arginine Uptake by Cells

Geoffrey P. Candy and Marietha J. Nel

Key Points

Extracellular L-arginine regulates nitric oxide production in many cell types.

Impaired uptake of L-arginine into cells has been demonstrated in various cardiovascular diseases.
In endothelial cells, L-arginine uptake is mediated largely by low affinity/high capacity y* transport
and high affinity/low capacity y*L transport.

Eadie Hofstee and other linear plots are not suited to determining kinetic constants for uptake of
amino acids by more than one transport system and overestimate the rate of uptake.

Non-linear methods include the concentration of the radiolabelled amino acid in the equation, allow-
ing statistical analysis of the fit of the model to the data and the error of the calculated constants.

The contribution of the individual transport to total uptake can be plotted and the type of inhibition,
competitive, non-competitive, and uncompetitive, can be readily determined.

Such methods, while in agreement with the literature, also provided further insight into the mecha-
nisms by which sodium, leucine, and NEM affects uptake of cationic amino acids.

BCH was found to strongly inhibit y*L but not y* transport.

Non-linear modelling of L-arginine uptake could be used to further investigate the effects of other
factors, such as polarity, hyperglycaemia, and insulin, on L-arginine transport and NO synthesis.

Keywords L-Arginine transport ® Non-linear modelling * Amino acid uptake * Endothelial cells ¢
y* transport ¢ y*L transport
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eNOS Endothelial nitric oxide synthase enzyme

Eq Equation

HATs Heterometric amino acid proteins (HATS)
HUVEC Human umbilical vein endothelial cells

[1] Concentration of inhibitor

s The concentration of inhibitor which inhibits substrate uptake by 50 %
Indep. Independent

kp Diffusion constant

K; Inhibition constant

K, Michaelis constant or half saturation constant
K,’ Apparent Michaelis constant or half saturation constant
min Minute

uM Micromolar (107¢ M)

mM Millimolar (1073 M)

Na Sodium

NEM N-ethylmaleimide (NEM

nM Nanomolar (10~ M)

NO Nitric oxide

NOS Nitric oxide synthase

[S] Substrate concentration

SLC Solute carrier genes

[T] Concentration of radiolabelled trace amino acid
VvS. Versus

vr Total rate of uptake

Vinax Maximum rates of uptake of substrate

Vinax' Apparent maximum rates of uptake of substrate
y* Low affinity/high capacity transport

y‘L High affinity/low capacity cationic transport
Introduction

Cardiovascular disease accounted for nearly 40 % of all deaths in the USA in 2000 [1]. Hypertension,
heart failure, and metabolic diseases such as obesity, type 2 diabetes mellitus, and hypercholesterol-
aemia have impaired endothelial function as a common feature [2]. Endothelial dysfunction, arising
from underlying reduced bioavailability of nitric oxide (NO), causes inflammation and oxidative
stress to drive the atherosclerotic process [3, 4].

Nitric oxide is a key molecule, regulating vascular tone, vasodilation, and hence blood pressure,
and also prevents platelet aggregation and smooth muscle cell proliferation [5]. Nitric oxide is synthe-
sised from the amino acid, L-arginine, by the enzyme nitric oxide synthase (NOS). Extracellular
L-arginine regulates NO production in many cell types [6-8], and supplemental L-arginine can
decrease blood pressure in patients with hypertension [9, 10]; although benefit in other cardiovascular
diseases has been demonstrated, such supplementation is controversial [11].

Therefore, the observation in patients with hypertension that fasting plasma L-arginine concen-
trations are increased, rather than diminished, is unexpected [12-15]. This can be explained if
L-arginine uptake into cells were impaired, and indeed, this has been determined to be the case in
various cardiovascular diseases including heart failure, hypertension, and end-stage renal failure
[8, 16]. Therefore, the L-arginine transporters have been suggested as possible therapeutic targets in
these cardiovascular diseases [8].
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In such studies, measurement of the kinetics of cellular L-arginine uptake and determining kinetic
constants of L-arginine uptake are essential. It can then be established whether L-arginine uptake is
defective in cardiovascular disease and the effects of substances modifying uptake can be
determined.

Cationic Amino Acid Transport

Uptake of cationic amino acids into various cell types and platelets has been reviewed previously
[17-19]. Comparison of uptake and the value of kinetic constants between studies are complicated by
use of different methodologies used to determine constants, the use of different cell types, and the
expression of the transporters on different membranes [17-19].

In differentiated human endothelial cells, influx of L-arginine and other cationic amino acids is
mediated largely by sodium independent transport. Uptake by low affinity/high capacity transport,
termed y* transport, is mediated by cationic amino acid transport (CAT) proteins encoded by the
solute carrier (SLC) genes. High affinity/low capacity cationic amino acid transport, termed y*L and
b%* transport, is mediated by heterometric amino acid proteins (HATS), a complex of a glycoprotein
(4F2hc) and a carrier protein (y*LAT) [20, 21] (Table 1.1).

Importantly, neutral amino acids including leucine, methionine, and glutamine are taken up by the
y*L transporter in the presence of sodium, whereas these neutral amino acids are only transported by
y* transport with low affinity [17, 18]. Independent uptake by y*L transport can be observed at low
concentrations of L-arginine (1-5 pM), when y*L transport takes up most of the L-arginine, and in the
presence of N-ethylmaleimide (NEM), which inhibits the low affinity/high capacity (y*) transport.
Differentiating the transport can be confirmed by determining L-arginine uptake in the presence of
leucine, which inhibits y*L uptake only in the presence, but not the absence of sodium (Fig. 1.1) [22,
23].

Measurement of L-Arginine Uptake

Uptake of amino acids by a single transport system generally follows Michaelis—Menten kinetics

[24]. Therefore, when two transport systems and diffusion facilitate cationic amino acid influx into

cells, the equation modelling influx would be:

Ve X[S] Vinas X[ 5]
+

max a

(Kua +[S]) (Ko +[S])

Vr =

+hyx[S] (1.1)

where vy=total rate of uptake; V., and V., and K, and K., are the maximum rates of uptake of
substrate S and half saturation constants for transporters a and b, respectively; and kj, is the diffusion
constant.

Although kinetic constants have been determined using undiluted radiolabelled amino acids [24—
27], most studies have used a trace of radioactively labelled amino acid (10 nM—1 pM) diluted with
the unlabelled amino acid [28-31]. As the unlabelled amino acid directly competes for uptake of
labelled amino acid, the rate of labelled amino acid uptake declines as the concentration of unlabelled
amino acid increases (Figs. 1.2a and 1.3a).

The total rate of uptake has been determined by correcting for the dilution of the labelled amino
acid by the unlabelled and plotted against the concentration of substrate as a Michaelis—Menten plot
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Fig. 1.1 Effect of Na* on L-leucine inhibition of L-arginine transport in human umbilical endothelial cells. Transport
in 1.5 pM (unfilled bars) or 100 uM (filled bars) L-arginine (4 pCi mL~! L-arginine, 1 min, 37 °C) was determined in
Na*-Krebs (see Methods [23]). (a) L-arginine transport in the absence or presence of L-leucine in Krebs solution with
or without Na*. (b) L-arginine transport in Na*-Krebs in the absence or presence of L-leucine in cells pre-incubated
(10 min) with 200 pM NEM. “p<0.05 versus corresponding control values. “p<0.01 versus corresponding value in
the presence of NEM (n=12). Reproduced from Arancibia-Garavilla et al. [23] with permission from John Wiley &
Sons, Inc.

(Total v vs. [S]; Figs. 1.2d and 1.3d). These data have been linearised, either as Lineweaver—Burk or
Eadie—Hofstee plots (Figs. 1.2c and 1.3c). In the presence of more than one uptake transporter, the
plots resolve into two linear components from which apparent kinetic constants, V' and K,,’ for
each component can be calculated (Figs. 1.2c and 1.3c). The discontinuity or change in slope of the
graph results from the predominant uptake by high affinity/low capacity transport at low substrate
concentrations, whereas at higher substrate concentrations the low affinity/high capacity transport
predominates.

However, these are apparent and combined constants of total uptake, and if inserted into Eq. (1.1),
and a theoretical rate of uptake, vy, versus [S] is plotted, the theoretical uptake exceeds the
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Fig. 1.2 Data for ECV;, to determine kinetic constants. Mean=+std of experimental data is shown with theoretical
contributions of total uptake determined by non-linear modelling (the fitted curve) and theoretical contributions of
individual transport (stippled lines for transport “a” (y*L) and transport “b” (y*). (a) Inhibition of uptake of 10 nM
H-arginine by unlabelled L-arginine; (b) Insert of residuals for graph (a): D’ Agostino and Pearson omnibus K2: p=0.49
for the difference between experimental L-arginine uptake and the theoretical model contributions; (¢) Eadie—Hofstee
plots calculated from (a); (d) Michaelis—Menten plots showing experimental dilution corrected total uptake calculated
from (a), with theoretical uptake determined by non-linear modelling. Reproduced from Nel et al. [31] with permission
from Springer Press

experimental data (Figs. 1.2d and 1.3d). Such methodologies overestimate the V., and the calculated
K,, may not be accurate for both transport systems. Therefore, these methodologies are not suited to
determine kinetic constants where uptake is facilitated by more than one transporter [31, 32].
Furthermore, in early studies [24], subtracting a first-order diffusion component may have resulted in
the high affinity/low capacity (y*L) transport being overlooked [17, 18]. Thus, other methods were
required to determine the kinetic constants of two and more transport systems acting on one
substrate.

Devés et al. [22] used a permeability ratio, which is a constant combining the K,, and V,,,, for each
of the two transport systems. To calculate the kinetic constants, the ratio was determined in the presence
of competitive substrates, including unlabelled L-arginine, as well as in the presence of an irreversible
inhibitor of one of the transports. When calculating this ratio, leucine was taken to be a competitive
inhibitor of L-arginine uptake and NEM used to inhibit the y* transport. It was by using this method that
the presence of the high affinity/low capacity (y*L) transport was demonstrated [22, 33].
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Fig. 1.3 Data for HUVEC to determine kinetic constants. Mean=+std of experimental data is shown with theoretical
contributions of total uptake determined by non-linear modelling (the fitted curve) and theoretical contributions of
individual transport (stippled lines for transport “a” (y*L) and transport “b” (y*). (a) Inhibition of uptake of 10 nM
H-arginine by unlabelled L-arginine; (b) Insert of residuals for graph (a): D’ Agostino and Pearson omnibus K2: p=0.49
for the difference between experimental L-arginine uptake and the theoretical model contributions; (¢) Eadie—Hofstee
plots calculated from (a); (d). Michaelis—Menten plots showing experimental dilution corrected total uptake calculated
from (a), with theoretical uptake determined by non-linear modelling. Reproduced from Nel et al. [31] with permission
from Springer Press

Other studies have calculated the I, the concentration at which the neutral amino acid competi-
tively inhibits L-arginine uptake by 50 % [34-37]. When calculating the /5, to elucidate the effect of
neutral amino acids on cationic amino acid transport, the fit of other models of inhibition,
non-competitive and uncompetitive, should be tested to determine whether these equations better fit
the data [38].

Non-linear Modelling of Uptake

Methods for calculating kinetic constants for single substrates using two transport systems (enzymes)
have not been well described. Constants have been determined by iteratively adjusting the values of
the constants to best fit a model of uptake to the experimental data [39]. Alternatively, non-linear
methods have the major advantage in allowing statistical analysis of the fit of a mathematical model
(Eq. 1.1) to the experimental data and to determine the error of the calculated constants [32, 40, 41].
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Malo and Berteloot [32] used a fast sampling, rapid filtration apparatus to determine the uptake of
glucose into the membrane vesicle and, importantly, accounts for the concentration of the radiola-
belled amino acid relative to that of the unlabelled amino acid, and which determines the slope of the
curve illustrated in Figs. 1.2a and 1.3a.

Modelling the rate of uptake (v;) of trace labelled amino acid ([77) in the presence of unlabelled
amino acid ([S]) by two transport systems (denoted by the subscripts a and b), both following
Michaelis—Menten kinetics and a diffusion component (kp*[7]), can be described (Malo and Berteloot
1991) [32] by

A A |
K 18D K 1)) (2

where the symbols are as for Eq. (1.1) and [7] is the concentration of the labelled amino acid. The
equation can be modified to test for additional transporters to determine the presence of an inhibition
or, indeed, activation of transport [42].

Equation (1.2) requires the calculation of four unknowns and the k. Constants estimated from
Lineweaver—Burk and Eadie—Hofstee plots can provide useful initial estimates of V., and V.., and
K., and K, in the equation. The calculation of these data points requires >10 data points per determi-
nation to achieve a robust estimate of the constants and many more to achieve stability in the
calculation, i.e. a small standard error in constants.

The rapid flow apparatus used for glucose uptake by more than one transporter allows many data
points to be obtained in a very short time period [32, 43]. Amino acid uptake appears to be an order
of magnitude slower [24] than glucose uptake, which with fewer transporters than glucose, makes the
determination of constants easier.

Although Lineweaver—-Burk and Eadie—Hofstee plots may indicate the type of inhibition present,
these are appropriate for uptake by a single transport system. Using Eq. (1.2), the type of inhibition
can be identified by determining changes in the kinetic constants as (where K; is the inhibition
constant):

* Only K, changes (K,,’ =K,,(I + [I)/K;)) with competitive inhibition

* The apparent V., becomes V,,.." = Viu/(1 + [I)/K;) with non-competitive inhibition, and

* K,'/Vu' (the slope of a Lineweaver—Burk plot //v versus I/[S]) would remain constant with
uncompetitive inhibition, as (K, = K,/ + [II/K})) and V,..," = V.. /d + [IVK})

Including the inhibition constants in the Eq. (1.2) would require the calculation of additional
unknowns, and the equation would need to be modified and tested for the combinations of the possible
types of inhibition of each transport system.

These unknowns can be calculated by best fit of the model to the experimental data Eq. (1.2) using
programs such as GraphPadPrism® (Version 5, GraphPad Software Inc., La Jolla, California, USA).
This program allows statistical comparison between the calculated kinetic constants and models to
best fit the experimental data. Ideally, the units of K, and V,,,, should be adjusted so that the numerical
values of the constants are of the same order of magnitude. If not, the larger numerical value will be
preferentially adjusted. The program allows an initial “robust” calculation of the kinetic constants to
provide useful initial estimates of the constants. Finally, outliers in the dataset can be detected from
residual plots (Figs. 1.2b and 1.3b).

It is useful to check the results by substituting the calculated constants obtained from Eq. (1.2) with
the dilution-corrected data and re-calculating best fit values for the constants using Eq. (1.1). Similarly,
in the presence of inhibitors, once the type of inhibition has been determined, Egs. (1.1 and 1.2) can
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be modified, and the value of the constants confirmed. Little change in the value of the constants
provides confidence in the determination. Having determined the constants, the individual contribu-
tions of y*L and y* transport can be resolved with the dilution corrected data, over a range of substrate
concentrations with Michaelis—Menten v versus [S] plots (Eq. 1.1; Figs. 1.2d and 1.3d) [31].

Validation of a Non-linear Method Determining L-Arginine Uptake

Using this non-linear approach, Nel et al. [31] determined the uptake of 10 nM *H-arginine in the
presence of unlabelled L-arginine, into human umbilical vein endothelial cells (HUVEC) and
“endothelial-like” ECV;y, cells. Further details of methodology to determine the kinetic constants are
described in this chapter [31].

In the absence of inhibitors (Table 1.2):

(a) Under the experimental conditions used, the error in the diffusion constant was large and a model
without diffusion was preferred for both cell types. Given the low concentration of labelled
L-arginine (10 nM) used in this study, the contribution of diffusion could not be determined
accurately.

(b) The maximal rate of L-arginine uptake for both the high affinity/low capacity transport (y*L) and
low affinity/high capacity transport (y*) was similar in both cell types.

(c) y'L was responsible for most of the L-arginine uptake, up to a concentration of 100 uM L-arginine,
and was maximal above 300 pM L-arginine. However, above a concentration of 100 pM, the low
affinity/high capacity y* transport facilitated most of the L-arginine uptake.

(d) When the calculated constants were fitted into a plot of v; versus [S], the theoretical plot closely
matched the experimental data (Figs. 1.2d and 1.3d).

(e) The contributions of the individual transport systems could be plotted (Figs. 1.2d and 1.3d).

Table 1.2 Comparison of kinetic constants obtained from non-linear modelling of L-arginine uptake into ECV3, and
HUVEC cells

ECV;, HUVEC
Model without Model without
diffusion? Model with diffusion diffusion® Model with diffusion
Viaxa (X100 cts/4x 10° 3.133+0.635 2.715+0.169 (4.061) 1.844+0.443 1.577+0.644 (2.079)
cells/min) (4.065) (2.114)
K., (mM) 0.018+0.004 0.017+0.004 (0.021) 0.018+0.004 0.016+0.005 (0.020)
(0.021) (0.020)
Vinaxy (x10° cts/4x 10° 11.245+0.738 9.195+1.831 (11.175) 16.234+1.340" 11.236+4.497 (14.610)
cells/min) (11.256) (15.686)
K., (mM) 0.358+0.106 0.239+0.125 (0.546) 0.646+0.170 0.401+0.264 (0.611)
(0.550) (0.658)
kp (diffusion constant)  — 1.142x10°£1.152%x 106 — 1.804x10°+1.864 x 10°
(0.036 x 10°) (0.406 x 10°)

Data from 10 experiments were combined for the calculation of kinetic constants for ECV 3, cells and duplicate experi-
ments were used for the HUVEC calculations. Results are the mean+SEM with robust values in brackets. The differ-
ences between ECV 3, versus HUVEC without diffusion ("p <0.05) and with diffusion: not significant for all parameters.
Abbreviation: cts counts. Reproduced from [31] with permission from Springer Publishers

a: lower capacity/higher affinity (y*L) transport; b: higher capacity/lower affinity (y*) transporter

aPreferred model in ECV;, [F=0.536 (n=210), p=0.46]; note the high SEM for &,

bPreferred model in HUVEC [F=0.863 (n=23), p=0.37]; note the high SEM for &,
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Effect of Salt and Inhibitors on L-Arginine Uptake

Incubation of cells in the presence or absence of sodium and various substances inhibiting transport
has allowed the distinction between y* and y*L transport [22, 23, 37, 44]. To test the model described
above, L-arginine uptake by ECV;, cells was determined in the presence of these substances.

Effect of sodium: Cationic amino acid transport is largely independent of sodium. In the presence of
sodium, neutral amino acids can also be taken up by y*L and inhibit cationic uptake (Table 1.1)
[17-19]. The question arises as to how sodium facilitates neutral amino acid uptake? It was sug-
gested that sodium occupies the site normally occupied by the w-amino group of cationic amino
acids and thus neutral amino acids may be transported [45]. Therefore, it follows that in the presence
of sodium, the w-amino group of cationic amino acids would have to displace this sodium in order
to facilitate transport. Nel et al. [31] determined the effect of sodium alone on L-arginine uptake in:

¢ Kirebs buffer (157 mM sodium),

* Kirebs buffer with choline chloride (26 mM sodium) replacing sodium chloride, and

* Kirebs buffer with all sodium salts replaced with the equivalent potassium salt and choline chloride
(0 mM sodium) [23, 45, 46].

Only the absence of sodium reduced both the rate and the affinity (K,,,) of L-arginine uptake by y*'L
transport. Inhibition was uncompetitive, as the ratio of K, /V,, (slope of a Lineweaver—Burk plot)
remained constant. Reducing sodium decreased the rate of uptake by y* transport (V,,,) with the affin-
ity (K,,») remaining constant, in keeping with non-competitive inhibition (Table 1.3). Using non-linear
modelling, the data suggested that sodium ions are required for the functional integrity of the transport
complexes or interact with the L-arginine-transport complex to facilitate uptake [31].

Effect of leucine: The inhibition of lysine uptake by leucine in erythrocytes led to the discovery of the
y*L transport system [22]. In the presence of sodium, neutral amino acids, including leucine, gluta-
mine, methionine, and others, inhibit cationic amino acid uptake by y*L transport [17, 24]. Such
inhibition has been described as competitive in erythrocytes [33], HUVECs [23, 36], platelets [44],
and human airways cells [37]. These studies did not determine the effect of low concentrations of
leucine on cationic amino acid uptake.

Using the non-linear modelling approach, inhibition of L-arginine uptake by leucine was determined to
be complex, affecting L-arginine uptake by y*L transport through mixed inhibition. L- Arginine uptake by y*
transport was inhibited in a competitive-like manner at leucine concentrations <200 mM [31]. As leucine
did not completely abolish L-arginine uptake, it is possible that L-arginine uptake was facilitated by transport
other than y*L and y* [47], which was unaffected by the presence of leucine. Further studies are needed to
elucidate the mechanism of inhibition by leucine, and indeed other neutral amino acids, of cationic amino
acid uptake.

Table 1.3 Kinetic constants for ECV;, cells determined at various sodium concentrations

Sodium Sodium Sodium

157 mM 26 mM 0 mM
Vinaxa (X100 cts/4 x 10° cells/min) 2.581+0.412 (3.185) 3.263+0.612 (3.977) 1.710£0.126™" (2.043)
K., (mM) 0.016+0.002 (0.019) 0.017+0.003 (0.021) 0.011+0.001""" (0.012)
Vinaw (X100 cts/4x 103 cells/min) 11.384+0.348 (11.924)  5.625+0.478" (6.082) 6.249+0.1417" (7.061)
K (mM) 0.199+0.025 (0.277) 0.190+0.060 (0.347) 0.204+0.020 (0.315)

Results as mean+SEM and the robust values in brackets. Reproduced from [31] with permission from Springer
Publishers

Sodium 157 mM versus 26 or 0 mM: “p<0.05;"p<0.005;""p<0.0005; Sodium 26 mM versus 0 mM: "p<0.005;
" p<0.0005; Abbreviation: cts counts
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Table 1.4 Effect of pre-incubation of the inhibitors NEM (0.2 mM) and BCH (30 mM) on L-arginine uptake by ECV5,
cells

NEM BCH
0 mM 0.2 mM 0 mM 30 mM
Vinaxa (X100 cts/4 x 10° 2.66+0.53x10° 6.70+0.20x 10° 3.53+0.31x10° 0.13+0.04 x 10
cells/min) (3.81x10% (16.71 x 10%) (4.15x10% (0.12x10°%)
K, (mM) 0.023+0.004 (0.031) 0.062+0.004 0.027+0.002 (0.030)  0.002+0.001"**
(~0.001) (0.002)
Vinaxy (X100 cts/4 x 10° 4.94+0.39x 10° ~1.239x10*""2 (=) 20.55+1.84x10° 23.87+1.16x10°
cells/min) (5.21x10% (1.003) (23.58)
K, (mM) 0.243+£0.078 (0.682) ~3.261x10"7""2 (=)  0.665+0.096 0.602+0.048
(1/026) (0.595)

2After pre-incubation with NEM, the best fit of V,,,,, and K,,, defaulted to a large value (c0), with an ambiguous result.
Hence, a single transport model with diffusion was preferred
Results as mean+SEM and robust values in brackets. Reproduced from [31] with permission from Springer Publishers

ook

<0.0001 versus without inhibitor. Abbreviation cts counts

NEM and BCH: The reagent for sulphydryl groups, N-ethylmaleimide (NEM), inhibits L-arginine
uptake by y* transport, whereas 2-amino-2-norboranecarboxylic acid (BCH), a sodium-independent
system-L transport-specific substrate, has little effect on cationic transport in human fibroblasts,
Ehrlich cells [48], and erythrocytes [33].

In agreement with the literature, NEM (0.2 mM) inhibited y* transport in ECV3, cells, whereas
y*L transport was relatively unaffected (Table 1.4) [31]. In the presence of sodium, BCH (30 mM)
almost completely abolished L-arginine uptake by y*L transport (96 %; Table 1.4), in contrast to the
finding, where 5 mM BCH decreased uptake by 16.5+3.5 % [33]. BCH may thus be an inhibitor of
L-arginine uptake by y*L transport.

Kinetics of L-Arginine Transport and the L-Arginine Paradox

Plasma and intracellular L-arginine concentrations are significantly higher than the Michaelis—Menten
constant for NOS (K, = 2.9—10 pmol/L), yet extracellular L-arginine is required to increase NO synthe-
sis by cells. Various mechanisms have been proposed to explain this phenomenon [2, 11].

L-Arginine appears to be compartmentalised within cells, with a second pool less accessible within
the caveolae, in proximity of the CAT-1 transporter which has been shown to be co-localised with
endothelial NOS (eNOS) enzyme. Thus extracellular L-arginine would be readily available for trans-
port across the cell membrane to the eNOS for NO production [49]. However, several workers [46]
have shown that increases in NO production were associated with y*L transport and were unaffected
when y* transport was inhibited by NEM. The finding that the K,, for y*L transport is close [23, 31] to
that of eNOS [18] has led to the suggestion that y*L transport is important in NO production by eNOS,
whereas y* transport is important for NO production by the inducible NO synthase [22].

Conclusions

Investigations of the mechanisms and factors affecting L-arginine transport into cells have determined
that such transport is a critical regulator of NO production. Such transport is defective in a variety of
cardiovascular and metabolic diseases with higher risk of both morbidity and mortality. In such
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studies measurement of the kinetic constants of L-arginine uptake is essential before the effects of
substances modifying uptake can be determined. However, methodologies using linear transforma-
tions of rate data, such as Lineweaver—Burk and Hofstee plots, are not suited to determine kinetic
constants where uptake is facilitated by more than one transport system.

However, non-linear modelling of uptake allows uptake by more than one transport system to be
determined and can include the concentration of the labelled amino acid used in experiments. Such
modelling allows statistical analysis of both the fit of the model to the experimental data and the error
in the calculated constants. Such methods, while in agreement with the literature, also provide further
insight into the mechanisms by which sodium, leucine, and BCH affect uptake of cationic amino
acids. They could be used to further investigate the effects of other factors, including polarity, hyper-
glycaemia, and insulin, on L-arginine transport and NO synthesis.
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Chapter 2
L-Arginine and the Expression of HSP70
and p53 Proteins

Agnieszka Pedrycz and Victor R. Preedy

Key Points

1.

2.

Heat shock protein 70 is a biomarker of cellular stresses such as those due to oxygen- or nitrogen-
centred free radicals or environmental factors.

p53 protein is synthesised after DNA damage. It can prevent cells repairing their genetic material
and can initiate apoptosis (also called programmed cell death).

Nitric oxide (NO) and its derivatives act as free radicals stimulating nitrosative stress, which leads
to apoptosis.

We review how in preclinical studies L-arginine for 3 weeks increases apoptosis of renal tubular
epithelial cells probably via the actions of L-arginine acting as a donor for the formation of
NO. This remains to be elucidated however.

Expression of the heat shock protein 70 (HSP70), the p53 and caspase 3 increases in renal cells
after L-arginine therapy.

. Divergent effects are seen in hepatocytes compared to renal tubular epithelial cells in response to

L-arginine treatment. In these conditions of L-arginine dosage, hepatic tissue appears to be refrac-
tory compared to renal tissue.

Keywords L-arginine ® Heat shock protein 70 ® pS3 * Apoptosis ® Caspase 3
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AIF Apoptosis activating factor

Apaf 1 Apoptotic protease activating factor 1
APC cells Antigen-presenting cells

Bcl-2 B-cell lymphoma 2

Caspase 3 Cysteinyl aspartic acid-protease-3
H+E Haematoxylin and eosin

HSP Heat shock protein

MHC complex Major histocompatibility complex
NO Nitric oxide

p53 Protein 53

ROS Reactive oxygen species

RNS Reactive nitrogen species

HSPs Small heat shock proteins
Introduction

L-arginine (2-amino-5-guanidinovaleric) was isolated in 1886 from lupin seedlings. Nine years later,
it was also found in animal tissues. Examinations into its function and biochemical structure started
in the 1930s. Since then, L-arginine has been described to be involved in numerous biochemical path-
ways and metabolic processes. For example, in the liver, L-arginine plays a role in the urea cycle for
the removal of ammonia from the body. It is also a substrate for the biological synthesis of creatine (a
precursor of creatinine) [1]. Although it can be synthesised endogenously, there are some conditions
in which L-arginine cannot be synthesised adequately to meet metabolic demands, such as a conse-
quence of physical injuries or renal insufficiency [2]. In other words, it can act as a conditionally
essential amino acid.

The biochemical reactions whereby L-arginine is converted to nitric oxide (NO) open up many
avenues which potentially can utilise L-arginine in a therapeutic manner. Essentially, nitric oxide
synthases catalyse the oxidation of L-arginine to L-citrulline and nitric oxide. Endotheliocytes (also
commonly called endothelial cells) synthesise NO using extracellular L-arginine from the blood
plasma. The citrulline—nitric oxide cycle also is of importance as the enzyme argininosuccinate syn-
thetase can catalyse the formation of arginosuccinate via the condensation of aspartate and citrulline:
arginosuccinate can act as an immediate precursor of L-arginine [3].

Nitric oxide is a highly reactive and diffusible molecule [4]. Furthermore, because NO has a direct
effect on vessels, its precursor L-arginine is used as an exogenous therapeutic agent in many patho-
logical conditions and in preclinical and clinical studies. Arguably, its full potential has not been
explored. L-arginine has hepatoprotective abilities, so it can be used clinically to treat liver dysfunc-
tion, such as when there are metabolic disturbances in the urea cycle, ammonia poisoning, or hypo-
chloraemic alkalosis. In the former example, the mechanism of its action is to stimulate the urea cycle
and remove toxic ammonia [5]. Exogenous NO can also be administered as a therapeutic agent to
patients with coronary disease, pregnancy-induced hypertension, and venous atherosclerosis of the
lower limbs.

Many tissues use L-arginine to synthesise nitric oxide such as hepatocytes, nerve endings, neurons,
platelets, monocytes, neutrophils, macrophages, mast cells, and of course endothelial cells mentioned
previously [6]. The liver and kidneys are the main organs which are responsible for L-arginine
formation in the body.

Deficiencies of NO occur in many diseases, such as peripheral arterial occlusive disease, hyperten-
sion, hypercholesterolaemia, atherosclerosis, pulmonary hypertension, diabetes, chronic renal failure,
preeclampsia, or hypotrophia of the foetus or glaucoma [7]. In contrast, overproduction of
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endogenous NO occurs in other conditions such as inflammation, degenerative diseases of the ner-
vous system, cancers, and autoimmune diseases [8]. At more detailed cellular and molecular levels,
the mechanisms whereby NO participates in, or initiates, programmed cell death (apoptosis) are not
fully known. The reactive forms of nitrogen (also called reactive nitrogen species RNS) include nitric
oxide and derivatives arising as a result of the metabolism of nitric oxide: nitrosonium cation (NO+),
nitroxyl anion (NO-), and peroxynitrite (ONOO-). Nitric oxide has the ability to react with molecular
oxygen, metal cations, and superoxide anions to produce other reactive species which are damaging
to molecules and subcellular organelles.

The overproduction of RNS which leads to cellular damage is called nitrosative stress—a phenom-
enon similar to, and closely linked with, the phenomena of oxidative stress caused by reactive oxygen
species (ROS). Reactive nitrogen species react with proteins damaging their function by nitrosylation
of amino acid residues, which may in turn stimulate an apoptotic response. Such a process has, for
example, been described in macrophages [9]. Nitrosylation will occur with different classes of
proteins, for example enzymes, regulatory proteins, or transport proteins [10]. Nitrosylation of DNA
is responsible for neoplasm formation. Nitrosylation of cell organelles like mitochondria and
membranes can cause increased permeability and depolarisation. It also decreases ATP production,
impairs intracellular homeostasis of Ca?*, and changes the antigenic properties of cells [11].

The generation of cellular free radicals is affected by the following conditions or scenarios: expo-
sure to radiation and chemical compounds, diseases (such as diabetes), ageing, and exercise (increased
oxygen use) [10,12]. Reactive nitrogen species produced in physiological conditions do not accumu-
late in the cells as they are inactivated by antinitrosative mechanisms, e.g. the enzymes produced by
cells: SOD, catalase, reduced glutathione, dietary vitamins, and microelements such as selenium,
copper, and zinc.

In pathological conditions, when antinitrosative mechanisms fail, nitrosative stress develops.
Nitrosative stress and oxidative stress may be components of normative or constitutive metabolism.
Such stresses are short-lasting and the excess free radical species are quickly “scavenged” by endoge-
nous systems. In pathological nitrosative stress, the large amounts of free radicals accumulated in cells
are likely to lead to cell degradation and death, e.g. damage to mitochondria then leads to apoptosis [13].

Heat Shock Proteins

Heat shock proteins, like HSP-70, protect cells against the damaging effects of proteins, which poten-
tially can result in cellular dysfunction or death downstream. The protein p53 is the so-called guardian
of the genome. And its expression increases as a result of an early damage to nucleic DNA. Caspase
3 is an executor of apoptosis. The analysis of this cohort of biomarkers (HSP70, p53, and caspase 3)
is of benefit in understanding the putative effects of harmful and beneficial agents.

“Heat shock protein” was the term first used in 1974 by Tissieres and coauthors [14]. They
described the protein in Drosophila exposed to high temperatures. The authors characterised heat
shock proteins as molecules which prevent adverse effects caused by harmful factors. Heat shock
proteins have subsequently been shown to regulate the functioning of numerous cellular processes
[14]. In 1993, Lasky et al. named these protective proteins as “chaperones” [15]. It was also observed
that these chaperones create non-covalent binding with aberrant polypeptides [16]. Chaperones are
present in the blood plasma of healthy, young people. Their concentration decreases with age. The
impaired activity of heat shock proteins may constitute or initiate various diseases, such as cancers,
Parkinson’s disease, strokes, Alzheimer’s disease, cardiac infarction, immunological disorders,
inflammatory diseases, autoimmune diseases, cataracts, cognitive impairment, and behavioural
dysfunction [17]. Mukhopadhyay et al. in their research on Drosophila noticed that HSP70 can be
used as a putative biomarker of cellular stress arising from a variety of environmental conditions [18].
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Soti et al. observed that the correct functioning of heat shock proteins in a cell is essential for
endogenous adaptations to stress [19]. Their synthesis increases when cells are exposed to stresses
such as toxins, hypoxia, starvation, an increase of temperature, water deprivation, inflammation, UV
radiation, ethanol, arsenic, and nitrogen deficiency [20].

According to their molecular weight (kDa), we can distinguish four families (groups) of heat shock
proteins as follows [16]:

1.  Low-molecular heat shock proteins
2. HSP70
3. HSP60
4.  HSP90

There are also cofactors for these proteins: HSP10 for HSP60; HSP40 for HSP70.
The most important functions of heat shock proteins include:

Protection during replication of DNA and its transcription.

Participation in the translation of mRNA to the amino acid polypeptide chain.

Facilitating the correct folding of new proteins.

Protection of newly synthesised proteins during their transport from the cytoplasm to their

cellular destination.

Their contribution to the proteolysis of proteins (degradation) and their oligomerisation [21].

Activation of receptors.

7.  Contribution to the functioning of MHC (major histocompatibility complexes)—peptide
complexes responsible for the activity of the immunological system.

8. Participation in the presentation of antigens to the immunological system [e.g. anticancer fac-

tor HSP90, 17 AAG (Tanespimycin)]. This ability is used in the production of anticancer

vaccines [22].
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HSPs also identify cancerous or infected cells and modify them to act as antigens. Thus, the protec-
tive proteins present the newly formed antigens to the immune system and supply HSP-peptide
antigens cells to antigen-presenting cells (APC). APC cells, through the CD 91 receptor, present this
antigen to T-lymphocytes. In response, T-lymphocytes multiply and locate these cells with the purpose
of their destruction. HSP70 is similarly involved in the immune response and can alter components of
cancer cells and introduce them to the immunological system. Thus, HSPs ensure genetic stability in
the cellular milieu. HSP70 itself can maintain transcription factors and steroid receptors [21,22].
Chaperones can also act as proteases against denatured proteins when restoration is not possible [20].
Some heat shock proteins can prevent the formation of protein aggregates and some others can protect
aggregates against disassociation [21]. For example, HSP60 prevents the aggregation of proteins in a
high temperature environment [23]. Proteins of the HSP100 family are responsible for protein degra-
dation and cooperation with DNA in the disaggregation of proteins [20].

Laskey et al. documented an interesting phenomena: healthy cells in unfavourable conditions con-
dense protective proteins in the nucleus of the cell. In contrast, cancer cells keep them outside of the
nucleus and often modify them with peptides [15]. The type of peptide depends on the cancer type and the
tissue in which cancer is developing. In mice injected with a vaccine of peptide-tagged HSPs, a regression
of metastases is observed. Tissues also become immune to the development of new cancers [24].

HSPSs may participate in exocytosis and endocytosis of proteins. Apart from their basic or group
function, individual heat shock proteins have their own distinct tasks. HSPs 20 and 27, in cooperation
with phospholipase, are involved in the relaxation and contraction of smooth muscles. HSP75 inhibits
the development of free radicals, reduces oxidation of lipids, increases ATP levels, prevents activation
of thrombocytes, and decreases apoptosis [24]. Potentially heat shock proteins can be used in the treat-
ment of some diseases such as HSP90 usage in Alzheimer’s, Parkinson’s, and “mad cow” diseases [25].
Inhibitors of HSPs also can be used in putative treatment regimens. The HSP90 inhibitor geldamycin
has an antiproliferative and anticancer effect and is potentially useful in the treatment of myeloma [17].
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In some diseases, the expression of HSP proteins is intensified. They are detected on endothelial
surfaces in hypertension and metabolic disorders. The level of antibodies against HSPs 60 and 65 in
the blood serum correlates with the level of advancement of arteriosclerosis in cerebral, cephalic,
carotid, and peripheral arteries [26].

Small heat shock proteins (SHSPs), as the name implies, have a small molecular weight in the order
of 1545 kDa. They possess one domain of L-crystallin composed of about 90 amino acids, partici-
pate in the regulation of apoptosis, and have been shown to have perturbed functions in cancer cells.

The most sensitive, and one of the most researched, chaperones that respond to cellular stress is
HSP70. After a cell is exposed to various destructive factors, like oxygen stress, ethanol, viruses and
bacteria, radiation, antibiotics, or fluctuations of pH, there is increased expression of genes encoding
HSP70. Very simply, one of the main actions of HSP70 is protection against cell destruction, though
other roles have been ascribed including as a chaperone in transport of proteins through cellular
membranes and prevention of protein aggregation. HSP70 selects irregular proteins and directs them
onto their route for photolytic destruction [15,16].

Importantly, HSP70 also protects cells against molecular signals that initiate cell death or apoptosis.
For example, HSP70 inhibits cell death induced by cytochrome C (component of the intrinsic pathway
of apoptosis), inhibits apoptosis activating factor (AIF), and prevents overexpression of caspase 3
(executor cysteine protease of apoptosis). HSP70 can be used as a biomarker of cellular stress.

Programmed Cell Death, pS3 and Caspase 3

Programmed cell death is under genetic control and plays an important role in the homeostatic control
of organisms, during both embryogenesis and, subsequently, individual life stages [27].

Many pathological factors can stimulate cell to apoptosis. They include DNA damage due to stress-
inducing factors, such as hypoxia, free radicals, radiation, anticancer agents, and antibiotics [28].
Apoptosis also can be stimulated by activation of apoptosis cell membrane receptors (also called
death receptors) via external signals [29]. Activation of intracellular receptors may cause damage to
some cell organelles, such as the mitochondria or endoplasmic reticulum [30].

Two main pathways leading to apoptosis are described, namely: the intrinsic and extrinsic path-
ways [31].

The extrinsic pathway is induced by external signals which stimulate membranous death receptors.
This pathway can be also stimulated by cytotoxic T-lymphocytes, which recognise damaged cells or
those infected with viruses.

In the intrinsic pathway, the mitochondria or endoplasmic reticulum is involved. This pathway is
activated by cellular stress and initiates apoptosis via direct or indirect involvement of mitochondria
or the endoplasmic reticulum [32]. When DNA damage is first observed, it leads to the intense
production and accumulation of p53 in the cell. As a consequence there is inhibition of the cell
cycle. p53 stimulates the synthesis of BAX protein. This protein opens the channels in the mito-
chondrial membrane, leading to the release of cytochrome c. Cytochrome ¢ complexes with apop-
totic protease activating factor 1 (Apaf 1) which activates procaspase 9 which in turn activates the
caspase cascade.

Apoptosis is divided into individual phases: induction, execution, and degradation [33].

The induction phase lasts from the generation of the apoptotic signals to the initiation of the caspase
cascade. In this phase, a key role is played by p53, the so-called guardian of the genome. This is a
phosphoprotein activated by damaged DNA. In response, pS3 prevents the cell cycle in the G1 phase,
allowing the cell to repair itself. In normal conditions, the cell synthesises small amounts of p53.
In the cell, in which DNA is damaged or is compromised, level of p53 increases. Then, pS3 stimulates
the production of p21 which inhibits kinases required in the cell cycle, stopping in this way the cell
cycle for several hours [34-36].
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When cell repair is not possible, pS3 initiates apoptosis. In this process, pS3 stimulates production
of the pro-apoptotic protein BAX (also called Bcl-2 like protein 4) and blocks expression of the Bcl-2
gene (also called B-cell lymphoma 2). Bcl-2 protein has antiapoptotic effects [33]. In cells where
DNA is damaged, p53 stimulates production of another protein—namely apoptosis inducing protein
1 (AIP1) [37]. This protein attaches to mitochondrion which then releases molecules such as cyto-
chrome c to activate caspases [34]. Due to its role in apoptosis, pS3 is a very sensitive biomarker of
DNA damage.

The execution phase of apoptosis is irreversible. Its base components are cysteine proteases from
the interleukin-1-beta-converting enzyme family, also called the caspase family [38]. The caspases
(cysteine-dependent asparaginian-specific proteases) degrade proteins behind asparaginian residues
using their cysteine residues [39]. They activate one another. The last caspases are effectors (also
called executioners). In this group, there are caspases 3, 6, and 7. Caspase 3 (cysteinyl aspartic acid-
protease-3) activates enzymes responsible for the degradation of DNA and proteins. Caspase 3 is also
capable of inducing cell death by itself. Detection ofincreased caspase 3 level in the cell is indicative
that apoptosis has occurred or is occurring.

Previous Studies on L-Arginine

In previous studies, one of the authors (PA) of this review examined the ultrastructure of kidneys and
liver of rats treated with L-arginine. To confirm destruction of cells, biomarkers of apoptotic pathways
were detected. Immunohistochemical location of HSP70, p53, and caspase 3 was assessed. Animals
received L-arginine in a dose similar to that used in clinics to treat preeclampsia in pregnant woman.
Theoretically, this dose of 40 mg/kg of body weight should be safe for the mother and foetus on a
dose/per unit body weight basis.

The experimental group consisted of young female rats to which were administered L-arginine
(Argininum, Curtis Healthcare, Poland) every other day for 2 weeks (40 mg/kg of body weight)
through a stomach tube. Controls were treated identically but without L-arginine. After 3 weeks, the
experiment was terminated and post-mortem specimens of liver and kidneys were taken. Histological
specimens were examined at the electron and light microscope level.

L-arginine treatment caused changes in the kidneys, observed at the light microscopic level. The
lesions in the renal tubules were segmental and focal, observed in single tubules, or even single
epithelial tubular cells which overall was characteristic of apoptosis (Fig. 2.1).

The lumen of some tubules was broadened and others narrowed. There were some isolated pyknotic
nuclei in the lumen of the tubules of L-arginine treated animals, which were signs that cells were
undergoing a cellular demise. Pyknotic nuclei, dark and small in diameter, were also observed in the
epithelial tubular cells. The cytoplasm of single cells was lighter in intensity than the corresponding
control specimens stained with haematoxylin and eosin. The presence of intense apoptosis in kidney
cells from L-arginine treated animals compared to controls was confirmed by quantitative measures of
an apoptotic index [40].

Confirmation of elevated apoptosis was also found at the electron microscopic level. The changes
were focal as observed at the light microscopic level. The borders between renal epithelial tubular
cells were blurred. Some apoptotic cells were noticed. In the cytoplasm pyknotic, flattened nuclei,
with reduced volumes, were seen and nuclei were partially or completely destroyed. The lumen of
tubules was widened with homogenous deposits inside. Inside the lumen, nuclei, mitochondria, and
single epithelial cells were visible. The brush borders in the proximal convoluted tubules were focally
destroyed [41].

The partially destroyed cells contained in their cytoplasm numerous vacuoles. The channels of
rough endoplasmic reticulum were widened. The mitochondria were oedematous with light matrix
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Fig. 2.1 A kidney section of the rat treated with L-arginine. Renal tubules with reduced lumen and destroyed epithelial
cells of the tubular wall are visible (arrows). The micrograph shows apoptotic cells with pyknotic nuclei (dark blue),
brightened (blue) cytoplasm with numerous vacuoles (white) with congestion (double arrows). The semi-thin specimen
used methylene blue +Azure II staining. Magnification x 200. (copyright A. Pedrycz)

and destroyed crests. The peribasal striations, characteristic of proximal convoluted tubules of the
nephron, were damaged. Many lysosomes and peroxysomes were observed in the cytoplasm of the
epithelial cells. The nuclei of apoptotic cells were located in one of the cell poles. Their shapes were
changed and smaller than the nuclei of normal cells. Condensation and peripherally location of chro-
matin were observed [41]. Moreover, the formation of apoptotic bodies was observed. This process is
known as “cell boiling”. The alveoli contained cellular nuclei and other organelles [41].

Specimens of the liver of rats treated with L-arginine were also examined. At the light microscopic
level, images did not differ from those described in textbooks or treated controls. The architecture was
clearly visible with consistently regularly contoured lobules. The cytoplasm of hepatocytes was
stained pink (H+E staining) or blue (semi-thin specimens). In the cell centre, one or two large and
round nuclei were located. One or two nucleoli were visible in the nucleus. In the sinusoids, hepatic
macrophages were visible (Fig. 2.2).

The electron microscope images of hepatocytes in L-arginine treated rats were not different from
the textbooks’ norms nor controls. Distinct borders were visible with normative junctions (zonula
occludens, adhesions, or desmosomes) in between cells from the L-arginine treated groups. In the
central parts of the hepatocyte’s cytoplasm, one or two round or oval large nuclei were observed with
intact membranes. The mitochondria were mainly in the condensed, low-energy form. The well-
developed Golgi complex, single lysosomes, and peroxysomes with dark, crystalline core were
noticed in hepatocytes in both L-arginine treated and control animals.

Nitric oxide and its derivatives act as free radicals and initiate cellular stress. This stress is respon-
sible for the induction of the intrinsic pathway of apoptosis. HSP70 (as a marker of nitrosative stress)
and p53 (as an early marker of damage to the cell’s genetic material, i.e. DNA) were immunolocalised
in the kidneys and the liver.

Observation of kidneys at the light and electron microscopic levels showed the presence of apop-
tosis after L-arginine therapy. It was confirmed by an increased apoptotic index, but the apparent
increase in immunohistochemical staining for caspase 3 in the renal tubular cells did not reach statisti-
cal significance (Fig. 2.3) [42].

In the liver, there were no changes in light and electron microscopic examinations. L-arginine given to
rats did not influence the apoptotic index nor immunohistochemical staining for caspase (Fig. 2.4) [42].
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Fig. 2.2 A liver section
of a rat treated with
L-arginine. A fragment
of portal area is visible.
Normal architecture of
the hepatic trabeculae is
seen. Nuclei of
hepatocytes are round,
bright violet, and
centrally located
(arrows). H+E staining
was used.
Magnification x 200.
(copyright A. Pedrycz)

Fig. 2.3 A kidney section of the rat treated with L-arginine, showing caspase 3 immunohistochemical reaction of high
intensity. A fragment of renal convoluted tubules. Immunohistochemical positive (red) reaction mostly seen in basal
part of cytoplasm of renal tubular epithelial cells (arrows). AEC +H (-3-amino-9-ethylcarbazole + haematoxylin) stain-
ing. Magnification x400. (copyright A. Pedrycz)

Qualitative evaluation of immunohistochemical reaction in the kidneys of rats treated with L-arginine
showed focal p53 reactions. This was observed in the cytoplasm of epithelial cells of renal tubules. p53
positive reactions were observed in renal tubules and were not observed within the renal corpuscles.
The quantitative evaluation showed the increased p53 reaction in comparison to the control.

The mean area occupied with a positive colour reaction for p53 was statistically greater than that
observed in the control group (Fig. 2.5) [43].

Statistical analysis demonstrated that, in the kidneys, L-arginine administration increased immuno-
reactive HSP70 (Fig. 2.6) [44].
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Fig. 2.4 A liver section of a rat treated with L-arginine, showing caspase 3 reaction of low intensity. Fragment of the
rat’s liver. Central vein and hepatic trabeculae with hepatocytes are seen (double arrow). Weak immunohistochemical
red reaction for caspase 3 in cytoplasm of some hepatocytes is seen (arrow). Hepatocytes’ nuclei are round and in the
central part of the cell located. AEC +H (-3-amino-9-ethylcarbazole + haematoxylin) staining. (copyright A. Pedrycz)
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Fig. 2.5 The kidney section of the rat treated with L-arginine, showing p53 reaction of high intensity. Fragment of
kidney’s cortex with convoluted tubules and renal glomeruli. Positive, colour (red) immunohistochemical reaction for
p53 in both basal and apical part of the renal tubular epithelial cells is seen. The positive reaction for pS3 in brush border
of proximal convoluted tubules is observed too (arrow). There is no immunohistochemical reaction for p53 in cells
located in renal corpuscles (double arrow). AEC+H (-3-amino-9-ethylcarbazole + haematoxylin) staining.
Magnification x 200. (copyright A. Pedrycz)
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Fig. 2.6 The kidney section of the rat treated with L-arginine, showing HSP70 reaction of high intensity. Fragment of
kidney with glomeruli, convoluted tubules, and collecting ducts. Positive immunohistochemical red colour reaction is
visible in apical part of cytoplasm of renal tubular epithelial cells (arrows). There is no positive reaction for HSP70 in
glomerular cells (double arrows). AEC+H (-3-amino-9-ethylcarbazole + haematoxylin) staining. Magnification x 400.
(copyright A. Pedrycz)

L-arginine given to rats did not stimulate nitrosative stress in hepatocytes nor increase HSP70
level, destroy nuclear DNA, and furthermore did not increase apoptosis (Figs. 2.7 and 2.8) [45].

These observations have to be considered within the context that L-arginine may be cytotoxic to
kidney tissue and thus its use requires caution. This is not the case for liver and there may or may not
be other tissues that are refractory to the apoptotic effects of L-arginine. However, it is somewhat dif-
ficult to transcribe preclinical studies in the laboratory rat into the clinical situation without further
studies.

Other studies have also shown that L-arginine stimulates HSPs, p53, caspases, or apoptosis. For
example, L-arginine stimulates the L-arginine deiminase-induced inhibition of lymphoma cell growth
via increases in pS3 as well as NF-kBp65 [46]. In stomach cancer cells, L-arginine increases p53
together with concomitant decreases in Bcl-2 [47]. L-arginine supplementation has been shown to
increase HSP70 in the liver of piglets, which contrasts with the observations in this study using rats
[48]. It is difficult to make strict comparisons as the dosage per kg was not given, but the concentra-
tion of L-arginine in the aforementioned study was 6 g/kg feed [48]. In renal cells damaged by ascitic
fluid, there is increased apoptosis [49]. In these conditions, L-arginine is protective [49]. A protective
effect of L-arginine on apoptosis is also seen in intestinal cells where L-arginine reduced the apoptotic
index compared to intestinal cells from animals subjected to experimental sepsis [50].

The involvement of L-arginine in apoptosis has also been reviewed previously where it was argued
that nitric oxide-mediated apoptosis occurred via L-arginine recycling as well as by L-arginine directly
[51]. Further evidence was provided by studies showing that induction of arginase II or expression by
cDNA transfection inhibited apoptosis [51]. However, the situation is further complicated by the fact
that low doses of nitric oxide protect cells from apoptosis, paradoxically by inducing HSP70 [51].
This leads to the idea that apparently discordant observations in biology have a rational explanation.
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Fig. 2.7 The liver section of the rat treated with L-arginine, showing p53 reaction of low intensity. Weak, red, immu-
nohistochemical reaction for p53 visible in cytoplasm of hepatocytes. AEC+H (-3-amino-9-ethylcarbazole + haema-
toxylin) staining. (copyright A. Pedrycz)
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Fig. 2.8 A liver section of the rat treated with L-arginine, showing HSP70 reaction of medium intensity. Fragment of
the liver. Hepatocytes with round, big nuclei and positive immunohistochemical red colour, granular reaction in cyto-
plasm (arrows) AEC+H (-3-amino-9-ethylcarbazole + haematoxylin) staining. (copyright A. Pedrycz)
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For example, the period of timing for the administration of L-arginine in experimental situations
where apoptosis is being examined is critical [52]. Furthermore, in the studies reported in this chapter,
we do not know the concentrations of L-arginine in the cellular environment, nor the concentrations
of nitric oxide, or even recycling enzymes such as argininosuccinate lyase and argininosuccinate
synthetase.

Conclusions

L-arginine is a donor of exogenous NO and in this regard the expression of HPS70 (a biomarker of
nitrosative stress) increases in the renal cells after L-arginine therapy. L-arginine does not stimulate
nitrosative stress nor HSP70 levels in hepatocytes. L-arginine therapy destroys nuclear DNA and
increases expression of p53 (genome guardian) in renal cells. These changes in the kidney are symp-
tomatic of cellular toxicity. However, some cautionary note is required as such changes may be dose
or time dependent. Furthermore, although the experiments were carried out in only two tissues, we do
not know in such studies how this will be translated to the clinical situation in other tissues as one
needs to consider not only the L-arginine dosage regimen but the cellular and cytoplasmic concentra-
tions of L-arginine and its downstream products.
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Chapter 3
AMP-Activated Protein Kinase and L-Arginine

Srinidi Mohan

Key Points

The therapeutic benefits of L-Arginine (ARG), often clearly observed in short-term studies, are not
evident after long-term use.

Endothelial exposure to ARG triggers oxidative stress via superoxide overproduction.

The reaction between superoxide and nitric oxide (NO) results in peroxynitrite synthesis, which
promotes tetrahydrobiopterin (BH,) oxidation and hence accumulation of 7,8-dihydrobiopterin
(BH).

The accumulated BH, binds with greater avidity than BH, to nitric oxide synthase (NOS) forming
the complex, which initiates NOS uncoupling, oxidant formation, and perpetuating additional BH,
oxidation, thereby initiating the vicious cycle favoring endothelial dysfunction.

Diminished BH,-to-BH, ratio is likely to be the fundamental molecular link between oxidative
stress and endothelial dysfunction during long-term ARG supplementation.

AMP-activated protein kinase acts as the functional modulating switch for determining ARG-
mediated beneficial versus deleterious events and controls the downstream cascade of tolerance-
sparing events.

Keywords L-Arginine ® Superoxide ® Tetrahydrobiopterin * Nitric oxide synthase ¢ AMP-activated
protein kinase ® Tolerance

Introduction

L-Arginine (ARG) is a cationic, conditionally essential amino acid that is involved in numerous
physiological processes [1]. It plays an important role not only in removing ammonia from the
body but also in cell division, wound healing, immune function, and hormone release. L-Arginine
also serves as the precursor for the synthesis of L-Ornithine, L-Proline, polyamines, agmantine,
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creatine, and protein [2, 3] (Fig. 3.1). But more significantly, ARG is known to be the exclusive
substrate for nitric oxide synthase (NOS), which utilizes ARG to generate the signaling molecule,
nitric oxide (NO) [4].

The identification of ARG as the endogenous substrate for NOS has allowed it to gain popularity
as a dietary supplement. Because of the extensive involvement of NOS in many physiological sys-
tems, a wide variety of disease states [1—16] are expected to benefit from increased NO bioavailability
through increased ARG supply. In the National Institute of Health website Medlineplus [5], the use of
ARG in as many as 44 diseases and diagnoses was discussed and categorized according to the strength
of scientific evidence supporting its use. Two indications with strong scientific evidence for ARG
usefulness as dietary supplement are for growth hormone reserve test/pituitary disorder diagnosis and
inborn errors of urea synthesis. Five indications with good scientific evidence for ARG usefulness as
dietary supplement include coronary artery disease (angina), critical illness, heart failure, migraine
headache, and peripheral vascular disease/claudication. Nearly 30 conditions with unclear scientific
evidence have shown ARG usefulness as dietary supplement in treatment or preventive care, which
includes diabetes, erectile dysfunction, myocardial infarction, preeclampsia, and wound healing,
among others. The range of diseases that can be potentially benefited by ARG supplementation is
therefore quite wide [6—11].

6 g ARG/day for 3 days in patients with stable angina pectoris has shown improvement in their
exercise tolerance [12], and individuals supplemented with two food bars enriched with ARG per day
for 2 weeks showed improved vascular function, exercise capacity, and quality aspects of life [13].
Patients with congestive heart failure were able to prolong their exercise duration after taking 9 g
ARG/day for 7 days [14, 15]. In addition, ARG has been found to improve immunity [16—18], in
patients under critical care [6, 19] and in sickle cell disease [11, 20]. Examples of commercial products
include N.O.XPLODE®, NiteWorksTM, and ARG Extreme.

Of concern, recent studies revealed that the therapeutic benefits of ARG, often clearly observed
in short-term studies, are not evident after long-term use [7, 14, 21, 22]. These recent studies have
revealed the development of ARG tolerance (and possible toxicity) upon chronic dosing, thereby
representing a major hindrance for the use of this important amino acid to benefit patients. Thus,
there is a crucial need to understand the mechanistic relevance for ARG tolerance and toxicity to
allow us to devise suitable alternative approaches that would extend the beneficial effects of ARG
supplementation among patients in whom short-term therapeutic effects have already been
demonstrated.

Fig. 3.1 Illustration on CREATININE PROLINE

the biological utilization (Used for collagen)
of L-Arginine (ARG).

NO nitric oxide, CIT
L-Citrulline, eNOS
endothelial nitric oxide
synthase
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Intracellular ARG Does Not Determine NO Production

As a semi-essential amino acid, our body produces sufficient amounts of ARG, in millimolar
quantities, while the metabolic requirements are in micromolar quantities. Thus, the fundamental
question to ask is how the supplementation of this amino acid is primarily important to provide the
beneficial effects over those produced endogenously. Studies have shown the relative contributory
roles of extracellular versus intracellular ARG on cellular activation of NOS in human endothelial
cells [23]. The study involved cellular exposure with different concentration of N,-ARG (stable
isotope of ARG), ARG, or ARG ethyl ester (ARG-EE). The study found that ARG-EE incubation
increased cellular ARG concentration but no increase in nitrite/nitrate (that was observed as an
end-point measurement for NO, due to the short half-life of NO), while ARG incubation increased
both cellular ARG concentration and nitrite accumulation. Cellular nitrite/nitrate production did not
correlate with cellular total ARG concentration. Reduced N,-ARG cellular uptake in cationic amino
acid transporter knockdown cells versus control was accompanied by reduced NOS activity, as
determined by 'SN-nitrite, total nitrite, and 'N;-L-Citrulline formation. These findings suggest that
extracellular ARG, not intracellular ARG, is the major determinant of NO production in endothelial
cells. It is likely that once transported inside the cell, ARG can no longer gain access to the
membrane-bound NOS.

Dualistic Nature of NOS

While NOS is involved in ARG utilization for NO production, and the transport of ARG across the
membrane (viz. ARG influx) seems to be the determinant factor for the beneficial effects of ARG
supplementation, to determine the fundamental factor responsible for the tolerance development, we
need to understand the dualistic nature of NOS. The NOS enzyme by itself consists of two domains:
an oxygenase domain and a reductase domain [24]. The presence of two subunits for NOS favors the
dualistic nature of NOS, producing both NO and superoxide (Fig. 3.2). In neuronal NOS, both
the domains are proved to be capable of producing superoxide [25], while in vascular endothelial
NOS, the situation is less clear, as the endothelial NOS is dually acylated. The acylation helps in the
association of the endothelial NOS with the plasma membrane and the cationic transport mechanism.
The membrane bound and association of endothelial NOS with the cationic transport mechanism are
important for NOS activity. It has been recently identified that in contrast to neuronal NOS, the
oxygenase domain is the exclusive source of superoxide production in endothelial NOS, while NO
production occurs via the reductase domain [24]. The balance of NO to superoxide production by
NOS seems to be controlled by tetrahydrobiopterin (BH,, cofactor for NOS) [26].

Role of Oxidative Stress During ARG Continuous Supplementation

Since the NOS exhibits dualistic nature in producing NO and superoxide, it becomes important
to analyze the importance of oxidative stress during continuous ARG supplementation. A recent study
[27] shows that short-term (2 h) exposure to at least 50 pM ARG moderately increased endothelial
NOS activity and intracellular glucose (p <0.05), with no change in endothelial NOS mRNA or pro-
tein expression. In contrast, continuous ARG exposure suppressed endothelial NOS expression and
activity. This was accompanied by an increase in glucose and superoxide accumulation. Co-incubation
with 100 pM ascorbic acid, 300 U/ml polyethylene glycol-superoxide dismutase (PEG-SOD),
100 pM L-lysine, or 30 pM 5-chloro-2-(N-2,5-dichlorobenenesulfonamido)-benzoxazole (a
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Fig. 3.2 Dualistic nature of NOS.
ARG L-Arginine, CAT-1 cationic
amino acid transporter, eNOS
endothelial nitric oxide synthase, NO
nitric oxide and O2e— superoxide
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fructose-1,6-bisphosphatase inhibitor) prevented the occurrence of cellular ARG tolerance. Short-term
co-incubation of ARG with PEG-SOD improved cellular nitrite accumulation without altering cellu-
lar ARG uptake. These findings suggest that ARG-induced oxidative stress may be a primary caus-
ative factor for the development of cellular ARG tolerance (Fig. 3.3). Several other studies in whole
animals have also indicated ARG supplementation to be associated with oxidative stress [28—30], and
the specific formation of superoxide from ARG is implicated [30].
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Role of NOS Cofactor (BH,) in Tolerance

The superoxide formed in association with continuous ARG exposure scavenges the available
NO, resulting in the formation of peroxynitrite formation, thereby compromising NO bioactivity by
promoting the oxidation of BH4, leading to eNOS uncoupling [31, 32]. Depletion in redox-sensitive
tetrahydrobiopterin (BH4), an essential cofactor for eNOS, has caused uncoupling of eNOS from
ARG and oxidation of NADPH and ferrous dioxygen species, thereby resulting in endothelial
dysfunction via product switching from NO to superoxide [33]. Restoring BH4 level through subse-
quent dosing has reduced the symptoms of endothelial dysfunction in chronic smokers and patients
with diabetes [34, 35], hypercholesterolemia [26] or ischemia—reperfusion injury [36]. Treatment of
deoxycorticosterone acetate salt-induced hypertensive mice with oral BH4 attenuated vascular
reactive oxygen species production, increased NO levels, and blunted hypertension compared with
non-hypertensive control mice [37]. Besides supplementing BH4, cells exposed to antioxidants such
as Glutathione, Vitamin C, or Vitamin E (which are capable of providing chemical stabilization to
BH4) prevent BH4 oxidation and increase cellular eNOS activity [38, 39]. These studies provide the
initial evidence to suggest oxidation of BH4 during ARG-induced superoxide generation to be
the basis for eNOS uncoupling in vascular dysfunctions.

However, the functionally incompetent oxidized species of BH, (7,8-dihydrobiopterin, BH,) is
also known to bind to eNOS [40-42]. A recent study [43] shows the increase in the rate of BH2
binding to eNOS, alteration to intracellular BH, to BH, ratio, and the greater binding avidity of
eNOS with BH2 than BH, as the key determinants in initiating the various tolerance-sparing
events observed during continuous ARG supplementation, rather than simply a consequence of
BH, oxidation (Fig. 3.4).

Fig. 3.4 Illustrates the
role of BH, and BH, as
key determinants in
ARG-mediated oxidative
stress
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Role of AMP-Activated Protein Kinase (AMPK) Towards ARG Responses

While studies have identified ARG tolerance after continuous supplementation of this amino acid to
be mediated by endothelial NOS downregulation, secondary to oxidative stress, the fundamental
mechanistic factor that controls ARG-mediated superoxide production that is responsible for initiat-
ing further downstream tolerance-sparing events remains unaddressed. Not much progress has been
reached until recently, where AMPK has been suggested as the potential modulator of the events
associated with ARG tolerance (and potential toxicity) [44, 45].

AMPK plays a significant role in energy-sensing/signaling system utilized by cells to detect and
respond to changes in energy levels [46]. The NO generated by eNOS via ARG utilization is known
to be required for the initial activation of AMPK [47], possibly via calmodulin-dependent protein
kinase kinase [48, 49] or other mechanistic pathways [50, 51]. eNOS knockdown in mice or shear
stress in endothelial cells [52] suppressed AMPK activity, emphasizing the importance of endogenous
NO in AMPK activation and subsequent metabolism of energy substrates.

When AMPK is activated, processes of ATP-consumption, such as lipogenesis or gluconeogenesis,
are switched off, whereas ATP-producing pathways like fatty acid and glucose oxidation are switched
on. AMPK activation also increases NO synthesis by eNOS under various physiological and
pathological conditions [53, 54]. While NO controls AMPK function through the activation of
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guanylyl cyclase, peroxynitrite that is formed by the reaction between NO and superoxide can also
impose its regulation on AMPK activation by impairing guanylyl cyclase [55-57]. The recent AMPK
modulation study suggests that ARG mediated short-term therapeutic benefits to be initiated via
the activation of AMPK, which stimulates downstream NO release by maintaining eNOS activity and
allowing glucose to accumulate only via cellular transport (Fig. 3.5). The dysfunction in AMPK
enzyme activity affected eNOS function, decreased glucose uptake from medium, and increased
cellular glucose synthesis and oxidative stress. All of these events seen during AMPK dysfunction are
concomitant with those reported to occur during continuous ARG supplementation [58].

Conclusion

We have addressed some of the potential factors that play an important role in developing tolerance
during continuous ARG supplementation. AMPK has been shown as the fundamental modulating
factor in the development of ARG tolerance and in controlling the downstream tolerance-sparing
events. Oxidative stress or superoxide overproduction has been shown as the primary indicator in
triggering tolerance-sparing events. The BH,-to-BH, ratio serves as the molecular link between
oxidative stress and endothelial dysfunction during continuous ARG supplementation.
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Chapter 4
Amidine-Based Compounds Affecting L-Arginine
Metabolism

Cristina Maccallini, Marialuigia Fantacuzzi, and Rosa Amoroso

Key Points

* In the living organism, one of the main functions of L-Arg is the role as a precursor of NO, a free
radical molecule considered one of the main regulators of cell metabolism.

* The amidine motif has emerged as highly representative of the alternative guanidine architecture
in a number of L-Arg mimics, and several bioactive amidines were discovered as inhibitors of
enzymes involved in L-Arg metabolism.

* In the research of non-amino acid NOS inhibitors, the amidino group has been revealed to be a phar-
macophoric element useful for obtaining potent and highly selective iNOS and nNOS inhibitors.

* The amount of NO in human body is regulated by NO-~ADMA-DDAH axis. Some alkylamidines
are DDAH inhibitors, increasing ADMA and NMMA, with inhibition of nNOS and reduction of
NO levels in pathological situations.

* The overproduction of citrullinated proteins by PAD enzyme results in autoimmune system attacks.
A series of amidines containing an electron-withdrawing leaving group were selected as selective
PAD inhibitors.

* The upregulation of PRMT, expression has been disclosed in heart disease and in various types of
human cancers like prostate cancer, breast cancer, and leukemia. Therefore, the selective inhibition
of PRMT, by acetamidino compounds would have beneficial effects on these pathologies.

Keywords Amidines ¢ L-Arginine metabolism ® Dimethylarginine dimethylaminohydrolase (DDAH)
* Nitric oxide synthase (NOS) ¢ Protein L-arginine methyltransferase 1 (PRMT)) ¢ Peptidylarginine
deiminase (PAD)
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eNOS or NOS III  Endothelial NOS

FAD Flavin adenine dinucleotide

FMN Flavin mononucleotide

HNO Nitroxyl

iNOS or NOSII Inducible NOS

L-Arg L-arginine

L-Cit L-citrulline

L-CI-NIO N°-(1-imino-2-chloroethyl)-L-ornithine

L-IPO N°-(1-iminoproyl)-L-ornithine

L-VNIO N°-(1-imino-3-butenyl)-L-ornithine

NADPH Reduced nicotinamide adenine dinucleotide phosphate
NMMA N7-methyl-L-arginine, N°-monomethyl-L-arginine

nNOS or NOS I Neuronal NOS

NO Nitric oxide

NOS Nitric oxide synthase

PAD Peptidylarginine deiminase

PRMT Protein L-arginine methyltransferase 1

SDMA N°,N'*-dimethyl-L-arginine, symmetric dimethyl-L-arginine
Introduction

The L-Arg availability or the production of end products can be altered in different pathological con-
ditions, resulting in profound physiologic consequences, with disruption of normal homeostasis in the
human body. In particular, in recent years great interest has been directed to therapeutic applications
able to restore the metabolism of L-Arg, increasing substrate availability or influencing specific path-
ways. The development of L-arginine mimetics is one of the approaches used for treating diseases
related to the altered metabolism of L-Arg; main L-Arg structural modifications refer to the a-N or a-C
derivatization, the synthesis of constrained analogs, or the diversification of the guanidino moiety
with a bioisotere. Among L-arginine mimetics, the amidino motif has proved to be the most important
substitute of the guanidine architecture. In effect, amidines are derivatives of carboxylic acids, in
which the hydroxyl group is replaced by an amino group and the carbonyl group by an azomethine
double bond. They are strong organic bases due to the charge delocalization occurring over the two
nitrogen atoms in the protonated form. This structure offers the possibility to establish specific inter-
actions, mainly bidentate hydrogen bondings, with proteins, and the nature of the amidino substituent
can modulate the structural protein recognition process [1].

Several bioactive amidines were discovered in the last years as inhibitors of four enzyme families,
namely nitric oxide synthase (NOS), dimethylarginine dimethylaminohydrolase (DDAH), protein
L-arginine methyltransferase (PRMT), and peptidylarginine deiminase (PAD). Here we review the
research for potent and selective amidine compounds acting on the mentioned enzyme families.

Amidine-Based Inhibitors of Nitric Oxide Synthase

NO is a small, gaseous radical molecule, endowed with high diffusion rate and lipophilicity, resulting
in tissue bioaccumulation. Due to its complex reactivity in cellular environments and to the availabil-
ity of many reactive targets, NO plays complicated and sophisticated roles in mammals. Thus, NO
may be reduced to nitroxyl (HNO), oxidized to higher oxides, or bound to iron centers with a number
of distinctive biological consequences in each of these cases [2].
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Fig. 4.1 Biosynthesis of NO

NO is in vivo synthesized from L-Arg by three distinct isoforms of the enzyme NOS, via a five-
electron transfer process involving reduced nicotinamide adenine dinucleotide phosphate (NADPH)
and oxygen as additional substrates, together with a series of cofactor and prosthetic groups, such as
flavin adenine dinucleotide (FAD), flavin mononucleotide (FMN), heme, and tetrahydrobiopterin
(BH,) (Fig. 4.1) [3]. Two of the NOS isoforms are expressed in a constitutive manner, and, according
to the tissue where they were for the first time identified, they are reported as neuronal NOS (nNOS
or NOS I) and endothelial NOS (eNOS or NOS III). Under normal physiological conditions, these
enzymes generate low, transient levels of NO. In particular, nNOS mainly catalyzes NO production in
the Nervous System and it is involved in the neurotransmission and long-term potentiation; eNOS is
essential in the regulation of the vascular tone, in platelet adhesion, and in the smooth muscle relax-
ation. The expression of the third isoform, referred as inducible NOS (iNOS or NOSII), is induced in
response to endotoxins and/or cytokines and this enzyme generates high, sustained levels of local NO,
important in the immune defense against pathogens.

Depending on the isoform involved in its biosynthesis and on the level of its production, NO may exert
both positive and negative effects on physiological conditions and pathophysiological progression. Thus,
a decreased NO production or a reduction of its bioavailability in the vasculature are key features of the
endothelial dysfunction [4]. Moreover, NO in the vasculature enhances insulin signaling, and low levels
of NO, as well as the generation of different reactive oxygen and nitrogen species by uncoupled eNOS are
connected to diabetes progression [5]. On the other hand, also the uncontrolled overproduction of NO by
iNOS and/or nNOS is detrimental and plays a role in a number of disease states, such as congestive heart
failure, septic shock, migraine, asthma, cerebral ischemia, Parkinson’s disease, and cancer [6]. Therefore,
the inhibition of iNOS or nNOS, especially when an overexpression of these two isoforms occurs, could
provide effective therapeutic approaches, although it is imperative that NOS inhibitors do not affect
eNOS, as this will lead to unwanted side effects in the cardiovascular system [7].

The high level of structural homology between the three isoforms, in particular in the binding site
oxygen domain, explains the difficulty in finding selective NOS inhibitors. Structural features respon-
sible for the selective inhibition over eNOS mainly rely on the inhibitors’ ability to give specific
interactions at the periphery of iNOS or nNOS catalytic domain, where the major differences among
the three isoforms are localized. Anyway, key features are also the different size of the heme ligand
binding cavity or the conformational flexibility in the active site, that allow the adoption of different
conformations in response to interactions with inhibitors. In the research of selective, non-amino acid
NOS inhibitors, the amidino group has been revealed to be a pharmacophoric element useful for
obtaining potent and highly selective iNOS inhibitors. Indeed the amidino group provides useful
interactions within the NOS catalytic domain, establishing a bidentate interaction with a conserved
glutamic acid, and one hydrogen bond with the carbonyl group of a tryptophan residue (Fig. 4.2) [8].

Several acetamidines were disclosed in the past years, such as the N-(3-(aminomethyl)benzyl)
acetamidine (1, 1400W, Fig. 4.3), which is one of the most potent inhibitors of the human iNOS
(IC5<0.2 pM) [9].

Bioactive acetamidines are supposed to act as irreversible inhibitors, affecting the heme prosthetic
group of NOS and leading to protein degradation [10]. Recently, new benzyl- and N-substituted-
aminomethyl-benzyl acetamidines (24, Fig. 4.4), structurally related to 1400W, were synthesized;
these molecules inhibit iNOS or nNOS with a very high degree of selectivity toward eNOS (best ICs
0.1 pM for iNOS and 0.2 pM for nNOS) [11-13]. In particular, in the benzyl-acetamidine series, the
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bulky substituents on the benzylic carbon, connecting the aromatic core to the acetamidine nitrogen,
seem to play a role in promoting the binding at the nNOS catalytic site. Indeed they might furnish
positive contacts with the hydrophobic residues Pro565 and Val567 of the S12 sheet, which is posi-
tioned atop the heme cavity.

In the last years, Pharmacia patented several selective acetamidine iNOS inhibitors (5-8), based on
arigid alkenyl or thio-alkyl a-amino acid scaffold (Fig. 4.5). For these molecules, best ICs, values on
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human iNOS are comprised between 0.4 and 0.9 pM, with a selectivity ratio toward human eNOS
between 60- and 100-fold [14]. These iNOS inhibitors were found to be highly active in the human
cartilage explant assay, a model for osteoarthritis, demonstrating also to be less able to penetrate other
organs in test system.

The thiophene-2-carboximidamido group conjugated to an aromatic system was discovered to be
an important pharmacophoric moiety in the research of nNOS inhibitors (Fig. 4.6). The fact that these
compounds are selective inhibitors of nNOS, while N-substituted acetamidines mainly inhibit the
iNOS, could be probably due to the larger size of the heme binding cavity of nNOS with respect to
eNOS and iNOS, which appear to be less able to fit the steric hindered heterocyclic amidines [15].
Initially a series of 5- and 6-amidino indoles were patented by Neuraxon, and the representative com-
pounds 9-11 showed nNOS ICjs, ranging between 0.2 pM (11) and 12 pM (10) and high selectivity
toward eNOS and iNOS (>100-folds) [16]. These inhibitors also showed efficacy in several models of
neuropathic-like pain states. New series of 3,5-indole and 1,6-indoline substituted thiophene-2-
carboximidamides (12-14) were later disclosed, with selective inhibition of nNOS and efficacy in
visceral and neuropathic pain (best nNOS ICs, 0.26 pM for compound 12) [17, 18]. Other series of
thiophene-2-carboximidamido derivatives developed by Neuraxon included quinolones, benzoxa-
zines, and benzothiazines (15-17) [19]. Recently, Silverman and coworkers patented a series of potent
nNOS inhibitors, including compound 18, featuring a double thiophene carboximidamide moiety
properly spaced by different linkers, exhibiting excellent efficacy in melanoma cell line [20].

Other examples of bioactive nNOS inhibitors are aminopyridine or indazole derivatives such as
compound 19 (Fig. 4.7), in which the amidino group is included into an aromatic ring [21].

Amidine-Based Inhibitors of Human DDAH,

The amount of NO available in the human body is regulated not only by the levels of intracellular
L-Arg but also by endogenous inhibitors of NOS, the methylarginines, such as N°,N”-dimethyl-L-
arginine (asymmetric dimethyl-L-arginine, ADMA) and N®-methyl-L-arginine (N°-monomethyl-L-
arginine, NMMA). ADMA and NMMA are produced by posttranslational methylation of
protein-bound L-Arg residues, and they are mainly degraded by cysteine hydrolase DDAH into L-
Cit and the corresponding alkylamines (Fig. 4.8) [22]. They inhibit all of the three NOS isoforms
with Ki values in the low pM range.
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In recent years, considerable attention was focused on methylarginines, because they can indirectly
modulate NO bioavailability. Increased levels of ADMA are associated with inhibition of eNOS and
decrease in NO bioavailability, leading to endothelial dysfunction, with consecutive increased sys-
temic vascular resistance, elevated blood pressure, and risk for cardiovascular events. On the other
hand, reduced ADMA levels are associated with NO overproduction by iNOS, resulting in elevate
oxidative stress and several pathophysiological conditions. Since the plasma levels of ADMA are
mainly regulated by its catabolism, the degrading enzyme DDAH represents an interesting target for
pharmacological interventions [23].
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The crystallographic structure of DDAH shows that the active site contains a Cys—His—Glu/Asp
catalytic triad. Binding of ADMA leads to deprotonation of the Cys; the resulting thiolate attacks the
guanidine group of ADMA, releasing dimethylamine and forming a stable thiouronium intermediate,
which releases L-Cit upon hydrolysis. Two isoforms of DDAH have been discovered so far, sharing
62 % sequence similarity, with different tissue expression patterns: DDAH;, is mainly localized in the
brain, pancreas, and liver, while DDAH, is highly expressed in the vascular endothelial cells, kidneys,
and placenta. Although there is a very complicated relationship between DDAH and NOS, depending
on cell type and tissue, as well as pathophysiological conditions, DDAH, is connected with nNOS,
while DDAH, predominates in tissues expressing eNOS, indicating an isoform-specific regulation of
NOS activity [24].

The inhibition of DDAH would increase the concentrations of ADMA and NMMA, with inhibition
of NOS and reduction of NO levels in pathological situations where NO is overproduced, through the
axis NO-ADMA-DDAH. However, the inhibition of the DDAH, isoform should be carefully
avoided, as it results in a NO deficiency in the cardiovascular system, where it plays an essential role
[25].

Recently, some inhibitors of DDAH were designed, replacing the guanidino moiety of L-Arg with
a bioisosteric amidine (Fig. 4.9). In a context of a study on the binding pocket of the guanidino moiety
of ADMA, a series of N°-(1-iminoalk(en)yl)-L-ornithines were obtained and tested as inhibitors of
DDAH, [26]. The N°-(1-imino-3-butenyl)-L-ornithine (19, L-VNIO) showed 97 % inhibition at 1 mM
with an ICs, of 13 uM, when assayed against human DDAH,. Analogs of L-VNIO, with shorter side
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chains and without double bonds, showed reduced potency. Since some amidines are also known to
be selective inhibitors of NOS, studies following the discovery of L-VNIO concerned the development
of dual targeted inhibitors. NOS and DDAH share the same substrate, the ADMA, and selective
inhibitors on both nNOS and DDAH;, could be very useful therapeutic agents in the control of NO
production in several diseases.

The alkylamidine scaffold was selected for exploration of the chemical space occupied by ligands
of NOS, DDAH, or both, showing that simple alterations in the chain length resulted in a different
activity: nNOS was inhibited by amidines with shorter alkyl chain (compounds 20-22, R=Me, Et,
n-Bu, respectively), whereas the compound having an iminopentyl side chain 23 (R =n-pentyl) inhib-
its DDAH, [27]. Comparison of inhibitor-bound structures of both DDAH, and NOS revealed some
peculiarities, explaining the different enzymatic affinities: the active site of DDAH, is slightly larger
than NOS, thereby allowing longer substituents. In contrast, the smaller active site of NOS limits the
size of ligand by steric hindrance. The alkylamidines with intermediate side chains can be inserted in
the overlapping portion of the two enzymes. Therefore, the choice of the appropriate alkyl chain could
achieve a dual inhibition of both enzymes. The inhibition of DDAH, by alkylamidine N°-(1-
iminoproyl)-L-ornithine (21, L-IPO) was studied in detail: an X-ray crystal structure of L-IPO:DDAH,
complex indicated that the inhibitor binds in a manner similar to that of related DDAH substrates. The
amidino carbon forms a tetrahedral intermediate with Cys274 in the active site; kinetic studies showed
this covalent adduct to be in rapid equilibrium with the parent compound and enzyme, indicating a
reversible competitive inhibition.

To rank the inhibitory potency of N-alkylamidines in live mammalian cell culture, a click chemistry-
based activity probe was constructed. The ICs, values were measured in living HEK293T cells, show-
ing the same trend observed in vitro. The specific binding interactions of L-VNIO with DDAH were
determined by site-directed mutagenesis of the active-site Cys residue, combined with X-ray crystal-
lography and isothermal titration calorimetry [28]. L-VNIO forms favorably a tetrahedral adduct with
DDAH, but this covalent bond does not make it quite potent as compared to other reversible inhibi-
tors. This behavior is probably due to the inability of covalent adduct to establish the key binding
interactions normally made by substrates during turnover, such as the interaction with His173 in the
active site. The stabilization of covalent adduct, through the insertion of additional favorable interac-
tions into the enzyme binding site, is the basis for the development of more potent DDAH, inhibitors
as NO-blocking therapeutics.

In a recent study, a new alkylamidine, the N°-(1-imino-2-chloroethyl)-L-ornithine (24, L-CI1-NIO),
was shown to be a potent and selective inhibitor of human DDAH, (ICs, 6.6 uM) [29]. A screen of
diverse melanoma cell lines revealed an upregulation of DDAH, relative to normal melanocyte con-
trol lines. Treatment of the melanoma A375 cell line with L-CI-NIO showed a decrease in NO produc-
tion mediated by DDAH-methylarginine—-NO axis.

Amidine-Based Inhibitors of PAD

The deimination of peptidyl L-arginine residues in peptidyl citrulline is another posttranslational
modification, referred as citrullination, catalyzed by a family of enzymes named PAD (Fig. 4.10).
The citrullination is implicated in a number of physiological processes, including gene regula-
tion, embryonic development, terminal differentiation of epidermis, and apoptosis [30]. In
humans, the PAD family consists of five calcium-dependent isozymes (PAD, ,34¢), €ach encoded
by a distinct gene clustered on chromosome 1 (1p35-36), possessing high degree of sequence
homology (~50 %). There is a tissue-specific expression of the isozymes: PAD, is widely
expressed in every tissue and cell type, while the other PADs are quite restricted, PAD, ; 44 being
most predominant in skin, hair follicles, immune cells, and oocytes, respectively [31]. Noteworthy,
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all PADs are localized in the cell cytoplasm, with the exception of PAD, that is localized in the
nucleus; even though, very recent data suggest that PAD, could be present in granules and PAD,
in mitochondria. PAD,, and partly PAD,, has been implicated in the histone deimination with a
consequent effect on overall chromatin function, as for example in gene transcription, but many
other PAD substrates like fibrinogen, filaggrin, and actin exist, and, more specifically, PAD, is
responsible for the citrullination of other proteins such as p300, ING4, RPS2, lamin C, and
nucleophosmin [32].

PAD contains a Ca*-binding motif and its activity depends on the presence of high levels of
Ca?*, achieved by influx from intracellular Ca?* stores or extracellular space (apoptosis, oxidative
stress), while the intracellular concentration of Ca?* is too low for PAD activation. Although dif-
ferent efforts were made to elucidate the structures of each isozyme, PAD, is the most investi-
gated. The 3D PAD structure could be divided into a C-terminal domain, where the catalytic
reaction takes place, a N-terminal domain, folded into B-sheets, and five calcium binding sites,
two of which are involved in the bridge between N and C domains, while the others are located
in the N-domain [33]. Conformational changes of the enzyme that allow the exposition of cata-
lytic triad Cys—His—Glu/Asp in the active site, are caused by the binding of Ca?*. The substrate
binding mode is similar to other L-arginine-converting enzyme, like DDAH: a Cys residue is
critical for catalysis, acting as a nucleophile, and binding the carbon atom of the guanidino group
of peptidyl-arginine. The resulting thiouronium intermediate is subsequently hydrolyzed to form
peptidyl-citrulline [34].

Protein citrullination has been related to several human diseases, since citrullinated proteins acti-
vate the immune system against its own tissues, causing many autoimmune diseases such as rheuma-
toid arthritis, demyelinating disease (in particular multiple sclerosis), psoriasis, and systemic lupus
erythematosus. Furthermore, elevated citrullinated proteins were found in other human diseases
including ulcerative colitis, ankylosing spondylitis, osteoarthritis, Crohn’s disease, glaucoma, and
cancer [35].

The development of PAD-selective inhibitors is essential to understand the precise role of
each PAD isozyme in human diseases and to realize the possible use of a single or multiple iso-
zymes inhibitor as therapeutics. The substitution of the guanidino group of the L-Arg residue with
an acetamidino group allows the inhibitor to make H-bond contacts with both Asp350 and Asp473
(PAD,), two important residues for the catalytic process and substrate recognition. In this way,
PAD inhibitors/inactivators could react with the catalytic nucleophile Cys to form a tetrahedral
intermediate, which subsequently collapses to form a thioether product via two proposed mecha-
nisms (Fig. 4.11). All the PAD inhibitors are haloacetamidines, constituted by an amidine war-
head containing an electron-withdrawing leaving group, a polymethylene linker, and a specific
backbone crucial to target the active site (Fig. 4.12). The F-amidine 25 (ICs, 21.6 pM) and CI-
amidine 26 (ICsy 5.9 pM) were the first irreversible pan-PAD inhibitors discovered [34]. A con-
secutive SAR study performed on the same molecular scaffold and the active site of the enzyme
led to the discovery that many modifications on the side chain do not result in potency enhance-
ment, while the introduction of a carboxylate at the orfo position on the benzoyl ring both
increases potency for all of the PADs and addresses selectivity mainly toward PAD, (27, o-F-am-
idine) or PAD, 4 (28, o-Cl-amidine) [36].
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A library of 264 tripeptides containing the fluoroacetamidine head was synthesized and tested
with the aim to identify a more isoform-specific inhibitor. Compound 29 (TDFA) ensued a highly
selective (up to 65-fold) PAD, inhibitor with excellent in vivo potency. Moreover, TDFA was
added to a biotin moiety in the N-terminus and transformed in a PAD,-selective activity-based
proteomic probe [37].

Recently, Wang et al. starting from Cl/-amidine 26 as lead compound synthesized a library of 23
compounds modifying the N-o and C-a positions of the ornithine backbone to develop more potent
inhibitors for PAD, and cancer cell killing. Compound 30 (YW3-56) showed PAD, and PAD, inhibi-
tor activity (ICso 1-2 pM and 0.5-1 pM, respectively), and furthermore an improved bioavailability,
due to the introduction of more hydrophobic substituents (dimethylamide-naphthalene and benzyl-
amide groups) [38].

L-Arginine-Based Inhibitors of PRMT,

L-Arginine methylation is an important posttranslational modification, and deregulation of this
process contributes to the onset and/or the progression of multiple human pathologies. PRMT
catalyzes the addition of one or two methyl groups to a L-Arg residue in proteins, leading to the
synthesis of three types of methylarginine species: ADMA, NMMA, and N°,N'®-dimethyl-L-
arginine (symmetric dimethyl-L-arginine, SDMA). PRMT includes nine isozymes that are
expressed ubiquitously and controls significant cellular processes involved in cell growth, prolif-
eration, and differentiation [39]. PRMT), the predominant mammalian isozyme and the major
asymmetric L-arginine methyltransferase, is implicated in the transcription activation, signal
transduction, RNA splicing, and DNA repair. The upregulation of PRMT, expression has been
disclosed in heart disease and in various types of human cancers like prostate, breast cancer, and
leukemia [40]. Therefore, the selective inhibition of PRMT, could explicate beneficial effects on
these pathologies. Also in this case, the substitution of the guanidino moiety of the L-Arg with the
acetamidine led to compounds with inhibitory activity on the enzyme. The only potent and selec-
tive PRMT) inhibitor described to date is the chloroacetamidine 31 (Fig. 4.13), which acts also as
a PAD inhibitor. The possible mechanisms of PRMT inhibition are the same showed for PAD
inhibitors [41].

Conclusions

During the progression of several diseases, L-Arg signaling and metabolism often appear to be
impaired. New therapeutic efforts to reset them are directed to the selective inhibition of four enzy-
matic families: NOS, DDAH, PRMT, and PAD. Here we reviewed the research for potent and
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selective inhibitors of the named enzymes, all of them containing the amidino motif as the core struc-
tural element able to anchor the molecule into the catalytic pocket of the enzyme. As for NOS, the
amidino moiety is able to establish key interactions with a conserved Glu residue, although substitu-
ents’ specific sizes and interactions are responsible for selectivity between NOS isoforms. Alkyl-
substituted amidines appear to be potent inhibitors of the DDAH. PAD inhibitors or inactivators
contain a specific backbone to target the active site while the haloacetamidine warhead targets Cys
residue of the catalytic triad determining PADs inactivation. The presence of a carboxylate on the
backbone amide benzoyl ring and the halogen direct the selectivity over PAD, and/or 4. The biological
activities’ spectra exhibited by amidines are quite broad, and, among the others, they are also antimi-
crobial, antinflammatory, and anticancer agents. For this reason, medicinal chemists should carefully
consider possible wanted or unwanted multiple actions in the design of new amidino compounds.

References

1. Maccallini C, Fantacuzzi M, Amoroso R. Amidine-based bioactive compounds for the regulation of arginine metab-
olism. Mini Rev Med Chem. 2013;13:1305-10.

2. Hughes MN. Chemistry of nitric oxide and related species. Methods Enzymol. 2008;436:3-19.

3. Li H, Poulos TL. Structure-function studies on nitric oxide synthases. J Inorg Biochem. 2005;99:293-305.

4. de Mel A, Murad F, Seifalian AM. Nitric oxide: a guardian for vascular grafts? Chem Rev. 2011;9:5742-67.

5. Wang H, Wang AX, Aylor K, Barrett EJ. Nitric oxide directly promotes vascular endothelial insulin transport.
Diabetes. 2013;62:4030-42.

6. Hirst DG, Robson T. Nitric oxide physiology and pathology. Methods Mol Biol. 2011;704:1-13.

7. Tinker AC, Wallace AV. Selective inhibitors of inducible nitric oxide synthase: potential agents for the treatment of
inflammatory diseases? Curr Top Med Chem. 2006;6:77-9.

8. Ji H, Li H, Flinspach M, et al. Computer modeling of selective regions in the active site of nitric oxide synthases:
implication for the design of isoform-selective inhibitors. ] Med Chem. 2003;46:5700-11.

9. Garvey EP, Oplinger JA, Furfine ES, et al. 1400W is a slow, tight binding, and highly selective inhibitor of inducible
nitric-oxide synthase in vitro and in vivo. J Biol Chem. 1997;272:4959-63.

10. Zhu Y, Nikolic D, Van Breemen RB, Silverman RB. Mechanism of inactivation of inducible nitric oxide synthase
by amidines. Irreversible enzyme inactivation without inactivator modification. J Am Chem Soc.
2005;127:858-68.

11. Maccallini C, Patruno A, Besker N, et al. Synthesis, biological evaluation, and docking studies of N-substituted
acetamidines as selective inhibitors of inducible nitric oxide synthase. ] Med Chem. 2009;52:1481-5.

12. Maccallini C, Patruno A, Lannutti F, et al. N-substituted acetamidines and 2-methylimidazole derivatives as selec-
tive inhibitors of neuronal nitric oxide synthase. Bioorg Med Chem Lett. 2010;20:6495-9.

13. Fantacuzzi M, Maccallini C, Lannutti F, et al. Selective inhibition of iNOS by benzyl- and dibenzyl derivatives of
N-(3-aminobenzyl)acetamidine. ChemMedChem. 2011;6:1203-6.

14. Pharmacia Corp US196118 and W02007203823, 2007

15. Fedorov R, Hartmann E, Ghosh DK, Schlichting I. Structural basis for the specificity of the nitric-oxide synthase
inhibitors W1400 and N®-propyl-L-arg for the inducible and neuronal isoforms. J Biol Chem. 2003;278:45818-25.

16. Neuraxon Inc US20060258721, 2006; W02007118314, 2007; W02009062318 and W02009062319, 2009,
W02010132072, 2010

17. Mladenova G, Annedi SC, Ramnauth J, et al. First-in-class, dual-action, 3,5-disubstituted indole derivatives having
human nitric oxide synthase (nNOS) and norepinephrine reuptake inhibitory (NERI) activity for the treatment of
neuropathic pain. J Med Chem. 2012;55:3488-505.

18. Annedi SC, Ramnauth J, Maddaford SP, et al. Discovery of cis-N-(1-(4-(methylamino)cyclohexyl)indolin-6-yl)
thiophene-2-carboximidamide: a 1,6-disubstituted indoline derivative as a highly selective inhibitor of human neu-
ronal nitric oxide synthase (nNOS) without any cardiovascular liabilities. ] Med Chem. 2012;55:943-55.

19. Ramnauth J, Renton P, Dove P, et al. 1,2,3,4-Tetrahydroquinoline-based selective human neuronal nitric oxide
synthase (nNOS) inhibitors: lead optimization studies resulting in the identification of N-(1-(2-(methylamino)
ethyl)-1,2,3,4-tetrahydroquinolin-6-yl)thiophene-2-carboximidamide as a preclinical development candidate.
J Med Chem. 2012;55:2882-93.

20. Huang H, Li H, Yang S, et al. Potent and selective double-headed thiophene-2-carboximidamide inhibitors of
neuronal nitric oxide synthase for the treatment of melanoma. J Med Chem. 2014;57:686-700.



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

Amidine-Based Compounds Affecting L-Arginine Metabolism 53

Xue F, Kraus JM, Labby K1, et al. Improved synthesis of chiral pyrrolidine inhibitors and their binding properties
to neuronal nitric oxide synthase. ] Med Chem. 2011;54:2039-48.

Pope AJ, Karuppiah K, Cardounel AJ. Role of the PRMT-DDAH-ADMA axis in the regulation of endothelial nitric
oxide production. Pharmacol Res. 2009;60:461-5.

De Gennaro CV, Bianchi M, Pascale V, et al. Asymmetric dimethylarginine (ADMA): an endogenous inhibitor of
nitric oxide synthase and a novel cardiovascular risk molecule. Med Sci Monit. 2009;15:RA91-101.

Palm F, Onozato ML, Luo Z, Wilcox CS. Dimethylarginine dimethylaminohydrolase (DDAH): expression, regula-
tion, and function in the cardiovascular and renal systems. Am J Physiol Heart Circ Physiol. 2007;293:H3227-45.
Schade D, Kotthaus J, Clement B. Modulating the NO generating system from a medicinal chemistry perspective:
current trends and therapeutic options in cardiovascular disease. Pharmacol Ther. 2010;126:279-300.

Kotthaus J, Schade D, Muschick N, et al. Structure-activity relationship of novel and known inhibitors of human
dimethylarginine dimethylaminohydrolase-1: alkenyl-amidines as new leads. Bioorg Med Chem.
2008;16:10205-9.

Wang J, Mozingo AF, Hu S, et al. Developing dual and specific inhibitors of dimethylarginine dimethylaminohy-
drolase-1 and nitric oxide synthase: toward a targeted polypharmacology to control nitric oxide. Biochemistry.
2009;48:8624-35.

Lluis M, Wang J, Mozingo AF, et al. Characterization of C-alkyl amidines as bioavailable covalent reversible
inhibitors of human DDAH-1. ChemMedChem. 2011;6:81-8.

Wang Y, Hu S, Gabisi Jr AM, et al. Developing an irreversible inhibitor of human DDAH-1, an enzyme upregulated
in melanoma. ChemMedChem. 2014;9:792-7.

Wei L, Wasilewski E, Chakka SK, et al. Novel inhibitors of protein arginine deiminase with potential activity in
multiple sclerosis animal model. J Med Chem. 2013;56:1715-172.

Vossenaar ER, Zendman AJW, van Venrooij WJ, Pruijn GIM. PAD, a growing family of citrullinating enzymes:
genes, features and involvement in disease. Bioessays. 2003;25:1106-18.

Jang B, Shin HY, Choi JK, et al. Subcellular localization of peptidylarginine deiminase 2 and citrullinated proteins
in brains of scrapie-infected mice: nuclear localization of PAD2 and membrane fraction-enriched citrullinated pro-
teins. J Neuropathol Exp Neurol. 2011;70:116-24.

Arita K, Hashimoto H, Shimizu T, et al. Structural basis for Ca2 +—induced activation of human PAD4. Nat Struct
Mol Biol. 2004;11:777-83.

Luo Y, Arita K, Bhatia M, et al. Inhibitors and inactivators of protein L-arginine deiminase 4: functional and struc-
tural characterization. Biochemistry. 2006;45:11727-36.

Gyorgy B, Toth E, Tarcsa E, et al. Citrullination: a posttranslational modification in health and disease. IntJ Biochem
Cell Biol. 2006;38:1662-717.

Causey CP, Jones JE, Slack JL, et al. The development of N-a-(2-carboxyl)benzoyl-N5-(2-fluoro-1-iminoethyl)-
L-ornithine amide (o-F-amidine) and N-a-(2-carboxyl)benzoyl-N5-(2-chloro-1-iminoethyl)-L-ornithine amide
(0-Cl-amidine) as second generation protein L-arginine deiminase (PAD) inhibitors. J Med Chem.
2011;54:6919-35.

Jones JE, Slack JL, Fang P, et al. Synthesis and screening of a haloacetamidine containing library to identify PAD4
selective inhibitors. ACS Chem Biol. 2012;7:160-5.

Wang Y, Li P, Wang S, et al. Anticancer peptidylarginine deiminase (PAD) inhibitors regulate the autophagy flux
and the mammalian target of rapamycin complex 1 activity. J Biol Chem. 2012;287:25941-53.

Cha B, Jho E-H. Protein L-arginine methyltransferases (PRMTs) as therapeutic targets. Expert Opin Ther Targets.
2012;16:651-64.

Yang Y, Bedford MT. Protein L-arginine methyltransferases and cancer. Nat Rev Cancer. 2013;13:37-50.

Obianyo O, Causey CP, Osborne TC, et al. A chloroacetamidine-based inactivator of protein L-arginine methyltrans-
ferase 1: design, synthesis, and in vitro and in vivo evaluation. Chembiochem. 2010;11:1219-23.



Chapter 5
Oxy- and Sulfoanalogues of L-Arginine

Tatyana Dzimbova and Tamara Pajpanova

Key Points

L-Arginine is a semi-essential amino acid, vital for normal growth and development of
organisms.

Canavanine, a natural L-arginine antimetabolite, may act as a substrate of any enzymes from the
L-arginine cycle, and thus affects strongly normal metabolism.

By analogy with canavanine oxy- and sulfoarginine analogues were synthesised.

Oxy- and sulfoarginine analogues have potent biological effects, including analgesic, cytotoxic,
and antibacterial activity.

Oxy- and sulfoarginine analogues are successful substrates of different enzymes participating in
L-arginine metabolism. This results in seriouws disturbances in normal cell development.

If incorporated in biologically active peptides in place of L-arginine, oxy- and sulfoanalogues
enhance the effects of the native peptides, due to their high enzyme stability and their ability to
bind strongly to the important macromolecules.

When incorporated into a variety of proteins using mRNAs templates, changes in protein
conformation occur, which result in altered biological functions.
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Abbreviations

ADC L-Arginine decarboxylase

ADI L-Arginine deiminase

AGAT  r-Arginine-glycine amidinotransferase
ARG Arginase

ASL Argininosuccinate lyase

ASS Argininosuccinate synthase

T. Dzimbova, PhD (I<) « T. Pajpanova, PhD

Department Molecular Design and Biochemical Pharmacology, Roumen Tsanev Institute of Molecular Biology,
Bulgarian Academy of Sciences, 21 Acad. G. Bonchev Street, 1113 Sofia, Bulgaria

e-mail: tania_dzimbova@abv.bg; tdzimbova@gmail.com; tamara@bio21.bas.bg

© Springer International Publishing Switzerland 2017 55
V.B. Patel et al. (eds.), L-Arginine in Clinical Nutrition, Nutrition and Health,
DOI 10.1007/978-3-319-26009-9_5


mailto:tamara@bio21.bas.bg
mailto:tdzimbova@gmail.com
mailto:tania_dzimbova@abv.bg

56 T. Dzimbova and T. Pajpanova

Boc tert.-Butyloxycarbonyl

Bzl Benzyl

DEAD Diethyl azodicarboxylate
DIPEA N,N-Diisopropylethylamine
DMF Dimethylformamide

DNA Deoxyribonucleic acid
Et:N Triethylamine

EtOH Ethanol

HBTU  O-Benzotriazole-N,N,N’,N’-tetramethyl-uronium-hexafluoro-phosphate
HOBT Hydroxybenzotriazole

Me Methyl

Mes Methylsulfonyl (mesyl)
NOS Nitric oxide synthase
NsArg  Norsulfoarginine

RNA Ribonucleic acid

SArg Sulfoarginine

SLE Systemic lupus erythematosus
TFA Trifluoroacetic acid

Tos p-Toluolsulfonyl (tosyl)

TPP Triphenylphosphine
tRNA Transfer RNA

Trt Trityl
Z Benzyoxycarbonyl
Introduction

L-Arginine (L-Arg) is a natural cationic amino acid, containing a guanidinium group. This group
is positively charged at neutral pH and is involved in a variety of physiological and pathological
processes. L-Arginine plays an important role in the normal growth and development of organisms.
L-Arginine depletion is associated with serious cell and organ functional impairment, ultimately lethal
to the body. Elevated L-arginine levels can influence cellular functions, too; they may cause cell death
or cell proliferation. The biological role of L-arginine involves several aspects. L-Arginine in the pep-
tide chain is important in the regulation of peptide synthesis. Usually, peptides contain several L-argi-
nine residues, and this repeat signals the end of peptide chain in the biosynthesis process. This is
particularly important in neuropeptides, an essential class of molecules involved in cell signalling.
Neuropeptides are synthesised as long precursor molecules, containing multiple copies of the active
species. They are known as “pro-peptides” and are functionally inactive. They can be conveniently
stored in the cells in this inactive form, until they will be needed. The individual neuropeptide copies
in the precursor molecule are separated by L-arginine-rich regions. These rich in L-arginine domains
serve not only for recognising the active peptide fragments, but are a source of L-arginine as well.
Most amino acids inside the cells are known to be stored in a bonded form, much the same as proteins.
Cells unable to synthesise L-arginine de novo supply their free amino acids by proteolysis. L-Arginine
is involved in many metabolic pathways in the human body. It is a precursor for the biosynthesis of
peptides and proteins, but also of ornithine, polyamines, nitric oxide, proline, glutamic acid, gluta-
mine, creatine, agmatine and dimethyl-L-arginines. In mammals, L-arginine is a substrate of the five
different enzyme systems, including nitric oxide synthases, arginase, L-arginine: glycine amidino-
transferase, L-arginine decarboxylase and L-arginine deiminase [1]. The latter enzyme is not expressed
in mammalian cells, but takes part in L-arginine metabolism when expressed by pathogens. Once
inside the mammalian cells, pathogens strongly affect the metabolism of L-arginine in the host
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Fig. 5.1 Biosynthesis and metabolic pathways of L-arginine: ASS, argininosuccinate synthase; ASL, argininosuccinate
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amidinotransferase, ARG, arginase

(Fig. 5.1). L-Arginine is a semi-essential amino acid in mammals, because it can be synthesised from
citrulline. The process is catalysed by argininosuccinate synthase, one of two enzymes, responsible
for converting L-arginine into citrulline. The biosynthesis of L-arginine from citrulline is catalysed by
the cytosolic fraction of L-arginine succinate synthase and argininosuccinate lyase.

Carcinogenesis is an area with an increased interest, and the role of L-arginine in the growth of the
neoplastic cells was proven. The effect of L-arginine is mainly because of its end product, nitric oxide.
It has been shown that the L-arginine/nitric oxide pathway plays an important role in tumour
development. Recent studies suggest that nitric oxide produced from L-arginine can affect angiogen-
esis factors, including vascular permeability, prevascular recovery, vascular remodelling and
maturation. Furthermore, this pathway can activate various genes involved in proliferation, metastasis
and apoptosis. Interestingly, those processes impact both tumorigenesis and tumour degradation.
On the other hand, it has been well established that a variety of tumour cells are auxotrophic [2] with
respect to L-arginine: breast cancer, pancreatic cancer cells, certain types of melanoma cells, cervical
carcinoma cells, hepatocellular carcinoma, lymphoblastic leukaemia, etc. ASS is either not expressed
or is expressed at very low levels in the above-mentioned cell types. This fact is the rationale for the
so-called “deprivation therapy”, which is very effective in the treatment of certain cancers. There are
other cancer treatments that are based on blocking the enzymes, responsible for L-arginine metabo-
lism in order to stop tumour growth.

Since L-arginine is a readily ionisable amino acid, it is most commonly found on the surface of
proteins [3]. L-Arginine residues are important in a variety of physiological processes, including
regulation of conformation or redox potentials, virus envelope formation, of static interactions,
establishing a voltage across the lipid bilayer, proton transport and peptide translocation through
the bilayer. L-Arginine residues play a key role in protein—protein interactions in enzyme active
sites [4, 5] and in various transport channels [6].

L-Arginine is one of the most important residues in the catalytic site of many enzymes. It is third
most common in the catalytic site, which equals about 11 % of all catalytic residues [4]. L-Arginine is
more common than other basic residues, e.g. lysine, because there is a group at its side chain contain-
ing three nitrogen atoms. Each of these nitrogen atoms can participate in electrostatic interactions
(Fig. 5.2). The L-arginine side chain has a geometry that favours the stabilisation of the oxygen pair
of atoms in the phosphate group, common in biological molecules [3]. L-Arginine in the catalytic site
may be involved in a variety of interactions, such as electrostatic, hydrogen bonding, the transition
state stabilisation, the activation of a water molecule and the activation of the substrate molecule.
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It is well known that metabolic processes are of great importance for the existence of living
organisms. Food is a source of various substances that are processed by the body to give suitable
building blocks for making its own proteins, DNA, and various cell structures. A metabolite is any
compound that is synthesised, modified or degraded in the cell. Metabolites perform various important
biological functions in the cell, from building blocks to a variety of regulatory molecules in the body.
A variety of compounds of both natural and synthetic origin, which are structural analogues of metab-
olites, are known. Due to their structural similarity to metabolites, they can replace the corresponding
natural metabolites as substrates in different metabolic processes, but because of the differences
between them, they cannot perform their biological function.

Antimetabolites are compounds which have been designed to be structurally similar to a natural
metabolite and able to hinder a specific metabolic process, particularly for the treatment of various dis-
orders, such as infection caused by various microorganisms, genetic diseases, etc. Antimetabolites are
targeted at disrupting metabolic processes in microorganisms, which in turn will lead to microbial death.

One of the best definitions for the term “antimetabolites” is as follows: Antimetabolites are called
those compounds, which resemble in their chemical structure a natural metabolite, and therefore
can replace it in the corresponding metabolic process, but because of certain structural differences,
they cannot perform its biological role [7].

Another reason for designing and synthesising structural analogues of a natural metabolite is to
increase its biological activity. Changes in the molecules of various biologically active peptides are
known to have resulted in peptides having greater stability and enhanced biological effect, particularly
when the modifications are with non-proteinogenic amino acids resistant to proteolytic enzyme attack.

The term “mimetic” refers to a substance whose chemical structure is different from that of the
natural compound, but has identical or enhanced biological effects. The modified compounds have a
different structure, and therefore, the enzyme—substrate reaction, which is very specific, may not
occur. It was found that even non-specific enzymes are practically unable to affect the modified ana-
logues. Another important property of mimetics is their conformational stability. It is known that the
interaction between the molecule of the biologically active substance and the receptor requires a
specific complementation. The actual interaction is a dynamic process that is carried out through
induced conformational changes. Therefore, conformationally stable analogues of natural bioactive
substances are good agonists.

Since L-arginine is involved in many important biological processes, much research is focused on
the synthesis of various analogues. Hundreds of analogues have been synthesised in order to achieve
an enhanced specific inhibitory action for various L-arginine utilising enzymes.

Biological Role of Canavanine, a Natural Oxy-L-arginine Analogue

Nature itself has created a natural antimetabolite of L-arginine, known by the names canavanine, L-
Canavanine or L-2-amino-4-(guanidinooxy) butyric acid, which is a non-proteinogenic amino acid.
L-Canavanine was discovered in 1928, when first isolated from the seeds of legumes [8]. It is synthesised
by leguminous plants of the Lopoidea family, subfamily Leguminosae [9] (Fig. 5.3). In plants, it has two
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main functions: as a metabolite for keeping the nitrogen [10-12] and as an integral part of the chemical
defence system of plants [13]. Many canavanine-synthesising legumes accumulate significant amounts of
canavanine, including members of the genus Canavalia, in which canavanine accounts for 3—4 % of the
dry content of seeds, and legume plant Dioclea megacarpa, which produces so much canavanine in the
seeds that the synthesis of this single metabolite utilises more than 95 % of all nitrogen atoms, necessary
for the synthesis of all other free amino acids. Colutea arborescens, Caragana arborescens, Vicia gigan-
tea, Robinia pseudoacacia and Wisteria floribunda are sources of canavanine containing 6—13 % dry
weight of canavanine.

Canavanine protects plants from insects and herbivores. It can greatly influence the growth and
development of organisms feeding on canavanine-containing plants. For example, tobacco budworm,
Manduca sexta, will absorb L-canavanine, wherein its development will stop, and its growth becomes
attenuated in both the pupa and adult insect [13].

L-Canavanine shows a remarkable structural analogy with L-arginine, in the molecule of which a
terminal methylene group is replaced by oxygen.

Oxygen is significantly more electronegative than carbon, which facilitates deprotonation and
reduces the pKa value of the oxyguanidino group to about 7.04 [14], much lower than 12.48, pKa
of the guanidine group in L-arginine [15]. Under physiological conditions, L-arginine, being a
strongly basic amino acid, is up to 99 % protonated, while only about 30 % of canavanine is pro-
tonated under such conditions. The destabilising effect of the oxygen atom reduces the electron
density at the guanidium group. In addition to the decreased basicity of the guanidium group, the
presence of a 5-oxygen atom determines the tautomeric form of the guanidium group. As seen in
Fig. 5.4, the guanidium group in canavanine can exist in the imino and in an amino form.
Crystallographic studies on a single L-canavanine crystal have shown that it exists in an amino
tautomeric form and is uncharged [14]. That same study indicated that, like the other amino acids,
L-canavanine forms a zwitterion via proton transfer from the carboxyl group of the a-nitrogen
atom. L-Arginine preferably exists in the imino form (imino: amino, 2:1), which was also evi-
denced by crystallography. Despite the structural similarity of L-canavanine to L-arginine, the pres-
ence of §-oxygen atom causes significant differences in these analogues. First, the state of the



60 T. Dzimbova and T. Pajpanova

R-group of canavanine, compared to that of L-arginine, distorts important group R-protein interac-
tions and have a strong impact on its conformation, and hence, the behaviour of the protein. Based
on its structural similarity with L-arginine, an L-arginine antimetabolite can serve as a substrate for
any enzyme-catalysed reaction, which preferably uses L-arginine as a substrate.

Canavanine participates in the urea cycle, as L-arginine does, and the enzymes involved in this
cycle will successfully use it as substrate and catalyse the biosynthesis of the following compounds:
canaline, O-ureidohomoserine, canavanine succinate and canavanine [11].

As a structural analogue of L-arginine, canavanine can participate in all enzyme-catalysed
reactions whose substrate is L-arginine [16]. This analogue of L-arginine could block the synthesis of
nitric oxide, and acts as selective inhibitor nitric oxide synthase. Canavanine strongly affects the
release of ammonia.

As a structural analogue of L-arginine, canavanine can be a substrate of the enzyme arginase and
decrease its activity. This reaction will yield L-canaline and urea (Fig. 5.4). Factors affecting the
decrease in enzyme activity are not fully understood [17], but our assumption is that probably cana-
vanine hydrolysis by arginase is much slower, which in turn results in a temporary block at the active
site of the enzyme and, thereby, to a decrease in its activity.

Some canavanine-resistant organisms, such as Heliothis virescens, have developed a new enzyme
called canavanine-hydrolase, which catalyses the hydrolysis of L-canavanine to L-homoserine and
hydroxyguanidine (Fig. 5.5) [18].

There is evidence that L-canavanine acts as a weak substrate inhibitor of L-arginine deiminase [19].
The reaction catalysed by this enzyme is shown in Fig. 5.6. The results of the study showed that the
substitution of a methylene group with an oxygen atom decreased the covalent intermediate formation
rate. Therefore, this step significantly slowed down the hydrolysis step, and hence, the enzyme was
temporarily inactivated.

Canavanine is a substrate of the enzyme L-arginine decarboxylase and the enzyme action yields
CO; and y-guanidinooxypropylamine [20].

0 NH, 0 NH
MO“ ~ )J\/\/OH +
HO N~ °NH, —————> HO~ HN™ “NH
NH, NH, OH
L-Canavanine L-Homoserine Hydroxyguanidine

Fig. 5.5 Canavanine-hydrolase biotransformation of canavanine
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Fig. 5.6 Arginine deiminase biotransformation of canavanine
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L-Arginine: glycine amidotransferase catalyses the conversion of ornithine to L-arginine with the
release of guanidinoacetate. On the other hand, this enzyme catalyses the opposite reaction also [21].
As far back as 1956, it was found that amidinotransferase can catalyse the reaction canavanine +
ornithine = canaline + L-arginine in kidney [22].

Another well-known effect of canavanine is its selective inhibitory activity on the inducible nitric
oxide synthase [23]. The guanidinium groups in L-arginine and canavanine are different in structure
and so are the interactions with the active site of the enzyme. The guanidinium group in L-arginine is
fully protonated under physiological conditions and binds by giving off a proton to heme-bound O,,
which improves the conversion of O, to water and the oxo-heme species required for the hydroxyl-
ation of the substrate. The NOH-Arg formed has a lower pKa value (about 7), thus remaining unpro-
tonated, and promotes the reaction with the next heme-bound O,. The reaction results in the release of
nitric oxide. However, the presence of an oxygen atom attached to the nitrogen in canavanine will
shift the double bond to the side chain and protonation of the nitrogen atom will be impossible.
Protonation will be accomplished with one of the important hydrogen bonds in the active site and will
thus block enzymatically catalysed reactions [24] (Fig. 5.7).

Perhaps, the most deleterious effect of canavanine results from its activation and aminoacylation
to the relevant tRNA by arginyl-tRNA-synthase in canavanine-sensitive organisms [25]. When
incorporated in the polypeptide chain, the decreased basicity of canavanine compared to that of the
L-arginine residues will interfere with the interaction between the amino acid residues and distort the
tertiary and/or quaternary structure of the protein. Detailed biochemical studies focused on the struc-
turally modified canavanine-containing enzymes have clearly shown that canavanine utilisation led to
changes in protein conformation, which affect adversely their biological functions and their biochem-
ical activities [26-28]. Canavanine was reported to prevent normal reproduction of arthropods [27]
and rodents [29]. In addition, canavanine was shown to cause a condition, resembling systemic lupus
erythematosus in primates [30, 31], to increase anti-nuclear antibody levels, and to facilitate SLE-like
lesions in autoimmune susceptible mice [32].

Synthesis and Biological Effects of Synthetic Oxy- and Sulfoarginine
Analogues

Nature’s concept of replacing a methylene group in the side chain of L-arginine for an oxygen atom
was utilised in the design of analogues with shortened side chain and an oxygen atom and with a
substituted oxygen atom for a sulfo group [33-35]. Thus, a series of oxy- and sulfoarginine analogues
was produced (Fig. 5.8).
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Sulfonamide derivatives are known to have a potent biological effect, and this was enshrined in the
idea of a sulfoanalogue of L-arginine: on the one hand, it mimics the structure of the natural amino
acid; on the other hand, it exhibits high potency through the sulfo group. The sulfo group is more
electronegative than the methylene group and the sulfoguanidinium group is expected to be prefera-
bly in its amino-tautomeric form, as in canavanine. Although the resulting compounds are
S-(aminoiminomethyl) amides of cysteic (homocysteic) acid, if regarding them as analogues of norar-
ginine (L-arginine) with substituted methylene group, they may be properly named —norsulfoarginine
(NsArg) and sulfoarginine (sArg).

L-Arginine analogues with a shorter side chain and an oxygen atom directly bound to the guani-
dinium group exhibit properties similar to those of canavanine, and the shorter the chain, the stronger
the hindrance of normal metabolism.

Various synthetic protocols have been used for the synthesis of these analogues. The synthesis of
sulfonyl analogues of L-arginine started from the main compound —an ester of Na-benzyloxycarbonyl-
protected sulfonylchloride of the S-cysteine (homocysteine) sulfonic acid. Sulfoanalogues were pre-
pared with reaction of the sulfochloride with guanidine, followed by enzyme-catalysed hydrolysis of
the ester, and removing the amino-protecting group (Fig. 5.9).

For the synthesis of oxy-analogues, L-serine (homoserine) was used as the starting material, which
was converted into norcanaline (canaline) and after guanylation gave norcanavanine (canavanine)
[36] (Fig. 5.10).

Various approaches for the preparation of norcanavanine were used. The amino group of serine
was protected using different protecting groups, e.g. benzyloxycarbonyl and trityl groups (a). The
protection of the carboxyl group of the serine was carried out by esterification to a methyl or a benzyl
ester (b). Mesyl and tosyl esters (c) were used for the activation of the hydroxyl group, which were
easily cleaved to give the phthalimide derivative of the protected serine or its oxyamine analogue (d).
Amino- or carboxyl group-protected norcanaline was obtained by the removal of the phthalimide
group, or the protective group at the oxyamino group (e). Guanylation was performed by various
guanylating reagents, typically di-protected 1H-pyrazole —1-carboxamidine or N,N’-protected thio-
urea (f). After saponification of the ester (g) and removal of the amino protecting group (h), norcana-
vanine was obtained.

An original method for the synthesis of oxy- and sulfoanalogues is presented in Fig. 5.11.

The synthesis of oxy- and sulfoanalogues used the same starting compound, L-serine. The first
steps of this synthetic route were the same up to the mesylation of the fully protected serine. A novel
approach for the synthesis of NsArg has been used, obtaining the sulfonylchloride from a sulfonic
acid [38] by a conventional method in solution, or in solution with microwave irradiation. In the latter
case, the reaction time was shortened from 24 h to 5 min.
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Fig. 5.9 Synthesis of sulfoarginine analogues

NCav was synthesised using two approaches. The first one is based on the conventional methods
in solution (Fig. 5.10) and the second one is solid phase organic synthesis (Fig. 5.12). Microwave
radiation was applied in some steps of both synthetic schemes. In microwave-assisted solid phase
synthesis, the first and the second steps were carried out at 40° Centigrade and microwave irradiation
for 2 min. The introduction of a guanidinium group also was performed under microwave irradiation
at 40° Centigrade for 5 min [39].

These analogues were studies using different biological assays and were embedded in various
biologically active peptides in place of L-arginine.

Initial analgesic activity tests of canavanine have been carried out. Canavanine was found [40]
to have a strong naloxone reversible activity. The new oxy- and sulfoarginine analogues also had
analgesic effects, which were longer lasting, due to improved bioavailability and enzymatic stability.
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The presence of a new binding site in the molecule may be proposed to confer their stronger binding
to the opioid receptors, and this probably is also associated with a prolonged effect [41, 42].
Substitution of an L-arginine residue in bioactive peptides with oxy- and sulfoarginine analogues
ultimately led to an enhanced biological activity. Previous studies had shown that the substitution of
this amino acid position in the kyotorphin molecule yielded analogues with a more potent and pro-
longed analgesic effect [43] (Fig. 5.13). This effect is due to the stronger binding of the newly synthe-
sised molecules to the receptor.

It may be suggested that the effect is due to the enzymatic stability of kyotorphin analogues and
failure to cross cell membranes via oligopeptide transporters.

Antibacterial studies indicated [35] that norcanavanine derivatives exhibited cytotoxic effect
against Gram (+) and Gram (-) bacteria.

The cytotoxicity of oxy- and sulfoanalogues for HepG2 cells and 3T3 was examined. The analogues
affected the growth and the development of tumour line cells, while their effects on normal cells were
significantly weaker [38, 44—46]. In order to clarify the mechanism of action of these analogues, docking
studies were conducted, targeting enzymes involved in L-arginine metabolism [47], and their ability to
act as substrates for the arginyl-tRNA transferase enzyme [48]. Analysing the interaction of the oxy- and
sulfoanalogues with enzymes of L-arginine metabolism has been established that they are not substrates
of ARG, ADC, and ADI, but all bind strongly to eNOS, in this way able to act as its inhibitors. The
sulfoanalogues sArg and NsArg interact strongly with iNOS yielding stable enzyme—substrate com-
plexes. Oxy- and sulfoanalogues having a shorter chain, NCav and NsArg, interacted with AGAT and
blocked its activity. All analogues acted as inhibitors of ASS (Fig. 5.14). NCav was not an effective
inhibitor of the enzymes of L-arginine cycle, because it did not bind strongly enough to the active site of
the enzymes. For their part, sulfoanalogues had an additional centre in their molecule, which enabled
strong interactions with the active site of the enzymes and gave strong bonds with them, blocking their
activity. These assays provide an explanation for the cytotoxic effect of oxy- and sulfoarginine ana-
logues. The putative mechanism of action of the oxy- and sulfoanalogues of L-arginine was explained by
the docking studies’ results and they confirmed the relationships observed with the in vitro assays.
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Furthermore, canavanine is recognised as a substrate of arginyl-tRNA transferase, yielding cana-
vanine containing proteins in place of L-arginine. The docking studies have shown that norcanavanine
and sulfoarginine also can act as substrates of this enzyme. The enzyme recognised the analogue as
substrates, bound to them at the active site, and activated it to provide the corresponding product—
tRNAaloe*e This makes it possible for these analogues to be incorporated into a variety of
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biologically important peptides and proteins. Since these analogues have modified structures of their
side chains and reduced basicity, as well as an additional binding site in the molecule, an oxygen atom
and a sulfo group, this would result in a change in the structure of the resulting peptide or protein, and
hence—in its biological activity. A similar effect was observed in a docking study as well, using an
enzyme (ADK) with incorporated oxy- or sulfoanalogue. In mutant adenylate kinase, changes were
made in the active centre. As a result of these mutations, the conformation of the enzyme active site
was changed and activities were blocked (Figs. 5.15 and 5.16). This led to metabolic disorders and,
consequently, to cell death. Two key L-arginine residues, Arg138 and Argl75, were consistently
replaced and the effects of the analogue on the conformation of the enzymes were detected. Arg138 is
essential for the recognition and binding of the substrate to a guanidinium group, and its replacement
with an analogue yielded a mutant enzyme, which had a weaker binding to substrates, such as oxy-
guanidinium, and the sulfoguanidium group was of reduced basicity. Such a mutation had an overall
effect on the conformation of the enzyme and on a sequence, such as the GAGKG (residues 25-29),
which is a conserved sequence responsible for reacting with the phosphate oxygens of the ADP mol-
ecule. This sequence was strongly affected by the change.

The second mutation (Argl75) had no influence on the ability of the enzyme to bind to the sub-
strate, but due to the strong conformational changes in original GAGKG, it had no contribution in the
enzyme-catalysed reaction.

The ADK is one of many examples of enzymes with L-arginine residues in their active sites.
Incorporation of oxy- and sulfoanalogues in different enzymes could lead to serious metabolic disor-
ders and, hence, to cell death.
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7

Fig. 5.15 (a) Superposed active sites of ADK and Arg138 mutated ADK with bis(adenosine)-5’-tetraphosphate, (b)
focus on Argl138 residue in Argl38 mutated enzymes, (c) superposed active sites of ADK and Argl75 mutated ADK
with bis(adenosine)-5'-tetraphosphate

Fig. 5.16 Superposition of the sequences GAGKG (25-29). (a) ADK and ADK mutated with Cav138 (blue), NCav138
(green), and sArg138 (purple), (b) ADK and ADK mutated with Cav175 (blue), NCav175 (green), and sArgl75 (purple)

Conclusion

Nature is our best source of learning and everyone can draw on its knowledge. It has given to plants the
ability to cope with pests, and we will benefit from learning to combat severe human diseases. Using the
example, provided by nature, for compounds that successfully mimic the molecule of L-arginine, and
combining them with modern methods for the design of biologically active compounds, a whole new
class of its antimetabolites has been created. Oxy- and sulfoarginine analogues can successfully replace
L-arginine in the metabolic transformations, but they are incapable to perform its functions, and these
result in severe functional impairment. Analogue incorporation in the structure of biologically active
peptides in place of the L-arginine resulted in analogues with an increased biological activity and enzyme
stability. Studies with these compounds are in their very beginning, but it may be anticipated that their
targeted use could be of benefit in the treatment of various diseases, including cancer and infections.
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Chapter 6

Regulation of Expression and Activity of L-Arginine
Transporters by Nutrients and Hormones: A Focus
in Transcriptional Mechanisms Regulated by Glucose
and Insulin

Marcelo Gonzalez

Key Points

* L-Arginine transport is essential for nitric oxide synthesis.

* The major transporter for L-arginine is the human cationic amino acids transporter 1 (hCAT-1).
* The gene that codified hCAT-1 is the solute carrier family 7 member 1 (SLC7AI).

» Transcriptional regulation of SLC7A1 is determinant for hCAT-1 expression.

* Insulin increases the transcription of SLC7A1 through specificity protein 1 (Sp1) activity.

» There is a positive feedback between L-arginine and insulin secretion.

* High extracellular concentrations of b-glucose increase the transcription of SLC7A1.

* Insulin restores the L-arginine transport and oxidative stress induced by high p-glucose.

Keywords Nitric oxide e hCAT-1 ¢ SLC7A1 * Insulin * p-glucose * Oxidative stress ® Cardiovascular
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miRNA MicroRNA

NADPH oxidase Nicotinamide adenine dinucleotide phosphate-oxidase
NFxB Nuclear factor kappa B

NO Nitric oxide

NOS Nitric oxide synthase

O, Superoxide anion

ONOO~ Peroxynitrite

PI3K Phosphatidylinositol 3-phosphate
PKC Protein kinase C

sGC Soluble guanylate cyclase

SLC7A Solute carrier family 7 subfamily A
Spl Specificity protein 1

Vinax Maximal velocity

VSMC Vascular smooth muscle cells
Introduction

L-Arginine transport is essential for nitric oxide (NO) synthesis and regulation of vascular health in
mammals. This semi-essential amino acid is transported into the cells by several proteins grouped into
families of transporters, with different expression and kinetic characteristics. In human vascular cells,
specifically in endothelial cells, the properties and expression of two main L-arginine transporters,
called human Cationic Amino acid Transporter 1 (hCAT-1) and 2 (hCAT-2), were described. Between
them, the kinetic parameters and role of hCAT-1 are well characterized in human umbilical vein endo-
thelial cells (HUVEC). Also, the transcriptional regulation of solute carrier family 7 type 1 (SLC7A1,
coded gene for hCAT-1) has been partially elucidated under different physiological or pathological
stimuli such as insulin, high extracellular concentrations of p-glucose, or amino acid deprivation.
Evidence shows that changes in the extracellular environment regulate the expression and activity of
L-arginine transporters in order to maintain amino acid uptake, especially for the fine-tuning of NO
bioavailability. In other words, the regulation of L-arginine transporters could be a key factor in the
feedback mechanism that allows the autoregulation of cellular metabolism for homeostasis. In this
chapter, we expose the main evidence related to the regulation of L-arginine transporters at functional
and transcriptional levels.

L-Arginine Transporters and Endothelial Function

The endothelium (or tunica intima) is a unique layer of specialized epithelial cells (endothelial cells)
that coat the inner surface of blood vessels, showing a remarkable heterogeneity with regard to struc-
ture and function. At present, the endothelium is considered an organ that has a fundamental role in the
regulation of cardiovascular function, especially in vascular tone, blood cell trafficking, hemostatic
balance, vascular permeability, vascular cell proliferation, and innate and acquired immunity [1]. There
are different physiological stimuli (i.e., physical forces, hormones, autacoids, prostaglandins, peptides,
etc.) with the capacity to induce changes in endothelium-dependent vascular tone through the release
of molecules grouped as endothelium-derived relaxing factors (EDRFs) and endothelium-derived
contracting factors (EDCFs). EDRFs and EDCFs act as physiological antagonists, inducing opposite
effects in endothelial and vascular smooth muscle cells (VSMC) for the regulation of vascular tone,
vascular resistance, and blood flow. Some examples of EDRFs are prostacyclin (PGI2), NO,
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endothelium-derived hyperpolarizing factor (EDHF), and C-type natriuretic peptide (CNP), among
others [2]. Between them, NO has been documented as the most important physiological vasodilator,
and the release of this gaseous molecule from the endothelium is one of the main mechanisms for vas-
cular health maintenance. NO synthesized in the endothelium and diffuses (has not yet been estab-
lished whether it is simple or facilitated diffusion) to the VSMC to increase the activity of the soluble
guanylate cyclase (sGC) receptor, which in turn increases levels of cyclic guanosine monophosphate
(cGMP). cGMP is a second messenger that activates protein kinase G (PKG) and decreases intracel-
lular calcium (Ca?*) levels, evoking the relaxation of blood vessels [3] (Fig. 6.1). As its central role, NO
inhibits VSMC proliferation, platelet aggregation, the activity of the vasoconstrictor peptide endothe-
lin-1, and the adhesion and migration of macrophages [4].

L-Arginine (x,.: 50-200 um) [L-Arginine].: 100-500 uM

Lumen

K3-5 1M

L-Arginine —m—) NO + L-citrulline

[L-Arginine];: 800-1000 uM

Simple or facilitate diffusion?

VSMC

Relaxation

temeee PKG «—— cGMP GTP

. o

Fig. 6.1 L-Arginine/NO pathway. In blood vessel wall, the interaction between endothelial cells (EC) and smooth
muscle cells (SMC) maintains the vascular physiology and the regulation of the vascular tone, mainly through the
mechanism that induces the nitric oxide (NO) synthesis. The human cationic amino acid transporter 1 (hCAT-1) is
associated with endothelial NO synthase (eNOS) for supplementation of L-arginine from extracellular space toward the
enzyme. This mechanism is necessary although the intracellular concentration of the amino acid overloads the enzy-
matic capacity of eNOS. The Michaelis—Menten constant of hCAT1 is in the range of plasma concentration of L-
arginine; therefore, the changes in food intake and diet affect the L-arginine/NO pathway by deterioration or increases
in L-arginine transport. Once synthesized, NO diffuses to the smooth muscle cells for activating the soluble guanylate
cyclase receptor (sGC) for enhancing the cyclic GMP (¢cGMP) levels, activation of protein kinase G (PKG), and lower-
ing the intracellular calcium. The mechanism of NO diffusion still is not well characterized and some publications
reveal the role of hemichannels in this process
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NO is synthesized from the semi-essential cationic amino acid L-arginine and molecular oxygen
(0,) in a reaction catalyzed by NO synthases (NOS) in which NO and the neutral amino acid L-
citrulline are released (Fig. 6.1). NOS is a family of enzymes constituted by three proteins codified in
different genes and is classified into two categories: constitutive NOS (cNOS), which includes neuro-
nal NOS (nNOS) and endothelial NOS (eNOS); and inducible NOS (iNOS) [5, 6]. In physiological
conditions, endothelial cells express mainly eNOS, highly abundant in enriched caveolae domains of
plasma membrane. In order to the activity of this enzyme to take place, several cofactors are required
such as the Ca**/calmodulin (Ca*/CaM) complex, tetra-hydro-biopterin (BH,), nicotinamide adenine
dinucleotide phosphate (NADPH), flavin adenine dinucleotide (FAD), and flavin mononucleotide
(FMN) [7, 8]. The physiological response of eNOS induced by different vasoactive agonists includes
the increase of intracellular Ca* as a previous step for NO synthesis, in a mechanism that involves the
uptake of L-arginine from extracellular space through plasma membrane proteins.

In endothelial cells, the uptake of L-arginine is mediated by the plasma membrane systems y*, y*L,
b+, and B*. However, the main transport system involved in endothelial NO synthesis is the y* sys-
tem (~85 % of L-arginine used for NO synthesis is transported by this system) [9, 10]. The members
of this system are CAT-1, CAT-2A, CAT-2B, CAT-3, and CAT-4 [9, 11], coded by the genes SLC7AI,
SLC7A2 (hCAT-2A and hCAT-2B), SLC7A3, and SLC7A4, respectively [12]. CAT-1 is ubiquitously
expressed, while CAT-2A and CAT-3 are constitutively expressed in the liver and brain, respectively.
CAT-2B is induced by pro-inflammatory cytokines in different cell types (including T cells and
macrophages) and its activity is associated with iNOS rather than eNOS. CAT-4 derives from a
sequence with a 41-42 % similarity to the other members of the CAT family, but still there is no
transport activity associated with this protein. CAT-1, CAT-2B, and CAT-3 are Na*-independent trans-
porters, with high affinity for the substrate (Km~50-200 uM), whereas CAT-2A has a relatively low
affinity for cationic amino acids (Km~2-5 mM) [9, 13]. Interestingly, just two members of the CAT
family have been detected and characterized in primary cultures of HUVEC: hCAT-1 and hCAT-2B,
without data showing activity or expression of other members of the CAT family in this cell type [14,
15] (Table 6.1). In summary, L-arginine transporters are of great relevance for vascular system physi-
ology. This is especially true for endothelial cells, because L-arginine uptake is a key step for the
synthesis of NO—the most important endogenous vasodilator. In this regard, the most relevant L-
arginine transporter in human endothelial cells is the hCAT-1 transporter (Fig. 6.1).

Controversy still exists about the physiological relevance of L-arginine transport for cellular
metabolism, mainly because the intracellular concentration of total L-arginine is ~1000 pM, 10-fold
higher than the K, of hCAT-1 (~100 pM) and more than 300-fold higher that the K, of eNOS (~3 pM).
These data, along with evidence that the blood concentration of L-arginine is 100-500 pM, constitutes
the “L-arginine paradox,” a condition that still is not fully documented by current literature. However,
there is agreement that endothelial cells, at least, incorporate L-arginine from extracellular space for
NO synthesis in a carrier-mediated mechanism. Shin et al. [10] reported that the CAT-1 knockdown
expression decreased L-arginine transport and NO synthesis in endothelial cells. More importantly,

Table 6.1 Classification of cationic amino acid transporters

Name Gene K., (pM) Main expression Presence in human endothelium
hCAT-1 SLC7A1 70-150 Ubiquitous Yes

hCAT-2A SLC7A2 2000-5000 Liver No

hCAT-2B SLC7A2 150-250 Brain, macrophages Yes

hCAT-3 SLC7A3 200-500 Thymus, uterus, brain No

hCAT-4 SLC7A4 Not reported Brain, testis, placenta No

The family of human cationic amino acid transporters (hCAT) is classified into different proteins codified by a family
of genes called solute carrier family 7 subfamily A (SLC7A). Main characteristics of cationic amino acid transporters
family, focused on kinetics parameters (K|,) and tissue distribution. Just hCAT-1 and hCAT-2B have been detected and
studied in human endothelium [10-20].
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this study has demonstrated that if endothelial cells incorporate L-arginine in a simple diffusion mech-
anism (with modified L-arginine), there is no increase of NO or L-citrulline synthesis. This gives
strong evidence that L-arginine uptake from the extracellular space is necessary for endothelial func-
tion, and the mechanism involved is a type of facilitated diffusion system [10]. Furthermore, several
studies show that it is possible to determine the expression and kinetic of L-arginine transport in the
endothelium [16-19], showing the importance of hCAT-1 activity for vascular physiology regulation.
Thus, it is possible to asseverate that every change in environmental parameters that affects the plasma
concentration of amino acids could possess high relevance in the L-arginine/NO pathway and vascular
health.

Transcriptional Regulation of CAT-1

CAT-1 is recognized as homologous to the ecotropic murine leukemia virus (MuLV) receptor. CAT-1
is described as a 70 kDa protein (gp70) with the ability to provide infectious capacity to the virus in
nonpermissive cell lines transfected with a chimeric gene that expresses the protein [20]. In human
genomics, the gene that expresses hCAT-1 is called SLC7A I (GenBank accession numbers NM_003045
for mRNA, NT_009799 for genomic sequence) localized in the chromosome 13q12—q14. The open
reading frame of SLC7A1 is constituted by 11 exons and 10 introns with 2 untranslated exons (-2, —1)
at the 5'-end. The hCAT-1 and hCAT-2 genes have a high sequence homology, which is related to
similarities between the activity of hCAT-1 and hCAT-2B [21]. CAT-1 genes from mice, rats, and
humans have common characteristics: the transcriptional activity depends on a promoter without
TATA-box (TATA-less promoter), with several binding sites for specificity protein 1 (Sp1) and a large
3’-untranslated region (3’-UTR) that could have important functions on the regulation of mRNA sta-
bility or degradation [22-25]. In rats, the physiological stress induced by amino acid deprivation
increases mMRNA expression of rCAT-1 by a mechanism that involves higher mRNA stability [22] that
is related to a regulatory region inserted in the 3’-UTR of the gene [23]. This increased expression
could be connected to the presence of a specific region regulated by amino acid response elements in
the 3’-UTR. Other assays demonstrate that the effects of amino acid deprivation on rCAT-1 expression
depend on transcriptional [24] and posttranscriptional [26] mechanisms. This evidence shows that the
activity and expression of CAT-1 is a compensatory mechanism that responds when cells are exposed
to several stress conditions, such as amino acid deprivation. In this condition, cells activate a survival
mechanism that includes a high expression of CAT-1 in the plasma membrane with the purpose to
maintain cellular metabolism and function, especially NO signaling pathways in different cells.

On the other hand, in studies using DNA from subjects with hypertension whose parents had a
similar condition, a single-nucleotide polymorphism (SNP) was detected in the 3’-UTR of SLC7A1
(nucleotide 2178) [27]. The relevance of the 3'-UTR in regulation of rCAT-1 and hCAT-1 has been
well documented and is related to the activity of microRNA 122 (miR122) and binding of an AU-rich
element binding protein (HuR) [28]. The finding of this SNP in 3'-UTR of SLC7AI could be related
to results showing a reduction in hCAT-1 expression in myocardial samples from patients with
congestive heart failure [29], as well as lower L-arginine uptake in peripheral blood mononuclear cells
(PBMC) from hypertensive subjects [30]. These new findings, combined with the information we
mentioned about the importance of L-arginine transport for vascular and endothelial function, reveal
that the capacity of endothelial cells for adaptation to different physiological conditions (blood flow,
hormones, nutrients, oxygen levels, among others) must at least in part be determined through the
regulation of activity and expression of hCAT-1. For this reason, studies of transcriptional mecha-
nisms underlying regulation of hCAT-1 expression in different conditions associated with vascular
function and dysfunction are fundamental in understanding the progression of cardiovascular diseases
and proposing therapeutic options.
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Regulation of SLC7A1 by Insulin

Stimulation of hCAT-1-mediated L-arginine transport by insulin has been correlated with the
improvement of vascular function [31, 32]. The same phenomena, induced by high concentrations
of p-glucose or diabetes, have been related to endothelial dysfunction and cardiovascular disease
[31]. The molecular and cellular explanation for this paradox is still unclear. Kohlhaas et al. [33]
demonstrated that insulin increases L-arginine transport by human aortic endothelial cells (HAEC)
under normal glycemic conditions. However, in a hyperglycemic medium (25 mM p-glucose; 48 h)
insulin restored the elevated L-arginine transport via an hCAT-1 activity regulation mechanism.
This shows that the effects of insulin on L-arginine transport could be different if the cellular
environment changes from a physiological condition to a stress condition, such as hyperglycemia
or amino acid deprivation. In the following section, we will describe the effects of insulin on
L-arginine metabolism in a physiological state, focused on molecular mechanisms that increase the
hCAT-1 expression at transcriptional level.

In human endothelial cells, incubation with physiological concentration of insulin (0.01-10 nM)
increases L-arginine transport, with a maximal stimulation after eight hours of incubation [18]. This
insulin effect is related to the increase of maximal velocity of transport (V,,,,) from 2.4 +0.3 (pmol/pg
protein/min) to 9.2+ 1 and 9.9+0.9 (pmol/ug protein/min) with 1 and 10 nM of insulin, respectively
[32]. Notably, it has been reported in healthy volunteers that insulin plasma levels reach concentra-
tions of between 1.0 nM and 12.5 nM in postprandial state after a protein-rich or carbohydrate-rich
meal, respectively [34]. This similitude in insulin concentrations shows that insulin probably induces
the increase of L-arginine transport in endothelial cells, increasing the synthesis of NO, vascular relax-
ation, and increased blood flow to several vascular beds. This is supported by the finding that 1 nM of
insulin induces relaxation of umbilical vein rings in ex vivo assays. The vascular relaxation induced
by insulin is completely abolished when the endothelial cells are removed, or when the vessels are
incubated with the general y* system inhibitor, N-ethylmaleimide (NEM). This also occurs under
incubation with L-lysine, the competitive inhibitor of L-arginine transport [32]. This data has been
obtained in endothelial cell culture and tissue isolated from umbilical and chorionic veins from human
placenta, where both receptors for insulin, isoforms A and B, are expressed [35].

Considering special characteristics of fetoplacental tissues, some recent theories propose that
changes in placental features affect the intrauterine environment, fetal programming, and the
post-pregnancy life of women [36-38]. Globally, the most significant alterations in pregnant women
are problems coming from overnutrition, poor diet quality, and bad food habits. One of the main
mechanisms affected by these nutritional alterations is the insulin—glucose axis, causing insulin
resistance and the progression of metabolic diseases such as diabetes mellitus type 2 or metabolic
syndrome. It is currently accepted that fetal hyperinsulinemia is the key factor for phenotypic
modulation in newborns from gestational diabetic mothers, including an imbalance in amino acid
metabolism in fetal tissues [39]. There is a positive feedback between L-arginine in diet, insulin
secretion, and L-arginine transport that could collaborate with adequate control of cardiovascular
health. Conversely, an imbalance of these parameters could contribute to the progression of cardio-
vascular diseases, especially in intrauterine life when genetic programming is important for early
or later childhood development (Fig. 6.2).

Regarding the insulin effect on L-arginine transporter expression, the main mechanism already
studied is the transcriptional regulation of SLC7A1 (hCAT-1) expression. The stimulation of human
endothelial cells with insulin for 6 or 8 h induces an important increase of L-arginine transport
mediated by the y* system with a Michaelis—Menten constant (K,,) between 103 and 204 uM [32]. Is
important to note that this K, is similar to the previously reported constant of hCAT-1 and hCAT-2B
for L-arginine [9]. Using the trans-stimulation assay with L-lysine, it is possible to demonstrate that
the main protein involved in this mechanism is hCAT-1, at least in physiological conditions [18]. The
effect of insulin on L-arginine transport is blocked with pharmacological inhibitors of
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Fig. 6.2 Positive feedback between diet quality and cardiovascular health. The consumption of a balanced diet with
enough content of L-arginine allows adequate levels of L-arginine in plasma and positive feedback between plasma
concentrations of L-arginine and insulin secretion from pancreatic beta cells. The insulin signaling in vascular cells
induces NO synthesis and regulation of vascular tone for maintenance of blood pressure and integrity of blood vessels.
For good performance of this virtuous circle, the endothelial function is essential, supported by adequate activity of
hCAT-1, eNOS coupling, and antioxidant capacity

phosphatidylinositol 3 kinase (PI3K) and p42/p44 mitogen-activated protein kinase (p42/p44mak),
This suggests activation of classic insulin pathways for the induction of L-arginine uptake, NO syn-
thesis, and vasodilatation [18, 32]. However, the temporality of these phenomena and the direct effect
of NO on hCAT-1 activity are still unclear. Our hypothesis is that in physiological conditions, there is
positive feedback, between NO and SLC7A 1 expression or directly between NO and hCAT-1 activity.
The direct effect of NO on hCAT-1 activity could be related to posttranslational modifications, such
as nitration of important amino acids for the transporter activity, and it is necessary to clarify this point
with further research. Transcriptional mechanisms induced by insulin include nuclear expression and
higher activity of the transcriptional factor Sp1, a protein related to basal transcription and regulation
of genes without TATA-box, like SLC7A1 [31, 40]. In summary, the stimulation of vascular cells with
insulin (0.1-10 nM) activates the MAPK pathway that leads to nuclear expression and activation and
binding of Sp1 to the proximal region of the SLC7A 1 promoter [31] and higher expression of hCAT-1
(Fig. 6.3). This molecular response is evoked by physiological concentrations of insulin after 6—8 h of
incubation in a controlled, in vitro environment. The similitude between concentration and temporal-
ity of the effects of insulin on vasculature suggests that its postprandial effects include stimulation of
D-glucose transport (glycemia regulation) together with the regulation of vascular tone and blood flow
mediated by L-arginine transport and NO synthesis in endothelial cells. The lack of this insulin capac-
ity could therefore be correlated to the progression of cardiovascular diseases in patients with insulin
resistance or type 2 diabetes.

Regulation of SLC7A1 by p-glucose

Expression and regulation of hCAT-1 in stress conditions is a key mechanism related to the effects of
oxidative and nitrosative stress on vascular health and cellular distress [41]. One of the most relevant
oxidative stimuli for cardiovascular diseases is hyperglycemia associated with insulin resistance and
diabetes. Using this connection, it is important to remark that the most relevant pathologies in devel-
oped and middle-income countries are noncommunicable diseases such as cardiovascular diseases,
metabolic syndrome, obesity, and diabetes mellitus. The causes of this reality are mainly associated
with changes in lifestyle and nutrition quality of Western civilization [42—44]. In this regard, studies
using human cells and controlled stress conditions such as high extracellular concentrations of



78 M. Gonzilez

. Improvement of vascular
function and metabolic

control
God quality
Full antioxidant
of diet capacity NOe
l 3
e
Mf t AN Physiological
equate
control ?f ﬁ L-arginine
glycaemia uptake by EC
3

~

. SLC7A1

Fig. 6.3 Transcriptional regulation of SLC7A[ by insulin in physiological state. Besides the metabolic effects of insu-
lin, the hormone regulates the vascular health through the regulation of expression and activity of L-arginine transport-
ers, key proteins in the mechanism of nitric oxide synthesis. The insulin signaling (PI3K) increases the glucose
transporter 4 (GLUT-4) mobilization from cytoplasm to plasma membrane for glucose uptake. On the other hand, the
activation of MAPK cascade (Ras-Raf-MEK-ERK) induces the activation and migration to the nucleus of specificity
protein 1 (Sp1). Spl have several binding sites in the proximal (between —176 and —105 bp from transcription start site).
The activity of this transcription factor allows the expression of hCAT-1 and L-arginine transport. Also the antioxidant
control for superoxide regulation is key for improving the NO availability and vascular function

D-glucose are an effective way to analyze the mechanisms associated with the progression of these
pathologies. Thereby, long-term incubation (24 or 48 h) of human endothelial cells with 15-25 mM
of p-glucose is useful for understanding the deleterious effect of hyperglycemia on vasculature. By
applying these types of protocols, it is possible to determine that high extracellular concentrations of
D-glucose increase L-arginine transport and cyclic GMP (¢cGMP) accumulation, in a similar way that
occurs in endothelial cells from gestational diabetes. This is the first evidence that the L-arginine/NO
system is activated [16, 17] in stress conditions related to hyperglycemia and could be associated with
oxidative stress [19]. Short-term endothelial cell incubation (two minutes) with increasing concentra-
tions of D-glucose increases L-arginine transport with a half-maximal effective concentration (ECsg)
of 11 mM pb-glucose [15]. Long-term (24 h) or short-term (2 min) effects of 25 mM bp-glucose are
related to hCAT-1 activity in endothelial cells, but it is still not possible to discard the role of hCAT-2B
in these phenomena [15, 19]. Concentrations that are usually used in these protocols are similar to the
postprandial plasma concentrations of p-glucose found in patients with insulin resistance or diabetes.
This demonstrates that the stimulation of this mechanism in isolated cells could be translated to
etiological mechanisms of cardiovascular diseases in diabetic patients.

Elevated L-arginine transport in response to long-term incubation with high p-glucose, or in gesta-
tional diabetes, has been related to elevated levels of hCAT-1 mRNA and eNOS activity in HUVEC
[45]. In other cell types, such as rat aorta endothelial cells, incubation with 25 mM b-glucose, for 1
week, induces lower nitrite levels associated with decreased expression and activity of eNOS [46]. In
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HUVEQ, it has been reported that chronic incubation with high p-glucose increases eNOS expression
[47], an effect associated with the activity of PI3K and protein kinase B (PKB/Akt). Also, it has been
shown that in bovine aortic endothelial cells (BAEC), there is a lower synthesis of NO induced by
insulin when the cells are incubated with high extracellular concentrations of p-glucose. This effect
of insulin is dependent on a signaling pathway that involves the insulin receptor 1 (IR1), PI3K, and
the inhibitor of kinase subunit of nuclear factor kappa B (IKKB). Furthermore, high cGMP synthesis
induced by high p-glucose in HUVEC is blocked through 1 nM insulin incubation [17]. In the same
cell type, it has been shown that 1 nM of insulin (8 h) reverts the effect of high p-glucose on adenosine
transport, an important vasoactive nucleoside [48, 49]. Thus, it can be concluded that high extracel-
lular concentrations of p-glucose, the main problem associated with hyperglycemia, induce the
expression and activity of L-arginine transporters (mainly hCAT-1) and NO synthesis. However, this
fact is not logical if we recognize that hyperglycemia is associated with endothelial and vascular
dysfunction. This controversy is solved if we contemplate the oxidative stress associated with the
deleterious effect of p-glucose. In fact, high extracellular concentrations of p-glucose induce synthe-
sis of superoxide (O,") dependent on the activity of NADPH oxidase, increasing oxidative stress,
lowering levels of BH,, uncoupling of eNOS, and deteriorating NO. This pathophysiological response
impacts the vascular reactivity of blood vessels, which is reflected in high contraction of human
umbilical veins exposed to thromboxane A2 [15]. Figure 6.4 depicts the relationship between poor
diet quality and hyperglycemia that leads to insulin resistance and diabetes. These conditions provide
a cellular environment that triggers oxidative stress. This is mainly because O,"” reacts quickly with
NO to generate peroxynitrite (ONOO"), a very harmful molecule that induces damage to DNA,
protein modifications, and metabolic changes that induce cellular dysfunction. Concomitantly, hyper-
glycemia is associated with high activity of protein kinase C (diacylglycerol-dependent isoforms) and
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Fig. 6.4 Implications of poor quality diet on L-arginine regulation and oxidative stress. Unbalanced diet and seden-
tarism are associated with cardiovascular and metabolic diseases, being an important factor in these phenomena the
deleterious cellular effects of elevated plasma concentrations of glucose and the resistance to the actions of insulin.
Hyperglycemia, from diet with high content of carbohydrates, alters the antioxidant capacity of cells and leads to oxida-
tive stress condition in vascular cells. This environment increases activity of signaling pathways that evokes the activa-
tion of transcription factors like nuclear factor kappa B (NFkB) or Spl. NFkB have a binding site in promoter of
SLC7AI (between —323 and —305 bp from transcription start site) and the hCAT-1 expression is linked with oxidative
stress for increase of synthesis of peroxynitrite (ONOO~), a molecule very dangerous for DNA and proteins integrity of
vascular cells
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high activity of nuclear factor kappa B (NFkB), a transcription factor with a binding site in the
proximal promoter of SLC7A1 [31]. We cannot discard a role of Spl in the transcriptional regulation
of SLC7AI mediated by p-glucose, but presumably the main target in this stress condition could be
NFxB and transcription of hCAT-1 (Fig. 6.4).

In gestational diabetes, a specific form of diabetes associated with fetoplacental vascular dys-
function, L-arginine transport is associated with elevated activity of protein kinase C. Also, it is
associated with lower adenosine transport, molecule with vasoactive properties that is associated
with vasodilatation through L-arginine/NO pathway: The accumulation of adenosine in the extra-
cellular space activates A2a purinoceptor-dependent signaling, contributing to high L-arginine
transport and NO synthesis [45]. Thus, in gestational diabetes and hyperglycemia, there is a vicious
cycle in which the signaling pathways mediated by PKC and A2a purinoceptor activate the L-argi-
nine/NO pathway for NO synthesis, but the activation of concomitant mechanisms for oxidative
stress reduces the bioavailability of NO, as we mentioned above [41]. In fact, in patients with type
2 diabetes mellitus, the effect of insulin administration on forearm blood flow (the hormone induces
relaxation of blood vessels) is diminished, and this phenomenon is related to a lower conversion of
L-arginine to L-citrulline (L-arginine clearance) in these patients [50]. Previously we mentioned that
Kohlhaas et al. [33] showed that in hyperglycemic conditions, L-arginine transport is higher than
controls in HAEC, an effect that is reversed by insulin. Very recently, our group found similar
results, showing that in HUVEC, the increase of L-arginine transport induced by high p-glucose is
reverted through co-incubation with insulin. Furthermore, through this co-incubation, the V,,,, of
L-arginine transport is decreased, in an effect resulting from the transcriptional regulation of hCAT-
1. Is possible that these effects of insulin on L-arginine transport in hyperglycemic conditions could
be related to oxidative stress regulation related to NADPH oxidase overactivity in HUVEC [19]. In
Fig. 6.5, we diagram the proposal mechanism for regulation of L-arginine transport by insulin in
hyperglycemic conditions. High extracellular concentrations of Dp-glucose increase L-arginine
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Fig. 6.5 Reversion of p-glucose effects on L-arginine transport by insulin. Insulin is able to restore the increased
L-arginine transport in a cellular environment with high concentrations of glucose, like in diabetes or insulin resistance.
The incubation of endothelial cells with high extracellular concentration of p-glucose increases the L-arginine transport
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transport through higher expression of hCAT-1 in the plasma membrane of endothelial cells. In this
setting, insulin decreases L-arginine transport by a reduction of V,,,, without changes in the K.
These findings shows that the most likely mechanism for L-arginine transport is the regulation of
hCAT-1 expression, especially the expression of this protein in plasma membrane and caveolae.

Conclusions

Control of L-arginine transport is a key mechanism for the maintenance of endothelial function and
cardiovascular regulation. On the other hand, major changes in lifestyle and nutrition quality in
Western civilization are affecting the cardiovascular health of the world population. Hence, the
molecular mechanisms that regulate the endothelial function are targets for metabolic and hormonal
changes from overweightness and obesity (also undernutrition).

First, regarding undernutrition, a lower availability of amino acids in diet, especially L-arginine,
has important repercussions in cellular metabolism associated with the reduction in L-arginine uptake
from extracellular space due to the lower concentration of L-arginine in the blood. L-arginine transport
is highly dependent on L-arginine concentration in plasma, especially considering the interaction
between L-arginine transporters and eNOS activity for NO synthesis, a molecule with pleiotropic
properties in different cell types. In these conditions, the cells activate certain mechanisms with the
objective of restoring the capacity for L-arginine uptake. These mechanisms are related to changes of
hCAT-1 expression at different levels: transcriptional or posttranscriptional regulation of SLC7AI.
The regulation of hCAT-1 expression by D-glucose and insulin is related to the activity of the proximal
promoter of SLC7A 1. In this region (~1600 base pairs upstream of start codon), there are several bind-
ing sites for Sp1 and one binding site for NFxB, both transcription factors which have been demon-
strated to be regulated by insulin and p-glucose, respectively. Pathological concentrations of p-glucose
in plasma affect the metabolism of endothelial cells, increasing the transcription of SLC7AI and
hCAT-1 expression along with oxidative stress associated with activity of pro-oxidant enzymes like
NADPH oxidase. Our most relevant findings show that under these conditions, physiological concen-
trations of insulin could regulate the metabolism alteration, decreasing the hCAT-1 expression and
superoxide synthesis to normalize endothelial function and vascular relaxation.

Although the detailed mechanism that underlies the insulin regulation of L-arginine transport in
hyperglycemia still is unknown, evidence shows that cardiovascular problems associated with obesity,
insulin resistance, metabolic syndrome, or diabetes are related with impaired insulin signaling in
endothelial cells, affecting the capacity of this hormone to regulate L-arginine/NO and NADPH oxi-
dase/O," pathways. In further research, it will be important to describe the proteins involved in tran-
scriptional regulation of SLC7AI in hyperglycemia or hyperinsulinemia, focusing efforts on the
transcription factors with binding sites in the SLC7A 1 promoter. More focus should also be placed on
the role of miR122 (or other miRs) which can be targets for diagnosis and intervention.

<
<

Fig. 6.5 (continued) through increases of maximal velocity (V) in transport mechanism (red curve in the plot showed
in left panel). This effect is correlated with high abundance of hCAT-1 in plasma membrane, induced by transcriptional
activity of SLC7A1 promoter. In these cellular conditions, insulin decreases the L-arginine transport, diminishing the
Vimax and without changes in K,,: In the left panel, green, orange, and purple lines show effects of 0.1, 1, and 10 nM of
insulin, respectively, in cells incubated with high concentrations of p-glucose. Dotted line shows the L-arginine trans-
port in unstimulated cells. These evidences show that the regulation by insulin occurs at transcriptional levels, decreas-
ing the abundance of hCAT-1 without altering the expression or activity of other L-arginine transporters
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Chapter 7

L-Arginine, Pancreatic Beta Cell Function, and Diabetes:
Mechanisms of Stimulated Insulin Release and Pathways
of Metabolism

Philip Newsholme, Kevin N. Keane, Mina Elahy, and Vinicius Fernandes Cruzat

Key Points

* L-arginine is a potent insulinotropic agent on acute exposure to p-cells.

* L-arginine can promote insulin secretion through a variety of mechanisms including membrane
depolarisation, metabolism, and enhancement of antioxidant status.

* L-arginine conversion to NO, via nitric oxide synthase activity, may be regulated by the action
of PEDF in f-cells.

* L-arginine supplementation may improve blood flow and endothelial function at rest.

* L-arginine supplementation may aid antioxidant status in athletes.

Keywords L-arginine ® Insulin secretion ¢ Insulin action ® Metabolism ® Antioxidants

Introduction

L-Arginine (C¢H4N,0O,) is nutritionally classified as a conditional essential amino acid that can be
commonly found in the protein component of both plants and animal foods. Over the past two decades,
studies have described its role as a mediator of multiple biological processes including the release of
several hormones, collagen synthesis during wound healing, antitumor activity, and immune cell
responses. Typically endogenous synthesis accounts for approximately 20 % of the daily expenditure,
and normal levels of L-arginine in the blood range from 40 to 100 pmol/L, which may decrease by up
to 20 % in diabetes. Moreover, L-arginine is an amino acid that, through its metabolism, can impact
blood flow and blood pressure, especially in relation to the production of nitric oxide (NO).
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L-arginine has pronounced glucoregulatory and insulinotropic effects, stimulating insulin secretion
acutely but reducing beta cell secretory function and proliferation following chronic exposure. The
effect of reducing L-arginine concentration in vivo may have profoundly negative effects on the beta
cell as discussed in this chapter. In addition, pigment epithelium-derived factor (PEDF) may be con-
sidered as a novel modulator of L-arginine metabolism and nitric oxide generation in the beta cell.
Lastly, the effects of L-arginine supplementation in sport and exercise are considered.

Molecular Mechanisms of L-Arginine-Induced
Insulin Release

It is well established that pancreatic p-cells are nutrient-sensing cells which produce and secrete insulin
in response to elevated carbohydrate and fatty acid levels in blood. However, amino acids are also an
important nutrient class that can regulate insulin release from p-cells. Several amino acids have been
reported to positively and/or negatively modulate insulin release, and in vitro studies have demonstrated
that combinations of amino acids at physiological concentrations, or administered individually at
supra-physiological concentrations, can enhance insulin secretion from isolated pancreatic islets and
B-cell lines, but the stimulatory effect was dependent on the duration of exposure and amino acid type
(reviewed expertly in [1, 2]). For example, alanine, glutamine, leucine, taurine, and L-arginine are con-
sidered to positively influence glucose-stimulated insulin secretion (GSIS), while sulphur-containing
amino acids such as cysteine and homocysteine are suggested to decrease GSIS [1]. Generally, the
mechanisms by which amino acids regulate insulin release include (1) generating ATP via provision of
substrates for TCA cycle and/or redox shuttles, (2) direct depolarisation of the plasma membrane during
transport via amino acid transporters, and (3) indirect depolarisation of the plasma membrane during
transport causing an influx of Na* ions along with the amino acid [3]. Consequently, this nutrient class
can impact on both the triggering and amplification pathways of insulin exocytosis in the -cell [2].

Interestingly, L-arginine has been reported to play a dual role in mediating insulin release, and
some investigations suggest that acute exposure promotes insulin secretion, while chronic stimulation
impedes insulin secretion [4, 5]. L-Arginine is a cationic amino acid and cellular uptake is mediated
by the electrogenic mCAT2A transporter in the B-cell [6]. Entry and accumulation of L-arginine via
mCAT2A directly stimulates plasma membrane depolarisation, leading to opening of voltage-gated
Ca?* channels with a subsequent influx of cytosolic Ca*, causing exocytosis of insulin-containing
granules [7]. This particular mechanism of L-arginine-induced insulin release is entirely dependent on
the extracellular Ca®* concentration and withdrawal of Ca?* abrogates the response [7]. These acute
insulinotropic effects of L-arginine have been demonstrated in a variety of f-cell line models, such as
BRIN-BDI11, 1.1B4, and MING [5, 8, 9], and also in ex vivo rodent islets [10]. Typically, the concen-
tration of L-arginine used is supra-physiological at 10-30 mM, and the acute time of exposure is
20-60 min. However, the detrimental effects of chronic L-arginine exposure (48 h at 10 mM) on islet
GSIS have been recently been described [4]. We reported that extended L-arginine exposure reduced
insulin secretion and cell proliferation, as determined by 5-ethynyl-2’-deoxyuridine incorporation, in
rat islets. Furthermore, prolonged L-arginine levels increased the number of apoptotic cells, while also
increasing the expression of genes associated with endoplasmic reticulum (ER) stress, including DNA
damage-inducible transcript 3 (CHOP) and activating transcription factors 3 and 4 (ATF3 and 4) [4].
Interestingly, these negative effects appeared to be independent of NO* production as no significant
change in NO* levels was detected.

The dual role of L-arginine appears to centre and pivot on its ability to act as a substrate for NO*
generation. As outlined briefly above, NOS enzymes convert L-arginine to citrulline and NO*
(Fig. 7.1). NO" is a free radical but acts as a signalling molecule that regulates several metabolic
pathways and physiological responses such as vasodilatation, inflammation, and insulin secretion
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Fig. 7.1 Potential mechanisms of saturated fatty acid (SFA), cytokine, and PEDF action on L-arginine metabolism and
regulation of f-cell insulin secretion. Saturated fatty acids (SFA) and pro-inflammatory cytokines, including TNFa, may
activate NFKB and promote translocation to the nucleus, so enhancing the transcription of the RNA-binding protein HuR,
which stabilises target transcripts including inducible nitric oxide synthase (iNOS). Plasma membrane PEDF receptor-
associated phospholipase A, activity may generate arachidonic acid and so influence the expression of two key enzymes
involved in asymmetric dimethylarginine (ADMA) synthesis, protein L-arginine methyltransferase (PRMT-1) and dimeth-
ylarginine dimethylaminohydrolase 2 (DDAH-2), decreasing the levels of PRMT-1 and increasing the levels of DDAH-2.
The overall result will be to decrease the generation of ADMA, an endogenous nitric oxide synthase (NOS) inhibitor,
resulting in higher NOS activity and elevating NO generation, which at moderate levels is stimulatory for insulin secretion.
PEDF is transported into cells and co-localises with ATGL at lipid droplets [53]. Thus, PEDF may stimulate the intracel-
lular generation of FA which could subsequently be oxidised, leading to stimulation of insulin secretion

[11-13]. B-cell lines such as BRIN-BD11 and INS-1 are known to express NOS isoforms includ-
ing neuronal (nNOS), cNOS, and iNOS [11, 14, 15]), and it is entirely plausible that L-arginine-
mediated NO* production facilitates insulin secretion. Eloquently designed experiments revealed
that NO® was in fact a regulator of B-cell insulin release, and its action was mediated through the
guanylate cyclase/guanosine 3’,5’-cyclic monophosphate (GC/cGMP) pathway in INS-1 cells
[13], which is a common NO*-dependent signalling pathway observed in endothelial-muscle cell
communication and vasodilation [16]. Furthermore, in the same study it was demonstrated that
glucose metabolism was also important for endogenous NO® production [13]. Additional studies
have shown that administration of pharmacological inhibitors of NOS, such as the non-selective
asymmetric ®-N¢ NC-dimethylarginine (ADMA), reduced NO" levels and consequently attenuated
L-arginine-induced insulin secretion in INS-1 f-cells [17]. Moreover, homocysteine, which nega-
tively impacts B-cell insulin secretion [1], is elevated in diabetic patients with renal complications
and is an indirect substrate for ADMA synthesis, possibly contributing to reduced NO* levels and
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impaired insulin release [16]. Therefore, in addition to its impact on plasma membrane depolarisa-
tion, L-arginine-mediated insulin secretion may partly result from its metabolism by NOS and
subsequent production of “signalling” NO".

Importantly, it is the delicate balance between reactive oxygen/nitrogen species (ROS/RNS) formation
and clearance that significantly affects signalling and/or detrimental outcomes in the -cell, which in turn
is closely correlated with, and dependent on, endogenous antioxidant production. The excessive generation
of ROS/RNS including NO* can be induced by pro-inflammatory stimuli such as cytokines like tumour
necrosis factor-o (TNFa), interferon-y (INFy), and interleukin-1 (IL-1) [18]. A plethora of studies have
demonstrated that these cytokines enhance the expression of iNOS via activation of NFkB in immune and
[-cells, which may subsequently utilise available L-arginine to produce NO* (reviewed in [18]). Given that
the p-cell is a metabolically active cell type that couples high nutrient metabolism and electron transport
chain (ETC) activity to insulin secretory output, it is not surprising that elevated nutrient loads/metabolism
and elevated inflammatory stimuli, both observed in diabetes, converge and yield high ROS/RNS levels
that may possibly contribute to f-cell dysfunction, cytotoxicity, and death. Superoxide (O,™) derived from
the ETC can react with NO* to form peroxynitrate (ONOQO™), which is a highly reactive free radical, with a
greater cytotoxicity than O, or NO® individually [19]. Generation of excess ROS/RNS can lead to protein,
membrane, or DNA damage via lipid, protein, or nucleic acid oxidation and peroxidation. Consequently,
p-cell antioxidants such as GSH are extremely important for neutralising ROS/RNS generated by
metabolism. It has been documented that the p-cell has a limited antioxidant capacity, including catalase
levels [18]. However, the L-arginine pool could possibly be harnessed to contribute to the synthesis of
GSH, as outlined earlier, through the action of arginase and subsequent production of glutamate from orni-
thine. High GSH levels may aid p-cell metabolism and increase the generation of ATP from the ETC,
ultimately promoting greater insulin release.

L-Arginine-derived glutamate may also contribute directly to insulin secretion. However, the role of
glutamate in p-cell insulin release remains contested and unclear due to the presence of conflicting find-
ings in the literature. Some studies have shown that elevated cellular glutamate levels correlated with
GSIS in B-cells [20], while others have failed to observe similar responses [21]. In an anaplerotic capac-
ity, L-arginine-derived glutamate may possibly act as an intermediate in the TCA cycle via its conversion
to a-ketoglutarate and consequently may influence ATP levels and insulin release. In addition, L-arginine
can be metabolised through reactions of the urea cycle (active but incomplete in the p-cell), via the con-
version of other amino acids into intermediates in the latter pathway via aminotransferase activity [18].
Taken together, it appears that a co-ordinated system regulates L-arginine metabolism in p-cells, balanc-
ing the requirement for NO generation and/or amino acid and antioxidant production.

In conclusion, it is clear that L-arginine exposure can alter insulin secretion and some studies have
shown that supplementation improves insulin sensitivity, endothelial function, and glucose metabolism
in vivo [22]. However, some other studies have shown that L-arginine exposure is detrimental to [3-cell
function [4]. Consequently, more research is required to fully understand the precise mechanisms of
L-arginine metabolism, its influence on insulin secretion, and whether this amino acid can be utilised for
the novel therapeutic treatment of diabetes.

A Potential Role for PEDF in Modulating Beta Cell L-Arginine and Lipid
Metabolism: Impact on Insulin Secretion

Pigment epithelium-derived factor (PEDF; encoded by the gene SERPINF1, also known as EPC1 or
caspin) is a serpin that has multiple biological actions. PEDF-focused research began approximately
25 years ago following discovery that PEDF is a differentiation factor for retinoblastoma cells [23,
24]. The PEDF protein was originally isolated from media that was conditioned by cultured retinal
pigment epithelial cells. Expression of SERPINF1 has been shown to be increased in quiescent young
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fibroblasts and PEDF levels decline during ageing. About 15 years ago, PEDF was reported to be a
potent inhibitor of angiogenesis, leading to the identification of PEDF as a major antagonist to
angiogenic factors (such as vascular endothelial growth factor (VEGF), its antitumorigenic and
antimetastatic activities, and its potential for use as a biomarker in cancer management. PEDF is a
member of the serine protease inhibitor (serpin) superfamily. Conformational transition between
stressed and relaxed stages is a characteristic of catalytically active serpins; however, PEDF does not
undergo this transition and hence does not exhibit common serpin inhibitory activity [25-27].
However, human PEDF structure and its three-dimensional folding have been confirmed as similar to
serpins using X-ray crystallography [28]. PEDF is a protein with a molecular size of 50 kDa made up
of 418 amino acids that include an amino-terminal secretion signal peptide, one N-glycosylation site
at Asn285 (in the sequence NLT), and a serpin signature sequence YHLNQPFIFVL that ends at amino
acid 398 [29]. PEDF is widely expressed in most body tissues but at a higher level in the eye, fetal and
adult liver tissue, adult testis, ovaries, placenta, and the pancreas with a dramatic decrease in senes-
cent/ageing cells [30]. PEDF has several biological activities and properties including anti-prolifera-
tive [31], pro-differentiation [32, 33], neuroprotective [34], anti-inflammatory [35], anti-oxidative
[36], and anti-tumour [37, 38]. The PEDF-receptor interaction occurs at the C-terminal component of
the molecule while the N-terminal region is involved in anti-angiogenic properties and neurotrophic
activities of the protein [39, 40]. Evaluating the expression of different PEDF receptors (PEDF-Rs)
could help to determine the specific biological responses of PEDF. Studies show that there are at least
two different PEDF-Rs, specific to neural or endothelial cells, respectively [41]. The signalling path-
ways activated by PEDF regulate a number of key transcription factors including nuclear factor
kappa-light-chain enhancer of activated B cells (NF-kB) [42], nuclear factor of activated T-cells
(NFAT) [43], peroxisome proliferator-activated receptor (PPAR-y) [44], and the potent pro-migratory
urokinase-type plasminogen activator (uPA)/receptor (UPAR) system [37, 38].

PEDF is upregulated in individuals with the metabolic syndrome [45, 46] and patients with type 2
diabetes [47, 48]. Recent work has implicated PEDF in the development of obesity-related insulin
resistance [49, 50]. PEDF induced inflammatory responses, increased adipocyte lipolysis, and pro-
moted lipid accumulation in muscle and liver, events normally associated with insulin resistance [49].
Of relevance to this article a receptor that possesses phospholipase activity was reported in retinal
pigment epithelial cells [51]. When the PEDF receptor is localised at the plasma membrane, phospho-
lipase A, activity can be stimulated, possibly generating arachidonic acid [52]. Arachidonic acid can
influence the expression of two key enzymes involved in asymmetric dimethylarginine (ADMA)
synthesis, protein L-arginine methyltransferase (PRMT-1) and dimethylarginine dimethylaminohy-
drolase 2 (DDAH-2), decreasing the levels of PRMT-1 and increasing the levels of DDAH-2; see
Fig. 7.1. The overall result will be to decrease the generation of ADMA, an endogenous nitric oxide
synthase (NOS) inhibitor, resulting in higher NOS activity and elevating NO generation, which at
moderate levels is stimulatory for insulin secretion. In addition, the PEDF receptor was reported to
interact with adipose triglyceride lipase (ATGL), a triacylglycerol lipase that is critical for the main-
tenance of lipid and glucose homeostasis. There are other reports that have described that recombinant
PEDF is transported into cells and co-localises with ATGL at lipid droplets [53]. Thus, PEDF may
stimulate the intracellular generation of FA which could subsequently be oxidised, leading to stimula-
tion of insulin secretion; see Fig. 7.1.

L-Arginine Supplementation in Sport, Exercise,
and Diabetes

Nitric oxide (NO") plays an essential function in several metabolic pathways in the body, such as
vasodilatation regulation and blood flow, inflammation and immune system activation, insulin
secretion and sensitivity [11, 12], mitochondrial function, and neurotransmission. First identified as
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an endothelium-derived relaxing factor (EDRF), and later as a free radical, NO" is produced by
several types of cells, especially endothelial cells, neurons, and monocytes. The synthesis of NO*
occurs through the enzyme nitric oxide synthase (NOS). This synthase exists as a constitutive nitric
oxide synthase (cNOS), which is dependent on Ca** requirements, while the expression of the
inducible form (iNOS) is promoted by inflammatory cytokines, bacterial endotoxins, oxidative
stress, and other types of insults or toxins. The amino acid L-arginine is the main precursor of NO",
especially via iNOS activity (see above), and the availability of this amino acid may modulate
endogenous NO* production [16].

It is believed that increased NO® will improve blood flow [54] and this could potentially be
beneficial for individuals performing exercise [55]. Accordingly, an elevation in blood flow (by a rise
in NO* production) could improve exercise performance by increasing nutrient and O, delivery and/or
removal of waste products, such as ammonia, from exercising skeletal muscles [55]. Although
L-arginine, NO* donors, and NOS inhibitors induce effects on blood pressure, heart rate, and blood
flow at rest [56], several studies have shown that these agents have no effect during exercise [56-59].
A possible explanation can be attributed to the fact that under physiological conditions or exercise, the
blood flow diverted to the active muscles and other organs involved in substrate supply, such as the
liver, is sufficient to satisfy the tissue demands. Although L-arginine contributes to the synthesis of
NO, its supplementation has no ergogenic effect. Furthermore, endogenous L-arginine, mainly syn-
thesised by the kidneys, appears to be sufficient to satisfy demand.

L-Arginine supplementation has the ability to increase the synthesis of creatine and growth hormone
(GH), which may impact protein synthesis, especially if associated with strength training. Exercise
training stimulates the cholinergic system, which in turn may potentiate GH secretion by suppressing
somatostatin (SRIF), hence stimulating the secretion of growth hormone releasing hormone (GHRH).
Since GH release induced by exercise is mediated by suppression of somatostatin, and L-arginine has a
similar mechanism of action, the combination of both could be able to potentiate the impact of GH on
protein synthesis. Although some nutritional intervention studies have shown that L-arginine alone or
in combination with physical exercise may promote an increase in GH secretion, especially during the
recovery period [60], there is no additional effect on protein synthesis [58, 60].

Several studies have been performed to establish critical roles for dietary protein and amino acids in
the maintenance of health, including L-arginine supplementation. Since L-arginine is a non-essential
(but conditional essential) amino acid, its exclusion from the diet may not alter nitrogen balance in
healthy subjects.

The tripeptide glutathione (L-y-glutamyl-L-cysteinylglycine) is the most important non-enzymatic
soluble intracellular antioxidant, contributing to protective and metabolic function in specific cells
including attenuation of oxidative stress in islet p-cells [1] and other organs and tissues [2, 61].
L-Arginine could be a precursor of glutathione (GSH) via glutamate generation. Increasing L-arginine
availability allows for an increase in metabolic flux that produces glutamate from L-arginine by
coupling production of ornithine to glutamate formation via pyrroline-5-carboxylate dehydrogenase
and ornithine aminotransferase [12, 16]. This latter pathway may be important when glutamine or
alanine availability is compromised, such as in exhaustive exercise [62]. Thus, the redox status of the
cell can be reduced, given the index of intracellular concentration of oxidised (GSSG) and GSH [2,
12, 61]. This is particularly important in inflammatory conditions as superoxide (O,"") production
evoked by pro-inflammatory stimulation can be detrimental to cell survival but may be attenuated by
increased L-arginine availability [12].

In inflammatory situations, acute or chronic diseases, the role of Heat Shock Protein (HSP)
responses has recently been investigated. An increase in HSP expression provides “stress tolerance”,
protecting against many chronically and acutely stressful conditions that cause cell death and/or
impair cell homeostasis, [2, 61]. It has been proposed that HSP’s expression can be modulated by
L-arginine [12]. This novel finding may be via glutamate generation from both L-arginine and glucose
(via 2-oxoglutarate formation and transamination of glutamate). Altering energy and nutrient metabo-
lism in the intracellular environment, nutrient sensors such Sirtuin 1 (SIRT1), HuR, and
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AMP-activated protein kinase (AMPK) initiate the activation of the main heat shock transcription
factor, HSF-1, and heat shock elements (HSEs), modulating HSP responses [2].

Interestingly, it has been eported that a reduced plasma concentration of L-arginine may be
associated with metabolic abnormalities in diabetes [63]. Since obesity, metabolic syndrome, and
insulin resistance are associated with a pro-inflammatory state, together with the adverse effects of
hyperglycaemia and hyperlipidaemia, they may lead to the progressive dysfunction and demise of
pancreatic f3-cells, resulting in reduced insulin secretion [16]. Thus, it is possible that L-arginine sup-
plementation may help in diabetic patients. Interestingly, there is increasing evidence in the literature
to show that L-arginine supplementation can be a powerful insulin secretagogue acting through mem-
brane depolarisation and NO* synthesis, which increases intracellular Ca?* flux and opens voltage-
gated Ca?* channels, promoting a physiological release of insulin in the p-cells [12] (see above).

L-Arginine administration may also enhance NO* production in the peripheral tissues, which
improves insulin-mediated vasodilatation effects [1], hemodynamic function, and macrophage-
mediated cell cytotoxicity [16, 63]. There is evidence that normal vascular endothelium plays an
important role in maintaining vessel wall homeostasis, synthesising substances such as prostacyclins,
which modulate vascular tone, reduce the risk of thrombosis, and influence smooth muscle growth.

High doses of L-arginine supplementation in some studies (between 30 and 100 g/day of the
amino acid) and lower doses between 5 and 7 g/day (equivalent to about 90 mg/kg body weight in
a 70 kg individual) have demonstrated varied effects of L-arginine supplementation. The case for
nutritional intervention needs further evaluation, especially regarding the frequency, optimal doses,
and pathways involved.

Conclusion

L-arginine is considered a conditionally essential amino acid as the body normally supplies sufficient
quantities to match demand. However, supplementation may be required in specific conditions such
as malnutrition, metabolic diseases including diabetes, excess circulating ammonia, burn injury,
inflammation, rapid growth, disorders of urea synthesis, and/or sepsis.

Physiological concentrations of L-arginine in healthy individuals are enough to saturate endothelial
NOS (eNOS), which has a Km of approximately 2-3 pumol/L. It is unlikely therefore that supplemen-
tary L-arginine should result in increased enzyme activity, elevating NO production and thus vasodila-
tion. However, in specific situations intracellular L-arginine levels may be compromised (due, for
example, to competing metabolic pathway requirements) and in these situations L-arginine supple-
mentation may be beneficial. L-arginine supplementation may help individuals at increased risk, for
example in conditions such as atherosclerosis and hypertension, diabetes mellitus, kidney failure,
smoking, and advanced ageing, as these conditions are associated with reduced NO biosynthesis.
Plasma levels of asymmetric dimethylarginine (ADMA), an endogenous NOS inhibitor, are increased
two- to threefold in cardiovascular disease and may also be elevated in diabetes which can be detri-
mental to beta cell function and insulin secretion (as described in this chapter). Therefore, individuals
with problems related to reduced NO synthesis are likely to benefit from L-arginine supplementation,
after careful assessment of the appropriate dose.
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Chapter 8
Erythrocytes By-Products of L-Arginine Catabolism

Martha Lucinda Contreras-Zentella and Rolando Hernandez-Muiioz

Key Points

L-Arginine is a relative abundant amino acid in the blood, particularly in the case of the
erythrocytes.

In the erythrocytes, there are effective transporters for this dibasic amino acid which can determine
the rate of L-arginine catabolism.

Erythrocytes possess enzymes capable of metabolizing L-arginine, with an arginase which classifi-
cation is still in debate well characterized, and possibly with a nitric oxide synthase activity similar
to that found in the endothelium.

L-Arginine is readily catabolized to ornithine, urea, citrulline, and nitrites (NO) in isolated erythro-
cytes, which is augmented in cells obtained from diabetic patients.

Diabetes Mellitus drastically diminishes L-arginine levels in the erythrocytes, apparently in order
to maintain serum L-arginine within the normal range.

Blood levels for L-arginine in either serum and erythrocytes seem to be controlled by the NAD/
NADH redox potential, being more evident in the cellular fraction (erythrocytes) of the blood.

Keywords Transport of L-arginine ® Metabolism ¢ Nitric oxide ¢ Citrulline ® Ornithine * Red blood
cells « Cell redox state
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eNOS Endothelial nitric oxide synthase

GD Gestational diabetes
HbA1C Glycosylated hemoglobin
HCC Hepatocellular carcinoma

iNOS Inducible nitric oxide synthase
IUGR Intrauterine growth restriction
LATs L-type amino acid transporters
nNOS Neuronal nitric oxide synthase
NO Nitric oxide

NOS Nitric oxide synthase

RBC Red blood cells

Introduction

L-Arginine is not only used as a precursor for protein synthesis, but it also functions as building
stone for the synthesis of nitric oxide (NO), urea, ornithine, citrulline, creatinine, agmatine, gluta-
mate, proline, and polyamines [1]. L-Arginine is relatively abundant in the blood in its “free” form,
and its blood concentration is mainly affected by food intake, by protein turnover, as well as by
L-arginine supply via the kidney [1]. This dibasic amino acid is conditionally essential during
growth and is included in many pharmacological and nutritional formulations [2]. In the urea
cycle, L-arginine is derived from arginosuccinate and is further metabolized to produce urea and
the amino acid ornithine [1]. De novo biosynthesis of L-arginine uses citrulline as a precursor
which, in turn, can be supplied from intestinal glutamine metabolism [2]. Besides dietary intake,
several factors affect the bioavailability of dietary L-arginine, such as the levels of lysine, manga-
nese, n-3 fatty acids in the diet, and circulating hormones including cortisol, growth hormone,
leptin, cytokines, endotoxins, as well as other biomolecules, such as creatine, lactate, ornithine,
and methylarginine [3]. Here, citrulline is converted to L-arginine in the body, and pharmacoki-
netic studies indicate that citrulline is better absorbed and, hence, has a greater systemic bioavail-
ability than L-arginine [4]. Dietary citrulline is also capable of increasing blood levels of L-arginine
and NO without affecting urea output [5].

After oral administration, an important part of the ingested L-arginine does not enter the systemic
circulation in adult humans or some animals, because around 40 % is catabolized through first-pass
metabolism by arginase located in the small intestine [6], which contracts in neonatal organisms, in
whom the activity of this enzyme is scarce, resulting in an almost complete L-arginine absorption by
enterocytes, entering the portal vein bloodstream. Since L-arginine is an important precursor of many
bioactive nitrogen molecules, all the aforementioned considerations should be taken into account
when using L-arginine or its derivative, citrulline, in pharmacological approaches. L-Arginine stimu-
lates physiological processes acting as a regulatory molecule; L-arginine increases collagen synthesis
and production of growth hormone, thus intervening in wound repair [2]. Moreover, L-arginine seems
to regulate insulin release from pancreatic -cells [7], as well as lymphocyte function, especially T
cell development [2]. Remarkable is also the role of L-arginine in lymphocyte’s memory following
antigenic exposure [2].

Blood concentrations of L-arginine seem to depend not only on the ingested amount and on its first-
pass metabolism in the gastrointestinal tract but also on the transport and further metabolism of this
amino acid that occurs in several tissues.



8 Erythrocytes By-Products of L-Arginine Catabolism 97

Transport of L-Arginine

Specialized transporters exist that mediate the uptake of amino acids across the plasma membranes. The
SLC7 family of amino acid transporters is divided into two subfamilies, the cationic amino acid trans-
porters (CATs) and those known as the L-type amino acid transporters (LATs), which can also transport
polyamines and organic cations. Most CATs function as facilitated diffusers mediating the entry and
efflux of cationic amino acids, playing an important role in the delivery of L-arginine to certain cells [8].

In mammals, CAT-mediated L-arginine transport resembles that of the y + amino acid transport
system. There are six CAT family members, CAT1, CAT2A, CAT2B, CAT3, which carry L-arginine,
L-lysine, and L-ornithine, and CAT4 and CAT14, whose functions are not well known yet [9]; in addi-
tion, CAT members mediate sodium-independent transport of cationic L-amino acids [8]. These trans-
porters have an apparent Km in the range of 40-450 pM for L-arginine, which is quite similar to that
for ornithine and lies within the range of concentration found in plasma for both cationic amino acids
[10]. Indeed, system y+ transporters could be considered as the major entry pathway for L-arginine
and ornithine in non-epithelial cells, therefore being a relevant factor in the regulation of cell metabo-
lism [11]. CAT-1 is restricted to the basolateral membrane in transfected epithelial cells and seems to
be the major system y* transporter in most cells, including nitric oxide-producing cells [8]. The two
CAT-2 splice variants (CAT-2A and CAT-2B) have a more defined expression pattern than CAT-1 [8].
CAT-2A is most abundant in the liver, but is also weakly expressed in cardiomyocytes, cardiac micro-
vascular endothelial cells, the pancreas, and both skeletal and vascular smooth muscle, and it is
expressed higher under pro-inflammatory conditions [12]. Lung CAT-2B seems to provide L-arginine
for the synthesis of NO in macrophages. CAT-2B is induced together with the L-arginine-metabolizing
enzymes, inducible nitric oxide synthase (iNOS) and arginase, in the classical and alternative activa-
tion of macrophages [13].

Evidence exists on the interconnections between function of L-arginine transporters and the activities
of L-arginine-metabolizing enzymes. CAT-2A and CAT-2B are the cationic carriers relevant for macro-
phages and are produced by the alternative splicing of the same gene [11]. CAT-2B is responsible for the
influx of L-arginine in response to cytokines produced during Thl or Th2 immune responses [9].
Interestingly, CAT-2B blockage leads to undetectable levels of iNOS and arginase activity, suggesting that
the intracellular L-arginine concentration is important for its metabolism by both enzymes [9], and the
respiratory burst in macrophages can be regulated by cross-competition for L-arginine between arginase
and iNOS [14].

L-Arginine Transport in Erythrocytes

It has been suggested that plasma rather than erythrocytes is the vehicle for amino acids’ exchange
among tissues [15]. The slow equilibration time of amino acid transport across erythrocyte mem-
branes might indicate that these cells have little significance in the interorgan transfer of amino acids
[16]. However, observations on glutamate flux in intact humans suggest a dynamic role for erythro-
cytes in the transport of this amino acid to the muscle [15]. In addition, studies in dogs indicate that
erythrocytes and plasma may play independent and occasionally opposing roles in the exchange of
several amino acids between the liver and gut [15].

Most amino acids seem to be similarly distributed between plasma and erythrocytes; however, 11
amino acids show a concentration gradient between plasma and erythrocytes, leading to an unequal
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distribution of a number of basic amino acids, including L-arginine, asparagine, aspartic acid, histi-
dine, lysine, ornithine, phosphoserine, among others [17]. This mechanism may involve co-transport
with other ions, specific binding to erythrocyte macromolecules, or a process unique to the passage
of erythrocytes through a vascular bed [17]. Analysis of the interorgan transport for alanine, threo-
nine, serine, methionine, leucine, isoleucine, tyrosine, and citrulline led to conclude that data
obtained from whole-blood analysis was indeed greater than that observed with plasma determina-
tion [15]. In fact, human erythrocytes show two components of L-arginine and L-lysine uptake that
seem to be independent of sodium entry [18]. These transport systems are characterized by the inhi-
bition of an amino acid uptake by other(s). Both L-arginine and L-ornithine are capable of inhibiting
L-lysine uptake, whereas L-leucine can partially block transport of L-arginine, into the red blood cells
(RBC) [18].

In addition, in the RBC, where cationic amino acid transport has been reported to occur through a
single saturable pathway [19], very high concentrations of L-leucine (50 mM) produce an inhibition
of L-arginine uptake by human erythrocytes, although its inhibition kinetics has not been clearly elu-
cidated [18]. Moreover, L-arginine showed its familiar Na+-independent mode of uptake as a cation
throughout the erythroid cell’s differentiation. An exceptionally high-affinity Na+-dependent compo-
nent of L-arginine uptake (Km=0.03 mM) emerged after day 14, peaked at day 18, and then disap-
peared along further maturation of the erythroid cell [20]. Mature mammalian RBC possess specific,
but not concentrative, amino acid transport systems, consisting of a single facilitated diffusion-type
mechanism of transport [20].

L-Arginine translocation through RBC membranes is carrier mediated with simple Michaelis—
Menten kinetics, with a high affinity, but with low capacity for transporting the amino acid [21].
Indeed, for some amino acids, erythrocyte transport sometimes exceeds that of serum and significant
correlation coefficients show that strong serum—erythrocyte relationships exist for L-arginine and
ornithine [21]. Therefore, both serum and RBC are physiologically involved in the blood transport of
amino acids in humans.

Tissue L-Arginine Metabolism

Enzymes Involved in 1-Arginine Metabolism

L-Arginine turns over rapidly in mammals with a half-life ranging from 0.65 to 1.10 h, because, once
inside the cells, there are multiple pathways for L-arginine degradation to produce NO, ornithine, urea,
polyamines, proline, glutamate, creatine, and/or agmatine [1]. These pathways are initiated by argi-
nases, three isoforms of NOS, an L-arginine decarboxylase, as well as the L-arginine:glycine amidino-
transferase. Among them, it could be considered that both arginase and NOS exert the main degrading
actions on L-arginine, thus influencing its metabolism largely.

Arginase Activities

Arginase, the enzyme that hydrolyzes L-arginine, is a trimeric metalloenzyme depending on manga-
nese per subunit for full activity [9] and exerts regulatory roles. It modulates L-arginine availability
in the cells that express this enzyme and regulates polyamine synthesis due to the production of its
precursor, namely, ornithine, which is essential for cell replication [1]. Arginase is widely distributed
in mammalian tissues, being found in kidney, breast, testis, erythrocytes, and leukocytes [22].
Mammals have two arginase genes that encode two distinct isoforms, type I and II, which are similar
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in their enzymatic properties; however, these enzymes have distinct subcellular locations, tissue
distribution, expression patterns, and immunological reactivities [9]. Arginase I is cytosolic and is
highly expressed in the liver, where it participates in the urea cycle, whereas arginase II is localized
in mitochondria and is expressed in the brain, kidneys, mammary glands, intestines, and macro-
phages [1]. Some cell types express both isoforms, such as aorta endothelial cells in rats and murine
macrophages [1]. Moreover, Hangenfeldt et al. [23] proposed the existence of an arginase in RBC,
assumed to be type II, which was based on a negative relationship between concentrations and RBC/
plasma ratios for L-arginine and ornithine.

Activity of NOS

In mammals, three nitric oxide synthase (NOS) isoenzymes are encoded by three different genes [9].
The human loci are defined as NOS1 (Gene ID 4842) coding for the neuronal nitric oxide synthase
(nNOS), NOS2 (Gene ID 4843) for the inducible nitric oxide synthase (iNOS) and NOS3 (Gene ID:
4846) for endothelial nitric oxide synthase (eNOS) [24]. The iNOS is highly induced in macrophages
by endotoxins and inflammatory cytokines [1], and the main effect of NO produced by this pathway
is antiproliferative [9]. The constitutively expressed isoforms, nNOS and eNOS, which are Ca?*/
calmodulin-dependent enzymes, are lower NO output systems that are important for physiological
processes such as neuronal signaling, inhibition of the hemostatic system, vasodilation, and blood
pressure control [24]. NO synthases are heme-containing proteins catalyzing the five-electron oxida-
tion of the guanidino nitrogen of L-arginine to NO and citrulline. This process requires oxygen and a
number of cofactors including calcium, calmodulin, NADPH, flavin mononucleotide (FMN), flavin
adenine dinucleotide (FAD), and tetrahydrobiopterin [24]. The proposed reaction mechanism involves
electron transfer from the flavin-binding site via calmodulin to the heme group, where the oxidation
of one of the guanidino nitrogens of L-arginine to the intermediate product, N-hydroxy-L-arginine,
takes place [24].

The concentrations of L-arginine in extracellular fluids and within cells are considered to be in
excess of the saturation points of the NOS enzymes [5]. Serum L-arginine concentrations in nor-
mal humans are approximately 100 uM [5] and maybe higher inside the cells, far in excess of the
Km values for rL-arginine of purified NOS [5]. After intravenous L-arginine supplementation,
levels of nitric oxides are increased and vasodilatory responses can be restored to normal, sug-
gesting physiologic regulation of cellular NOS activities by upper micromolar concentrations of
serum L-arginine.

The NO produced by activity of NOS constitutes an important molecular signaling that regu-
lates vasodilation of blood vessels and vascular permeability [2]. Elevated NO levels are
observed in septic shock where hypotension, cardiac insufficiency, and increased tissue and
endothelial permeability may precede organ failure [2]. In contrast to iNOS, the other myeloid
enzyme, arginase, converts L-arginine to ornithine and shunts available L-arginine away from
NO production [2]. Arginase is expressed in Th2-supporting macrophages, following stimula-
tion by anti-inflammatory cytokines [2]. The ornithine produced by arginase can be used to
synthesize polyamines and proline, which are needed for wound healing; however, only the
limitation in NO production by the respective NOS could be underlying a possible participation
of arginase at the Th2 response [2].

Regarding RBC, a number of recent reports have suggested the existence of NOS in neutrophils,
platelets, and RBC. Various isoforms in circulating cells have been proposed to participate in the
control of blood flow. Chen et al. [25] demonstrated the presence of an NOS-like enzyme in human
neutrophils, showing that traditional NOS inhibitors merely reduced the uptake of tritiated L-argi-
nine rather than inhibiting its conversion, suggesting that these analogs had no specific inhibitory
effect on NOS activity in the neutrophil’s cytosol. NO produced in the neutrophils may be relevant
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in scavenging free radicals produced during states of oxidative stress [26]. However, other investi-
gators could not show the presence of NOS mRNA or protein in either circulating or stored human
neutrophils. Other studies have shown the presence of eNOS protein and activity in human platelets
[26]; the presence of mRNA for eNOS and nNOS isoforms has been confirmed in human platelets
and neutrophils [26].

Pathways for L-Arginine Catabolism

In the Vascular Endothelium

The endothelium, the largest organ in the body, is located between the bloodstream and the vessel
wall. The importance of the endothelial function for vascular homeostasis has been increasingly rec-
ognized [27]. The initial state of endothelial dysfunction is also considered as an early stage of ath-
erosclerosis, eventually leading to clinical manifestations like coronary artery disease [27]. NO is a
signaling/regulatory product of the endothelium that is critically important for vascular health [24]
and has been recognized to play a fundamental role in the control of vascular tone and blood flow [24].
In healthy blood vessels, eNOS-derived NO from L-arginine contributes to the regulation of blood
flow and blood pressure and is an inhibitor of platelet activation and aggregation, as well as of leuko-
cyte adhesion and migration [24]. Mice genetically deficient in endothelial nitric oxide synthase
(eNOS™") are hypertensive and have lower circulating nitrite levels, demonstrating the importance of
constitutively produced NO for blood pressure regulation and vascular homeostasis [24].

In the RBC

Type-I arginase is expressed abundantly in hepatocytes [22] and, to a limited extent, in extrahepatic
cells, including RBC from primates [22]. RBC from healthy subjects can synthesize urea apparently
through an arginase-like activity, and the linear rate of urea synthesis along time suggests that extracel-
lular and intracellular L-arginine equilibrate rapidly in blood cells [22]. Nonetheless, the significance of
extrahepatic urea synthesis is not clear, since RBC contribution to urea synthesis has been estimated to
be 1-3 % of the total urea production [22]. Based on the aforementioned facts, we hypothesized that
fluctuations in serum levels of metabolites are influenced by RBC, and this putative “buffering” property
of RBC for removing and/or releasing different metabolites from or into the serum can be altered largely
by hyperglycemia and glycosylated by-products, disturbing structure and/or function of the RBC [22].

Our results show that in isolated RBC, levels of nitrites were equally distributed in serum and RBC
in both healthy subjects and patients with type 2 diabetes mellitus (DM); citrulline predominated in
serum, whereas urea, L-arginine, and ornithine were found mainly in RBC, in control subjects. On the
other hand, blood samples from patients with DM showed hyperglycemia, increased glycosylated
hemoglobin (HbA1C), and increased levels of the tested metabolites, except for L-arginine, signifi-
cantly correlating with blood glucose levels. RBC were observed to be capable of catabolizing L-argi-
nine to ornithine, citrulline, and urea, which was increased in RBC from DM patients, and correlated
with an increased affinity for L-arginine in the activities of putative RBC arginase (Km=0.23+0.06
vs. 0.50+0.13 mM, in controls) and nitric oxide synthase (Km=0.28+0.06 vs. 0.43+0.09 mM, in
controls). These data led us to conclude that DM alters metabolites’ distribution between the serum
and RBC, demonstrating that RBC regulate serum levels of metabolites that affect nitrogen metabo-
lism, not only by transporting them but also by metabolizing amino acids such as L-arginine. Moreover,
we confirmed that urea can be produced also by human RBC besides hepatocytes, being much more
evident in RBC from patients with type 2 DM. These events are probably involved in the specific
physiopathology of this disease, i.e., endothelial damage and dysfunction [21].
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L-Arginine-derived NO has been implicated in the vascular dysfunction of diabetic patients, in
whom this pathological process is characterized by impaired endothelial cell production of the vaso-
dilator and antiplatelet adhesion factor and/or decreased NO bioavailability [21]. Moreover, increased
arginase I activity and expression are associated with diabetes-induced increases in oxidative stress
and with initiating the feedforward cycle of diminished NO levels and oxidative stress [21].

As to the NOS activity, this activity in RBC has been a matter of controversy for some time, and
doubts about its functional significance, isoform identity, and disease relevance have been put forward
by different authors [24]. RBC maturation is associated with loss of enzymatic functions. These cells
have been considered almost exclusively as a transporter of metabolic gases and nutrients to the tis-
sues. It is, therefore, possible and likely that earlier RBC forms do produce NO. Whether this occurs
at the level of erythroblasts or later (or at all) requires more study on subpopulations of erythrocytes.
If erythroblasts do in fact have the potential to generate NO, the function of this potential has not been
defined. It is also possible that human RBC do not contain NOS activity and that the protein remains
as an evolutionary vestige from prior times. These mysteries of residual but nonfunctional or mini-
mally functional NOS within RBC surely will be a worthy cause of study for years to come [26].

In addition, RBC consistently convert [*H]L-arginine to [*H]L-citrulline in a Ca?*-dependent fash-
ion, and this conversion is inhibited by two different specific NO synthase inhibitors [28]. Suspension
of RBC reduced platelet aggregation, and the RBC-mediated inhibition of platelet aggregation was
blocked by pretreatment of RBC with an NO synthase inhibitor and potentiated by pretreatment with
superoxide dismutase. Indeed, western analysis with a specific mouse monoclonal antibody provided
direct evidence for the presence of human endothelium-type constitutive NO synthase with a molecu-
lar mass of approximately 140 kDa in the RBC cytosol. These observations suggest that RBC possess
endothelium-type NO synthase and may regulate platelet function, at least in part, by in situ release
of NO [28]. These results have been, however, challenged by other findings: it has been concluded that
the enzymatic hydrolysis of L-arginine is not caused by NOS but is a result of the action of the enzyme
arginase, which abounds in the RBC. However, proteins interacting with antibodies to the endothelial
and inducible isoforms of NOS have been detected in human RBC by immune blot, indicating that
human RBC possess proteins that react with monoclonal antibodies to the inducible and endothelial
isoforms of NOS, but the proteins are without catalytic activity [29].

Another factor, through which RBC can control L-arginine metabolism, resides in these cells that
can reversibly bind, transport, and release NO within the cardiovascular system [30]. These concepts
were initially based mainly on the very potent NO scavenging ability of hemoglobin [30] as a central
mechanism affecting NO release from RBC, through binding NO to oxyhemoglobin in the form of
S-nitrosohemoglobin with NO being released when hemoglobin is deoxygenated in tissues with lower
oxygen partial pressure [30], as well as through reduction of nitrites by hemoglobin [30]. In this
regard, it is an accepted dogma that RBC take up and inactivate endothelium-derived NO via rapid
reaction with oxyhemoglobin to form methemoglobin and nitrate, thereby limiting NO availability for
vasodilatation. Yet, it has also been shown that RBC not only act as “NO sinks,” but also exert an
erythrocrine function—i.e., an endocrine function of RBC—by synthesizing, transporting, and releas-
ing NO metabolic products and ATP, thereby potentially controlling systemic NO bioavailability and
vascular tone; hemoglobin plays a central role in these biochemical processes [24]. Under hypoxic
conditions, in particular, RBC induce NO-dependent vasorelaxation. Mechanisms of release and
potential sources of NO in RBC are still a matter of debate, but candidates include iron—nitrosyl—
hemoglobin, S-nitrosohemoglobin, and nitrite [24]. The latter may form NO either via deoxyhemo-
globin (deoxyHb, Fe'Hb) or xanthine oxido-reductase-mediated reduction or via spontaneous and/or
carbonic anhydrase-facilitated disproportionation [24]. In addition, RBC are thought to contribute to
the regulation of systemic NO bioavailability by releasing ATP when subjected to hypoxia or shear
stress, which seems to be dependent on the activation of erythrocytic pannexin-1 channels inducing
eNOS-dependent vasorelaxation and an increase in blood flow [24].
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Recent data implicate a critical function for hemoglobin and the erythrocyte in regulating the activ-
ity of NO in the vascular compartment. Intravascular hemolysis releases hemoglobin from the RBC
into plasma (cell-free plasma hemoglobin), which is then able to scavenge endothelium-derived NO
600-fold faster than erythrocytic hemoglobin, thereby disrupting NO homeostasis [31]. This may lead
to vasoconstriction, decreased blood flow, platelet activation, increased endothelin-1 expression (ET-
1), and end-organ injury, thus suggesting a novel disease mechanism for hereditary and acquired
hemolytic conditions such as sickle cell disease and cardiopulmonary bypass. In addition to providing
an NO scavenging role in the physiological regulation of NO-dependent vasodilation, hemoglobin
and the erythrocyte may deliver NO as the hemoglobin deoxygenates [31]. While this process has
previously been ascribed to S-nitrosated hemoglobin, recent data suggest that deoxygenated hemoglo-
bin reduces nitrite to NO and vasodilates the human circulation along the physiological oxygen gradi-
ent. This newly described role of hemoglobin as a nitrite reductase is discussed in the context of blood
flow regulation, oxygen sensing, and nitrite-based therapeutics [31]. In addition to maintaining basal
vasodilator tone, NO tonically inhibits platelet aggregation, leukocyte adhesion, and smooth muscle
proliferation, modulates respiration, and exerts antioxidant and anti-inflammatory activity. Under
physiological conditions, reactions of vascular-derived NO with hemoglobin are thought to be the
most important pathway for limiting NO bioactivity. As described in more detail elsewhere in this
review series, reaction of the iron-containing heme groups of oxy- and deoxy-hemoglobin with NO
produces methemoglobin and nitrate ions and iron—nitrosyl-hemoglobin, respectively [31]. Therefore,
the compartmentalization model of hemoglobin allows for the existence of a sufficient diffusional
gradient for NO between the endothelium and the smooth muscle to allow local paracrine activity
(endothelium to smooth muscle) but limit distant endocrine bioactivity [31].

Effects of Redox State on Plasma and RBC L-Arginine Concentrations

Patients with DM, especially with microangiopathy, have augmented purine degradation during
exercise and semi-ischemic tests, which occurs accompanied by elevated blood lactate and plasma
ammonia [32, 33], which could result from the endothelial dysfunction occurring in DM [34, 35].
Increased NO production might be involved in vascular dysfunction and diabetic nephropathy
[36]. Elevated glucose causes an increased NADH/NAD ratio, probably leading to ischemic
nephropathy and retinopathy [37, 38], and causing increased production of mitochondria-derived
ROS [39]. Increased formation of ROS leads to metabolic stress, resulting in changes of energy
metabolism and of levels of inflammatory mediators and antioxidant systems [40]. Increases of
blood lactic acid and ketone bodies are common features in diabetic patients [41, 42]. We have
found that patients with type 2 DM show high levels of blood lactate and pyruvate; however, there
was no lactic acidosis in these patients apparently due to two factors: (1) lactate was predomi-
nantly located in RBC, where levels of L-arginine were abruptly decreased, and (2) pyruvate
“escaped” from RBC and increased in serum, lowering the lactate/pyruvate ratio in this blood
compartment (Figs. 8.1 and 8.2). The fact that serum L-arginine level was maintained in detriment
of its concentration in RBC led to find the existence of a direct correlation between the NAD/
NADH ratio and L-arginine levels, as illustrated in Figs. 8.3 and 8.4. These data strongly suggest
that the redox state (specifically the one occurring in RBC) could control the rate of L-arginine
catabolism. In this context, diabetic rats course with decreased free mitochondrial and cytosolic
NAD/NADH ratios and undergo activation of alternative pathways, such as that of sorbitol [43],
which could contribute to increased vascular permeability [44], leukocyte adhesion to the endo-
thelial wall [45], accelerated pericytes, endothelial cell apoptosis, and formation of pericyte ghosts
and acellular capillaries [46]. Therefore, data would suggest a net and effective exchange of cer-
tain blood metabolites between the RBC and the serum.
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Fig.8.1 Serum levels of L-arginine, pyruvate, lactate, and its relationship in samples from control subjects and patients
with type 2 diabetes mellitus. The results are expressed as the mean + SD (indicated by the vertical bar) for levels of
L-arginine, pyruvate, lactate, and the lactate/pyruvate ratio in healthy control volunteers (n=30) and in patients with
type 2 DM (n=30). These metabolites were determined through enzymatic methods, as previously described in detail
[21]. Symbols for each experimental group are indicated at the fop of the figure. Whereas the serum L-arginine level was
not significantly affected by DM, it did promote an increased level of pyruvate, leading to a diminished lactate/pyruvate
ratio
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Fig. 8.2 RBC levels of L-arginine, pyruvate, lactate, and its relationship in samples from control subjects and patients
with type 2 diabetes mellitus. The results are expressed as the mean + SD (indicated by the vertical bar) for levels of
L-arginine, pyruvate, lactate, and the lactate/pyruvate ratio in healthy control volunteers (n=30) and in patients with
type 2 DM (n=30). Symbols for each experimental group are indicated in Fig. 8.1. In an opposite manner, onset of DM
induced very low levels of RBC L-arginine, which was accompanied by an increased lactate/pyruvate ratio
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Fig. 8.3 Correlation between serum levels of L-arginine with the NAD/NADH redox potential. The levels of L-arginine
from healthy control volunteers (n=30) and patients with type 2 DM (n=30) were taken from Fig. 8.1. The NAD/NADH
ratio was calculated from data shown in Fig. 8.1 (lactate and pyruvate) by using the equilibrium constant for lactate
dehydrogenase (1x 10~ M). Symbols for each experimental group are indicated at the fop of the figure. In a opposite
manner, onset of DM induced very low levels of RBC r-arginine, which was accompanied by an increased lactate/pyru-
vate ratio. Both control subjects and patients with DM had a straight relationship between NAD/NADH ratio and
L-arginine levels, indicating that a more oxidized redox state favors L-arginine production and/or accumulation
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Fig. 8.4 Correlation between RBC levels of L-arginine with the NAD/NADH redox potential. The levels of L-arginine
from healthy control volunteers (n=30) and patients with type 2 DM (n=30) were taken from Fig. 8.2. The NAD/
NADH ratio was calculated as indicated in Fig. 8.3. Symbols for each experimental group are pointed out in Fig. 8.3.
Here, the significant correlation between cell redox state (as assessed by the NAD/NADH redox potential) and the cel-
lular levels for L-arginine was more evident

Pathologies Possibly Related with RBC Catabolism of L-Arginine
In Diabetes Mellitus

Diabetes mellitus (DM) is a worldwide disease characterized by metabolic disturbances, frequently
associated with high risk of atherosclerosis and renal, nervous system, and ocular damage. Oxidative
damage is involved in diabetes and its complications, and reactive oxygen species (ROS) have been
implicated in the pathogenesis of DM, presenting frequently vascular endothelial dysfunction,
associated with hypercholesterolemia, and nitric oxide (NO) deficiency is a major factor contributing
to endothelial dysfunction, as has been evidenced in hypertension, tobacco smoking, and malaria
[47, 48].

Recent findings emphasize the potential key role of amino acid metabolism early in the pathogen-
esis of diabetes, probably constituting an aid in diabetes risk assessment [49]. In this context, we have
recently shown that RBC L-arginine metabolism is altered in patients with type 2 DM, producing
increased by-products from L-arginine catabolism, therefore altering the mechanisms governing this
apparent exchange of molecules among organs, blood cells, and serum [21]. Also we confirmed that
RBC host the enzymatic machinery to metabolize amino acids, such as L-arginine, besides having
efficient transport systems. Moreover, RBC could participate in the equilibrium between L-arginine
metabolism and NO production, and the altered L-arginine catabolism found in cells from patients
with type 2 DM could be involved in endothelial dysfunction, mainly regarding the direct interaction
between RBC and endothelial cells [21].

Endothelial Dysfunction

Functional integrity of the vascular endothelium is of fundamental importance for normal vascular func-
tion, and a key factor, regulating endothelial function, is the bioavailability of NO. Recently, the enzyme
arginase has emerged as an important regulator of NO production by competing for L-arginine, which is a
substrate for both arginase and NO synthase. Increased activity of arginase may reduce the availability of
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L-arginine for NO synthase, thus reducing NO production, increasing formation of ROS, and leading ulti-
mately to endothelial dysfunction. Increased activity and expression of arginase have been demonstrated in
several pathological cardiovascular conditions, including hypertension, pulmonary arterial hypertension,
atherosclerosis, myocardial ischemia, congestive heart failure, and vascular dysfunction in DM [50].

Therefore, endothelial formation of NO by the endothelial NO synthase (eNOS) is a critical deter-
minant of endothelial function. The NO availability can be limited by enhanced formation of super-
oxide anions, producing peroxynitrate, thus reducing the amount of available NO. This can significantly
induce TNF-a mRNA and procoagulant activity in blood. Moreover, LDL cholesterol is a significant
predictor of both endothelial dysfunction and oxidative stress. LDL cholesterol and oxidized LDL
cholesterol can affect the trafficking of eNOS to the caveolae, increasing superoxide production and
inducing NAD(P)H oxidase [27].

Gestational diabetes (GD, characterized by abnormal p-glucose metabolism) and intrauterine growth
restriction (IUGR), a disease associated with reduced oxygen delivery (hypoxia) to the fetus, induce
fetal endothelial dysfunction with implications in adult life and increase the risk of vascular diseases.
Indeed, the synthesis of NO and uptake of L-arginine (the NO substrate) and adenosine (a vasoactive
endogenous nucleoside) by the umbilical vein endothelium is altered in pregnancies with either GD or
IUGR. These data, focusing on the role of altered vascular endothelial function in these pregnancy dis-
eases, emphasize the epithelial and endothelial placental functions for normal fetal development and
growth [51]. In this context, these newborns can exhibit L-arginine deficiency, compromising normal
growth and development, and low levels of plasma L-arginine are often found in low birth weight and
preterm infants, who become susceptible to intestinal inflammation and necrotizing enterocolitis [5].

Liver Diseases

Blood arginase has been considered a possible marker for liver damage, as it correlates well with
serum activity of alanine aminotransferase (ALT). Since L-arginine is metabolized to ornithine and
urea by arginase activity, decreased blood L-arginine has been well correlated with enhanced ornithine
levels and higher blood arginase activity in several models of hepatic injury. The latter has led to sug-
gest that arginase could play an important role in L-arginine metabolism, which could indeed be
altered in the erythrocytes from patients with liver fibrosis [2].

Hemolytic Diseases

Recent data implicate a critical function for hemoglobin and the erythrocyte in regulating the activity
of NO in the vascular compartment. Intravascular hemolysis releases hemoglobin from the red blood
cell into plasma, which is then able to scavenge endothelium-derived NO. Furthermore, provided with
an NO scavenging role in the physiological regulation of NO-dependent vasodilation, hemoglobin
and the erythrocyte may deliver NO as the hemoglobin deoxygenates [31].

In Cancer

There exists an interesting approach for cancers that depend on L-arginine especially during the
expression of urea cycle enzymes, mainly focused on the inactivation of argininosuccinate synthetase
1 (ASS1) in a range of malignancies, including melanoma, hepatocellular carcinoma (HCC),
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sarcomas, and lymphomas. The idea is to exploit these key enzymatic pathways making the tumoral
tissue dependent on exogenous L-arginine. In fact, clinical trials of several L-arginine depletors are
ongoing, including pegylated L-arginine deiminase (ADI-PEG20, Polaris Group) and bioengineered
forms of human arginase. However, resistance pathways to L-arginine deprivation require further
study to optimize L-arginine-targeted therapies in the oncology clinic [52].

Neurodegenerative Diseases

Since its discovery, NO has been shown to be a regulator of important physiological processes in addi-
tion to vasodilation, including effector functions in the cardiovascular, immune, and nervous systems.
In the central nervous system (CNS), NO functions as a diffusible chemical messenger and its actions
are associated with cognitive function, synaptic plasticity, and pain perception. It is also involved in
the regulation of sleep—wake cycles, appetite, body temperature, and neurosecretion, promoting opti-
mal cerebral blood flow, consolidating memory processes, facilitating long-term potentiation, among
other actions [5]. However, under specific conditions, NO appears to be produced in excess and in
such cases may play a causative role in the development of inflammatory neurodegenerative diseases,
such as Alzheimer’s disease, Parkinson’s disease, and other disorders of the CNS. Since physiologic
levels of NO appear to be neuroprotective whereas higher concentrations are decidedly neurotoxic, it
is of particular importance to understand the potential dietary regulation of the levels of L-arginine and
NO in the circulation and the CNS. In fact, the effects of L-arginine-enriched animal and vegetable
foods have been tested as a therapeutic approach for these diseases [5].

Concluding Remarks

The increased formation of by-products from L-arginine by RBC from patients with type 2 DM might
have a negative impact on the functionality of vascular endothelial cells. In these patients, blood urea
is drastically increased, predominating in RBC, and is associated with low intracellular levels for
L-arginine. These would suggest that RBC from diabetic patients exert altered transport and metabolic
functions for these compounds, which are associated with elevated levels of arginase and impaired NO
synthesis by endothelial cells. The fact that oral administration of L-citrulline normalizes circulating
levels of L-arginine and total leukocyte counts, improving the well-being in patients with sickle cell
disease, strengthens these statements. The altered RBC L-arginine catabolism might contribute to the
pathogenesis of DM, since L-arginine decreases serum levels of glucose, homocysteine, fatty acids, and
triglycerides and improves insulin sensitivity in obese humans with type 2 DM. Thus, since citrulline
or L-arginine supplementation delays the progression of atherosclerosis in obese rabbits, these findings
indicate that L-arginine plays a role on insulin action; although the mechanism is not known, it is quite
possible to be ascribed to NO formation. NO deficiency is a major factor contributing to endothelial
dysfunction, which occurs in a variety of metabolic disorders, including diabetes. Dysregulation of
L-arginine-produced NO is involved in endothelial dysfunction and endothelium-dependent relaxation,
leading to oxidative stress, vascular oxidative damage, enhanced platelet adherence and aggregation,
leukocyte adherence, and increased proliferation of vascular smooth muscle cells. Our data [21] indi-
cate that RBC could participate in the equilibrium between L-arginine metabolism and NO production
and that altered L-arginine catabolism found in cells from patients with type 2 DM could be involved in
endothelial dysfunction, mainly regarding the direct interaction between RBC and endothelial cells.
Therefore, DM promotes a characteristic pattern of disturbances in the blood levels of the tested metab-
olites by affecting still unknown properties of RBC. These seem to be linked to metabolite transport
systems, putative metabolic pathways, and enzymes, such as arginase, depleting important substrates
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or enhancing production of molecules potentially harmful, such as urea. The disturbed capacity of RBC
to maintain ‘“normal levels” of serum metabolites could be attributed to chronic exposure of blood cells
to high levels of glucose, eliciting a type 2 DM-induced characteristic pattern of blood nitrogen metab-
olites, which is probably involved in the specific physiopathology of this disease.
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Chapter 9
L-Arginine Synthesis from Enteral Proline

Christopher Tomlinson, Ronald O. Ball, and Paul B. Pencharz

Key Points

* Proline is a significant precursor for L-arginine in humans throughout the life cycle.
* Proline and L-arginine are co-indispensable in neonates.
* Proline is the sole dietary precursor for L-arginine in neonates.

Keywords Proline * Enterocyte ® Intragastric ® Intraportal ® Precursor
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Introduction

The importance of L-arginine synthesis in humans throughout the life cycle is clear. The experiments
of Young et al. with an L-arginine- and precursor-free diet for 4 weeks in healthy adults demonstrate
that these amino acids are truly non-essential in the diet [1]. Thus, efficient L-arginine synthesis is
implied. In newborn humans, the amount of L-arginine in breast milk is inadequate to meet the needs
of growth and metabolism, again implying effective mechanisms of L-arginine synthesis [2, 3]. Yet in
both adults and newborns, L-arginine may become essential under certain conditions where rates of
synthesis are inadequate. The most significant example is that of parenteral nutritional where an
L-arginine-free parenteral diet leads to life-threatening hyperammonemia [4, 5].

In adult humans the synthesis of L-arginine starts in the enterocyte with formation and then release
of citrulline; this is then taken up by various tissues but largely the proximal tubule of the kidney
where it is converted to L-arginine [6]. From the schematic overview of L-arginine synthesis (Fig. 9.1),
we can see that L-arginine may be synthesized from three dietary amino acids: proline, glutamate and
glutamine. In this chapter, we will review the evidence that proline makes a significant contribution to
L-arginine synthesis throughout the human life cycle but is the sole precursor in newborns.

Proline is unique in that it is the only one of the 20 proteogenic amino acids where the amino
nitrogen is secondary as it is part of a pyrrolidine ring. It is this ring structure which gives proline its
physical properties that enable it to be an integral component of collagen, especially after posttransla-
tional modification to hydroxyproline. This structural function of proline is its main role, and it had
previously been thought to have few metabolic properties. However, it is now clear that proline can
function as a neurotransmitter [7] and that proline oxidase has been implicated as a regulator of
apoptosis in carcinogenesis [8].

Argininosuccinate

ASL ASS
L-Arginine Citrulline
Carbamoyl Glutamine
Phosphate
oCT
Ornithine
Glutamate
P5C
OAT
non-enzymic
Pyrroline reaction. Glutamyl- P5C synthetase
semialdehyde
5-carboxylate
P5C proline
reductase
oxidase
Proline

Fig. 9.1 Outline of L-arginine synthesis. ASL argininosuccinate lyase (EC—4.3.2.1), ASS argininosuccinate synthase
(EC—6.3.4.5), OAT ornithine aminotransferase (2.1.6.13), OCT ornithine carbamoyl transferase (2.1.3.3), PSC reduc-
tase (1.5.1.2), Proline oxidase (1.5.99.8), PSC dehydrogenase (1.5.1.12), P5C synthetase (EC—not assigned)
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One of its roles may be as a dietary precursor for other amino acids, specifically L-arginine. We,
and others, have investigated this role of proline using a piglet model [9-16], in human adults [17],
and in newborns [18].

In Vitro Studies

L-Arginine synthesis has been extensively studied in enterocytes by Wu et al. This group investigated
the precursor for L-arginine in a series of studies using isolated enterocytes obtained from piglets at
various ages designed to highlight the changes occurring after birth and during weaning. They used
two outcome measures, enzyme levels and enzyme activity derived from precursor conversion to
product. In light of the in vivo studies, we will focus on the enzyme activity results.

In the first of these studies, the group demonstrated that citrulline was not synthesized from gluta-
mine in piglets preweaning (14-21 days) but that there was significant synthesis when weaned piglets
were used (29-58 days) [16]. However, when younger animals were investigated there was consider-
able synthesis in the first few days after birth which fell over the first week [19]. This in vitro work
would suggest then that there are considerable changes in the ability of the piglet enterocyte to metab-
olize glutamine to L-arginine from birth to postweaning. The group went on to show that these changes
were reflected in rate of enzyme expression with P5C synthase being moderate at birth, falling and
then rising again to much higher levels after weaning [15].

Given these developmental changes in the ability of glutamine to act as a precursor for L-arginine,
the group went on to investigate proline as a potential precursor [12]. Using the same model, the group
assessed changes in proline oxidase activity with age in newborn piglet enterocytes. The enzyme was
highest in newborn animals (0-2 days), falling to a nadir by day 7-14 before rising again around
weaning. However, in contrast to P5C synthase, the activity was only half of that in the weaning pig-
lets compared to newborns [12]. The group went on to show that between 80 and 90 % of metabolized
proline appeared as ornithine. The ability of the cells to synthesize L-arginine, citrulline, and ornithine
was dependent on the concentration of proline but also required the presence of glutamine. This
would suggest that the carbon skeleton of L-arginine is provided by proline, but the additional nitrogen
atoms may come from glutamine with the carbon skeleton of glutamine being used for energy through
oxidation.

Therefore, this series of experiments suggests that in newborn animals, proline is the precursor for
the carbon skeleton of L-arginine with little or no synthesis from glutamine. At the time of weaning,
this changes and then both glutamine and proline may contribute to L-arginine synthesis.

In Vivo Studies: Piglet Model

Our group has extensively studied proline and L-arginine metabolism in piglets in vivo. The first series
of studies by Murphy et al. evaluated whether L-arginine or glutamate could act as precursors for
proline when piglets were fed a proline-deficient diet [20]. The authors demonstrated that there was
no synthesis of proline from intravenous glutamate, and although there was synthesis when the gluta-
mate was given enterally it was not enough to meet the metabolic demands [20]. The second study
demonstrated with a proline-deficient diet that intravenously infused L-arginine could act as a signifi-
cant precursor for proline [9].

That L-arginine is indispensible for neonatal piglets is clear by the observation that life-threatening
hyperammonemia develops when they are fed an L-arginine-deficient diet [21]. This is rapid when



114 C. Tomlinson et al.

parenterally fed but also occurs, although much slower, when the L-arginine-free diet is given enter-
ally. Using hyperammonemia as an outcome measure, our group next assessed the ability of proline
to ameliorate L-arginine deficiency. In piglets fed intravenously, an L-arginine- and proline-free diet
rapidly led to hyperammonemia. This rapid rise was not affected by the addition of proline to the
intravenous diet, indicating the importance of the splanchnic organs and first-pass metabolism. When
the same diets were fed intragastrically, the L-arginine- and proline-free diet also led to hyperammo-
nemia although the rise was not as rapid as when given intravenously. In this case, when an L-arginine-
free diet was provided but with proline, the rate of rise in ammonia was significantly reduced indicating
proline could act as a precursor for L-arginine when given enterally [21]. The group went further in
the next series of experiments to assess differences in intragastric and intraportal diets [22]. The same
results were found with intraportal diets being indistinguishable from the intravenous diets in the
previous study. These results taken together indicate that only proline can act as a significant precur-
sor for L-arginine and that this effect is dependent on the small intestine and only if feeds are given
enterally.

This importance of an intact intestine for L-arginine synthesis was further confirmed by Urschel
[23] who in parenterally fed piglets demonstrated that, by using glucagon-like peptide (GLP)-2 to
inhibit intestinal atrophy, it was possible to maintain the ability of the bowel to use circulating proline
to synthesize L-arginine, albeit still at a reduced rate from control enterally fed animals.

Using multitracer stable isotope methodology in 8—10-day-old piglets, Urschel et al. investigated
the effects of an L-arginine-deficient diet on L-arginine synthesis from its dietary precursors [10]. The
authors showed that proline contributes ~60 % of L-arginine synthesis, with the source of the remain-
ing 40 % yet to be determined, and that citrulline formation is the limiting factor in L-arginine synthe-
sis, demonstrating that all citrulline formed from proline is converted to L-arginine [10]. In the
presence of an L-arginine-deficient diet, the piglets were able to upregulate L-arginine synthesis from
proline.

In Vivo Studies: Human Neonate

Using stable isotopes we have been able to investigate L-arginine synthesis from proline in human
neonates [18]. Fifteen stable growing preterm infants, between 30 and 34 weeks gestational age and
<21 days of age, were studied. A primed, infusion of labeled L-arginine, proline, and glutamate was
given to the infants over 12 h via the nasogastric tube. Enrichment of the isotopomers and their
metabolites was measured in urine by tandem mass spectrometry.

The results confirmed that the findings from piglets, both in vivo and in vitro, are also valid in
humans. There was no measurable enrichment of glutamate in plasma, indicating that all glutamate is
metabolized on first pass through the splanchnic bed. However, none of the carbon skeleton of gluta-
mate appeared in L-arginine, indicating that glutamate (and by extrapolation glutamine) is not a sig-
nificant precursor for L-arginine in neonates. In keeping with the piglet data, there was only significant
synthesis of L-arginine from proline. The rate of synthesis from proline was approximately four times
the amount of L-arginine supplied by breast milk, indicating a significant rate of synthesis and meta-
bolic demand on proline.

These results, taken together, indicate a co-dispensability of L-arginine and proline in human
infants and also in piglets. The intake of L-arginine alone from breast milk is insufficient to meet the
metabolic demands of this amino acid; however, when the total of proline and L-arginine is consid-
ered, there is more than enough given standard intakes of breast milk in term infants. It would appear
though, using factorial methods, that these amino acids may become limiting in preterm infants given
lower intakes and the higher metabolic demands of increased growth [18]. Whether this is clinically
relevant needs further investigation.
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In Vivo Studies: Adults

There have been few studies using isotopically labeled proline in older humans and none in adult
larger mammal models. The most in-depth investigations were those of Jaksic et al. who performed a
series of studies in both healthy men and patients after burn injury [24-26]. However, these studies
primarily assessed proline synthesis and flux rates and did not determine synthesis of other amino
acids from proline. Furthermore, all these studies used intravenous tracers; there have been no studies
using labeled proline enterally to assess first-pass metabolism by the splanchnic organs. Certainly
though, proline is at least conditionally indispensable in adult humans, as Jaksic et al. [26] showed no
ill effects from a diet devoid of proline for 1 week and Tharakaran et al. [1] demonstrated the safety
of 4 weeks of a diet lacking in L-arginine, proline, glutamate, and aspartate.

In order to elucidate proline metabolism in human adults, we performed a study using isotopically
labeled L-arginine and proline given enterally to healthy men to determine the enteral flux of proline
and if there was significant synthesis of L-arginine from dietary proline.

Five healthy men drinking a complete milkshake diet were fed, in addition, a primed intermittent
“infusion” of enteral guanidino— *N, L-arginine and '*N Proline [17]. Enrichment of these tracers and
labeled intermediaries ornithine and citrulline was measured in plasma by tandem mass spectrometry.
The result indicated that there was small but significant synthesis of L-arginine from dietary proline,
indicating that this synthetic pathway continues to exist in the adult enterocyte.

A further study indicated that glutamine could also act separately as both a nitrogen and carbon
donor for L-arginine [27]. Taken together, these results indicate that there is considerable plasticity in
the source of both the carbon skeleton and the nitrogen atoms of synthesized L-arginine.

These represent only preliminary studies however, and the importance of the synthesis of L-argi-
nine and how it is regulated, especially in patient groups in whom gut function may be disrupted,
remains to be elucidated.

Conclusion

In conclusion, it is clear that proline has a significant role as an L-arginine precursor in humans. Indeed
the published work would support that in newborns preweaning, proline is the sole dietary precursor
for L-arginine and is dependent on a functioning GI tract. In adults, there is considerable plasticity in
L-arginine synthesis with both glutamine and proline able to act as precursor; however, our work dem-
onstrates that in the physiological fed state a considerable proportion of dietary proline is used for
L-arginine synthesis.
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Chapter 10
L-Arginine and Macrophages: Role in Classical
and Alternative Activation

Jorge Lloberas, Manuel Modolell, and Antonio Celada

Key Points

* Macrophages play a key role in inflammation.

* At the inflammatory loci, macrophages first exert pro-inflammatory activity (tissue destruction),
followed by an anti-inflammatory activity (tissue repair).

* L-Arginine is catabolized by nitric oxide synthase (NOS2) to form nitric oxide (pro-inflammatory
activity) or by arginase 1 to form proline and polyamines (anti-inflammatory activity).

* A specific L-arginine transport system (Slc7a2, also called CAT?2) is induced during the pro- and
anti-inflammatory activation of macrophages.

* The expression of Slc7a2 is the limiting factor for the pro- and anti-inflammatory activation of
macrophages.

* Arginase produced by macrophages converts L-arginine into polyamines, which are used for the
proliferation of parasites such as Leishmania major. Also, the depletion of L-arginine by activated
macrophages blocks specific T cell responses.

* Macrophages associated with tumors exert suppressive activity on T cells. This action can be medi-
ated through macrophage-induced L-arginine depletion in the microenvironment.

Keywords Macrophage ¢ Classical activation ¢ Alternative activation ¢ r-Arginine catabolism
e L-Arginine transport ® Nitric oxide synthase ® Arginase
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Abbreviations

CATs Cationic amino acid transporters
CCL2 CC-chemokine ligand 2

CD Cluster of differentiation

CSF1r Colony-stimulating factor 1 receptor
CTLs Cytotoxic T lymphocytes

EGF-like Epidermal growth factor-like
GM-CSF  Granulocyte macrophage colony-stimulating factor

IFN Interferon

IL Interleukin

KO Knockout

L Leishmania

LPS Lipopolysaccharide
Ly6 Lymphocyte antigen 6

M-CSF Macrophage colony-stimulating factor
MDSCs  Myeloid-derived suppressor cells
MHC Major histocompatibility complex

NK Natural killer

NO Nitric oxide

NOS2 Nitric oxide synthese 2
PCR Polymerase chain reaction
PD-1 Programmed cell death-1

PDLI PD1 ligand 1
PGE2 Prostaglandin E2

ROS Reactive oxygen species

TAM Tumor-associated macrophages
Th T helper

TNF Tumor necrosis factor

TReg Regulatory T cell

TSA Trichostatin A

Introduction

Monocytes and macrophages are crucial effectors and regulators of the immune system. It has recently
been shown that most tissue macrophages are produced locally, including microglia and Langerhans
cells, among others [1]. Monocytes that circulate in the bloodstream are produced in the bone marrow
and can be classified into two types. The first type has a surveillance function and is recognized by the
cluster of differentiation (CD) surface markers, namely CD14*CD16** in humans and Ly6 (lymphocyte
antigen 6) C'° in mice, while the second type comprises effector cells that are involved in the inflam-
matory process and are recognized by CD14**CD16- in humans and Ly6C"¢" in mice [1]. Monocytes
perform immune surveillance by continuously checking the surrounding environment for signs of
damage or infection. Once inside tissues, monocytes differentiate and become macrophages. In addi-
tion to eliminating pathogens, macrophages also perform other functions. They contribute to the clear-
ance of dust and allergens in lungs (alveolar macrophages) and clear toxins from the liver (Kupffer
cells) and senescent red blood cells from the spleen (splenic macrophage), and they induce immune
tolerance in intestine (intestinal macrophage) [2]. Belonging to the myeloid lineage, macrophages have
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diverse functions, including the initiation and resolution of inflammation, waste disposal, angiogenesis,
bone remodeling, and the regulation of lipid metabolism, iron metabolism, and wound healing.
Impairment of proper macrophage function leads to an imbalance in the immune response and, in
extreme cases, to disease. These immune cells are characterized by the expression of specific surface
markers, among these, CD11b, EGF-like (epidermal growth factor-like) module (Emrl or F4/80),
CD68, colony-stimulating factor 1 receptor (CSF1r), lymphocyte antigen 6 (Ly6)C, and Ly6G [2].

Inflammation and Macrophages

Inflammation is the response of the body to injury. The word inflammation derives from the Latin
inflamatio, meaning to set on fire, and since the times of Celsus more than 2000 years ago the cardinal
signs of this condition are heat, redness, swelling, pain, and loss of function. Around three centuries
ago, John Hunter, a Scottish surgeon, proposed that inflammation itself not be considered a disease
but a salutary operation resulting from some form of aggression or disease. This early consideration
highlights the relevance of not only inflammation but also the resolution of this condition [3].
Resolution includes the elimination of all inflammatory immune cells, such as granulocytes and pro-
inflammatory macrophages, and cell debris. In addition, it allows the clearance of dead pathogens and
the repair of damaged tissue, a process that, when correctly performed, prevents tissue scarring and
loss of organ function.

A healthy immune system has a variety of tightly regulated mechanisms that can induce or down-
regulate inflammation according to requirements. When exacerbated and not properly downregulated,
inflammation is damaging and causes disease. Atherosclerosis, autoimmunity, cancer, and chronic
neurodegenerative diseases, to name a few, are among the list of more than a hundred inflammation-
associated conditions [4].

Inflammation is a complex biological response involving several molecules and cells. This biologi-
cal process is programmed first to remove the injurious stimuli and after to induce the healing process
that leads to tissue repair. Inflammation is the most common response of the immune system to injury,
infection, traumatism, and physical or chemical agents. In early stages of inflammation, vascularity
and permeability increase, thus allowing fluids to move from the arterioles or venules to the extravas-
cular space. Next, cells also move to the extravascular space in a precise order, starting with neutro-
phils, followed by monocytes, and ending with T lymphocytes (Fig. 10.1). Initially, there is a
destructive phase produced mostly by neutrophils. After, macrophages reach the inflammatory site
and are required to kill the microorganisms that have resisted the action of neutrophils, thus complet-
ing the destructive phase of inflammation. Next, macrophages remove the apoptotic bodies produced
during this phase. This is then followed by tissue reconstruction, ending with the production of scar
tissue. During the two phases of inflammation, macrophages exert two opposing roles that contribute
to either tissue destruction or tissue repair. On the one hand, they show pro-inflammatory activity (M1
type) that occurs as a result of classical activation. On the other hand, to exert tissue repair functions,
they carry out anti-inflammatory activity (M2 type) induced by alternative activation.

Macrophage Activation and L-Arginine

To perform their function, macrophages need to be properly activated through interaction with several
molecules. This process implies that these cells undergo a series of functional, morphological, and bio-
chemical modifications produced by the up- or downregulation of a large number of genes. Macrophages
are multifunctional immune cells, and when activated, in a pro-inflammatory or anti-inflammatory fash-
ion, the expression of other macrophage markers is up- or downregulated. For example, the major
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Fig. 10.1 Dual activity of macrophages at the inflammatory loci. Initially macrophages participate in the destruction of
infectious agents, elimination of apoptotic bodies, and tissue damage (pro-inflammatory activity). After this phase,
these cells undergo a series of modifications and become involved in tissue repair (anti-inflammatory activity)

histocompatibility complex (MHC) II and the mannose receptor are specific markers of these cells and
represent examples of pro-inflammatory and anti-inflammatory activation, respectively [5]. In vitro,
macrophages can be activated by T helper (Th) 1-type cytokines, such as interferon (IFN)-y, and bacte-
rial products, such as lipopolysaccharide (LPS), to become pro-inflammatory. These cells subsequently
express highly destructive molecules, such as reactive oxygen species (ROS), nitric oxide (NO), oxy-
gen-free radicals, and proteolytic enzymes [5]. While all these products serve to destroy microorgan-
isms, they are also toxic for macrophages and may induce apoptosis. In this regard, macrophages have
several mechanisms through which to deactivate pro-inflammatory activity [6]. Once activated by Th2
cytokines, such as interleukin (IL)-4 or IL-10, macrophages exert anti-inflammatory activity, which
results in tissue repair [5] (Fig. 10.1).

Interestingly, although the pro- and anti-inflammatory phenotypes differ, they both involve the
metabolism of L-arginine. This amino acid is processed by various biochemical pathways to yield the
ultimate characteristics of the two macrophage phenotypes. IFN-y and/or LPS produce the inducible
NOS2, which catabolizes L-arginine into OH-arginine and then into NO (Fig. 10.2). In contrast, when
macrophages are activated by IL-4, IL-10, or IL-13 to become anti-inflammatory, arginase 1 is pro-
duced [7]. This enzyme catabolizes L-arginine into urea and ornithine, which are then subsequently
metabolized into proline and polyamines (putrescine, spermidine, and spermine). Polyamines induce
cell proliferation, and proline is required for collagen production (Fig. 10.2). Also, it has been reported
that polyamines stimulate several markers of IL-4-induced alternative activation in macrophages,
producing an amplification loop of anti-inflammatory responses [8].

Therefore, during the anti-inflammatory phase, macrophages catalyze the reconstruction of dam-
aged tissues by triggering cell proliferation and extracellular matrix reconstruction, the latter occur-
ring during the final phases of inflammation. Taken together, these observations evidence that, during
their pro-inflammatory phase, macrophages exert a destructive role while during the anti-inflammatory
phase they repair the tissues damaged during the first phase.

The production of NOS2 or arginase is exclusive; macrophages exert either pro-inflammatory
activity or an anti-inflammatory activity [7]. In fact, the induction of arginase 1 eliminates all the
L-arginine available in the cell and then, despite unaltered mRNA, NO production is blocked. This
inhibition occurs via inhibition of NOS2 mRNA translation [9].
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Fig. 10.2 Catabolism of L-arginine by macrophages activated by pro-inflammatory (Th1-type) cytokines (pro-inflammatory) or
by anti-inflammatory (Th2-type) cytokines (anti-inflammatory). Th1 cytokines or bacterial products such as LPS trigger the produc-
tion of NOS2, which then converts L-arginine into NO and citrulline, both of which exert tissue damage. Th2 cytokines induce
arginase 1, which catabolizes L-arginine into proline and polyamines. The induction of arginase blocks the expression of NOS2

It is relevant that trichostatin A (TSA), which inhibits deacetylase activity, blocks LPS-dependent
nos2 expression at the transcriptional level [10] and also IL-4-induced arginase 1 [11]. LPS stimulates
the expression of several genes that require new protein synthesis (secondary response genes) and
others that do not (primary response genes). TSA inhibits secondary response genes by acting at the
transcriptional level. We observed that this effect was due to recruitment at the gene promoter of
CDKS that associates with Med 12, Med13, and cyclin C to form a submodule that is a transcriptional
negative regulator [10]. Also, TSA reduces C/EBPp phosphorylation without affecting its binding to
the nos2 promoter [10]. In contrast, in IL.-4-treated macrophages, TSA inhibited C/EBPJ binding to
the arginase I promoter [11]. This inhibitory effect is due to the acetylation on lysine residues 215—
216, which are critical for DNA binding. These results demonstrate that the acetylation/deacetylation
balance strongly influences the expression of genes involved in macrophage activation.

The pro- and anti-inflammatory activity of macrophages is tightly regulated. If excess pro-
inflammatory activity occurs, then inflammation may become chronic. In contrast, under some patho-
logical conditions, excess anti-inflammatory activation may lead to the development of fibrosis [12]
(Fig. 10.3). Numerous cytokines derived from macrophages are key drivers of myofibroblast differ-
entiation. These cells produce extracellular matrix (ECM) proteins, including collagen I. On the other
hand, macrophages are crucial regulators of the processes driving fibrogenesis and can serve as a
suppressor, degrading the fibrosis already established [13].

L-Arginine Transport During Macrophage Activation

In macrophages, L-arginine is a semi-essential amino acid required for the synthesis of proteins and the
production of NO (classical activation) or polyamines and proline (alternative activation). Macrophages
cannot synthesize L-arginine and therefore transporters are required to facilitate its uptake from the
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Fig. 10.3 Inflammation is a question of balances. Under physiological conditions, both pro- and anti-inflammatory
activities follow one another in the inflammatory loci. If pro-inflammatory activity is enhanced, this may contribute to
the chronicity of inflammation. In contrast, an excess of ant-inflammatory activity can cause increased fibrosis

extracellular milieu. In mammalian cells, the L-arginine flux through the plasma membrane is performed
by four distinct mechanisms [14]: (1) system B°*, which is Na* and Cl~ dependent and used for neutral
and cationic amino acids; (2) system b°>*, which is Na* independent and handles both neutral and cationic
amino acids; (3) system y*, which interacts, either in the absence or in the presence of Na*, with cationic
amino acids and only very weakly (Km>10 mM) with neutral amino acids; and (4) system y*L, which
handles cationic amino acids in a Na*-independent fashion and in the presence of Na* also handles neutral
amino acids. Various proteins account for the distinct transport activities. System B°* is related to the
ATB°* transporter (gene SLC6A 14); system b°* is associated with the heteromeric amino acid transporter
bo+-AT/rBAT (SLC7A9 and SLC3A 1, respectively); system y*L is the product of the activity of the hetero-
meric amino acid transporters y*LAT1/4F2hc and y"LAT2/4F2hc, where the LAT1 and LAT?2 systems
refer to L-arginine transporters-1 (SLC7A7) and -2 (SLC7AS8) while 4F2hc refers to SLC3A2; and system
y*arises from the activity of cationic amino acid transporters (CAT)1-3 (SLC7A1, SLC7A2, and SLC7A3).

The activation of macrophages by pro- or anti-inflammatory stimuli leads to the induction of more than
400 genes. Consequently, to meet their metabolic demands, these cells take up exogenous L-arginine. This
process is a key regulatory step for the normal behavior of macrophages during activation. To determine
the L-arginine transport mechanism in these cells when they become activated, we used bone marrow-
derived macrophages, which are non-transformed cells that respond to both pro- and anti-inflammatory
stimuli. Incubation with IFN-y and/or LPS led to the production of NO; however, no arginase activity was
detected. In contrast, after incubation with IL-4, arginase activity was detected, but not NO production
[15]. After testing the model, we sought to examine the L-arginine transport systems (y*, B°*, b°*, and y*L)
used when macrophages become activated. Under basal conditions, little L-arginine uptake was detected
in the cells, and y* activity was virtually absent. In contrast, the 4-5-fold increase in transport of this
amino acid in the presence of Th1- or Th2-type cytokines was mediated by system y*. Using quantitative
polymerase chain reaction (PCR), we determined the expression of the genes involved in system y*.
slc7A1 expression was low in untreated cells, and the expression was not modified by the treatments. In
quiescent cells slc7A2 was not detected but was induced under the treatment with both pro- and anti-
inflammatory cytokines. Finally, slc7A3 was not detected. Gene induction was not modified regardless of
the presence or absence of L-arginine in the medium of the macrophage culture. All these data were con-
firmed by using macrophages from mice with disrupted slc7A2. In basal conditions, the amount of
L-arginine uptake was similar in macrophages from control and slc7A2 knockout (KO) mice; however,
after activation, no increase in L-arginine transport in cells from the latter was observed. Although nos2
was induced by pro-inflammatory stimuli in macrophages from Slc7A2 KO mice, NO was not produced.
Similarly, arginase 1 was induced in these cells through the effect of IL-4, but L-arginine was not catabo-
lized. These results confirm that under both pro- and anti-inflammatory activation macrophages induce
slc7A2 expression, which is responsible for increased L-arginine transport (Fig. 10.4).
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Fig. 10.4 1-Arginine transport in macrophages. During pro- or anti-inflammatory activation of these cells, the cationic
amino acid transport SL7A2 (CAT2) is induced, allowing massive entry of L-arginine into the cell. During proliferation
or when macrophages are quiescent, small amounts of L-arginine enter the cells by a SL7A2-independent system

Under the effect of several growth factors, macrophages proliferate. Among these factors, macro-
phage colony-stimulating factor (M-CSF) is the most powerful and the only one specific factor for this
cell lineage. To meet their metabolic demands, macrophages require external L-arginine for prolifera-
tion and protein synthesis [16]. Interestingly, when macrophages become activated, proliferation is
suppressed [17], thereby suggesting that these cells are able to exert only one activity or the other.
Given these considerations, we addressed whether the behavior of L-arginine was the same under
macrophage activation and proliferation. Treatment of the cells with M-CSF did not induce genes
related to pro- (nos2) or anti-inflammatory (arginase I) activation. We also found that when used dur-
ing activation or proliferation, L-arginine was metabolized by distinct pathways. After incubation of
activated macrophages with radiolabel L-arginine, most of the radioactivity was extracellular (in 6 h
between 77 and 89 %) and was not bound to proteins. In contrast, in proliferating macrophages,
around half of the radiolabeled material was extracellular (52 %) and half intracellular (47 %). Also,
while the radioactivity outside the cells was not protein bound, that inside was. These observations
suggest that during macrophage activation all the L-arginine in the media is depleted and catabolized,
while during proliferation there is more L-arginine available than that required for protein synthesis
and L-arginine not bound to protein is exchanged with that present in the media. Having identified
these differences in L-arginine processing, we next tested the systems of L-arginine uptake during
proliferation and activation. The latter process is associated with a drastic increase (4-5-fold) via y+
activity mediated by slc7a2/cat2. However, M-CSF induced only a modest increase in uptake (0.5-
fold), independent of slc7a2/cat2 and probably through sic7al/catl, which is constitutively expressed,
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and this control is independent of proliferating or activating agents [16]. In fact, M-CSF-dependent
proliferation was not modified when we used macrophages of sic7a2 KO mice, again demonstrating
differential uptake and metabolism of L-arginine when macrophages are treated with activating or
proliferating agents (Fig. 10.5).

The granulocyte macrophage colony-stimulating factor (GM-CSF) induces modest macrophage
proliferation but is a critical factor for differentiation to dendritic cells. GM-CSF also induces the
expression of arginase 1, but to a lesser extent than anti-inflammatory cytokines such as IL-4. When
macrophages are treated with GM-CSF, the transport activity increases through system y (>10-fold)
[18]. The increase in L-arginine transport correlates with a rise in cationic amino acid transporter
SL7A2, which was confirmed by using macrophages from the corresponding KO mice. Similar con-
clusions were obtained in s/7a2 KO mice infected with Leishmania amazonensis [19].

L-Arginine
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Fig. 10.5 1r-Arginine metabolism in parasitic diseases. (a) L-Arginine is the substrate for both arginase and NOS2.
Arginase is induced by Th2 cytokines and hydrolyzes L-arginine into ornithine and finally into polyamines, required for
parasite growth. Thl cytokines induce NOS2, which metabolizes L-arginine into NO, the metabolite responsible for
killing the parasite. (b) In macrophages from BALB-C mice, the cationic amino acid transporter SLC7A2 (CAT?2)
allows the uptake of large amounts of L-arginine. In contrast, the reduced expression of this transporter in C57B1/6 mice
leads to lower amounts of L-arginine uptake by macrophages
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L-Arginine, Macrophages, and Parasitic Diseases

Parasitic diseases affect millions of people. Host defense against many parasites requires Th2 immu-
nity (for example, the production of IL-4 and IL-10). This immune response is necessary to kill or
contain pathogens, as well as to repair the injuries caused during the cure of infection. However, an
uncontrolled Th2 response can cause tissue remodeling and fibrosis, particularly in organs like the
lungs [20]. Many of the parasitic diseases associated with type 2 cytokines are characterized by the
development of granulomas and fibrotic pathology, which are at the root of the disease. However,
under experimental switching to a type 1 reaction, the pathologic response to parasites is reduced,
thus demonstrating that differential activation of pro- or anti-inflammatory pathways are a critical
determinant in the resolution of granulomas [21].

In humans, Leishmania produce lesions ranging from cutaneous to mucocutaneous and also cause
visceral disease. The susceptibility of the murine model to Leishmania (L.) major differs depending
on the mouse strain. Most strains develop small lesions that heal spontaneously and have been associ-
ated with the production of Th1 cytokines (particularly IFN-y). In contrast, in some strains (BALB/c)
with an increased production of IL-4, IL-10, and IL-13, the lesions increase progressively. However,
recent data question this simplistic model [22]. Leishmania are intracellular parasites that live mainly
in macrophages. In these cells, Leishmania are either killed or reproduced through their expansion in
the host. In this regard, the balance between NOS2 and arginase 1 may be determinant for the fate of
the parasite. In a series of experiments, we found that the amount of arginase in the lesions of mice
correlates with the number of parasites load and the severity of the disease [23]. The inhibition of
arginase by nor-NOHA in vivo reduces the activity of the enzyme, the number of parasites in the
lesion, and the size of the lesion. To understand the role of macrophage-derived arginase, we infected
macrophages in vitro with L. major. As expected, when the cells were treated with IL-4, the number
of viable parasites increased. But under the inhibition of arginase activity, the number decreased
drastically. The growth of parasites recovered when we added ornithine. These experiments demon-
strate that polyamine synthesis induced by macrophage-derived arginase is required for the growth of
the parasite.

Locally, at the level of the lesions of experimental leishmaniasis, the depletion of L-arginine by mac-
rophages induces the suppression of specific T cell responses [22]. This decrease in L-arginine in the
extracellular milieu affects L. major-specific T cells, which become hyporesponsive and produce lower
levels of IL-4 and IL-10 [24]. Finally, the role of arginase in leishmaniasis is highlighted because argi-
nase concentration in blood is a marker of disease severity with visceral leishmaniasis in humans [25].

It has been postulated that parasite-encoded arginase plays an important role in macrophage control
of intracellular Leishmania. In fact, parasite-derived arginase may compete for intracellular L-argi-
nine, thus decreasing the amount available to be converted through NOS2 into NO, thus reducing the
response of the immune system to the parasites [26]. Using arginase-deficient L. major, it has been
shown that the number of parasites during infection depends on parasite-derived arginase and that
pathogenesis of the infection is cytokine independent [27]. Interestingly, the resistant C57BL/6 mice
infected with arginase-deficient L. major take longer to resolve the disease. This delay is associated
with an increase in programmed cell death-1 (PD-1) expression on CD4* T cells, which impairs pro-
liferation and IFN-y production. These observations suggest that parasite-derived arginase contributes
to the immune response against the parasite [28].

In another group of experiments, we postulated that, if the differences in susceptibility to L. major
between C57B1/6 (non-healer strain) and BALB-C (healer strain) mice were due only to the produc-
tion of Thl or Th2 cytokines, then bone marrow-derived macrophages from both strains would be
equally infected in the presence of IL-4. However, this was not the case, and macrophages from
BALB-C were more infected than those from C57B1/6 mice [29]. However, the macrophages of both
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mouse strains showed comparable amounts of nos2 and arginase 1 after treatment with IFN-y or IL-4.
However, the production of NO or proline or polyamines was increased in macrophages from BALB-C
animals. The observation that the levels of enzymes activity in the two types of macrophage were the
same but the products of the reaction different prompted us to consider that the amount of L-arginine
available inside the cells differed. Macrophages from BALB-C animals showed a marked increase in
L-arginine uptake in relation to those from C57Bl/6A mice. This finding was attributed to a decreased
induction of the L-arginine transporter slc7a2 by pro- and anti-inflammatory cytokines. The decreased
induction occurred at the transcriptional level and was caused by a deletion in the promoter of one of
the 4 AGGG repeats of C57B1/6 mice [29]. These results indicate not only the contribution of L-argi-
nine to susceptibility to Leishmania infection but also the critical role of the L-arginine transport sys-
tem. The latter may offer a therapeutic target through which to control macrophage activation.

The effect of L-arginine on parasites is not limited to Leishmania. Alternative activation of macro-
phages plays a critical role in helminth infection. The nematode Brugia malayi implanted in the peri-
toneal cavity of mice recruits macrophages expressing an anti-inflammatory phenotype, suppressing
the proliferation of T cells upon antigen-specific stimulation [30]. Helminth infection leads to the
mobilization of alternatively activated macrophages [31]. In summary, L-arginine uptake by activated
anti-inflammatory macrophages facilitates the growth of parasites by providing polyamines, by inhib-
iting NO production, or by blocking T cell responses.

Arginine, Macrophages, and Cancer

Tumors are associated with macrophages that have been termed tumor-associated macrophages
(TAMs). The presence of these cells is linked to poor prognosis, and they are involved in the develop-
ment of metastasis [32]. In this regard, macrophages may contribute to tissue remodeling, allowing
tumor growth through participation in wound healing and promotion of angiogenesis, as well as the
induction of metastasis [33]. In recent years, TAMs have been claimed to exert suppressive activity,
and the term “myeloid-derived suppressor cells” (MDSCs), which also includes neutrophils, has been
widely used. Suppressor cells constitute a heterogeneous population that has not yet been clearly
defined. The anarchic growth of tumor cells produces changes in the microenvironment, inducing
hypoxia and inflammation, the latter attracting monocytes from the circulation through chemokines,
such as CC-chemokine ligand 2 (CCL2) and CCLS5. TAMs can be converted into MDSCs through
several products released by tumor cells, including cytokines, chemokines, and other molecules such
as tumor necrosis factor (TNF) and prostaglandin E2 (PGE?2) [34]. In fact, TAMs develop the pheno-
type of activated anti-inflammatory macrophages upon the suppression of MHC class II molecules
and IL-12 and also upon the expression of the anti-inflammatory cytokine IL-10. The lack of IL-12
production blocks the activation of natural killer (NK) cells and cytotoxic T lymphocytes (CTLs) and
the induction of Th1 cells, thus producing an anti-inflammatory environment. Also, the production of
CCL22 by TAMs attracts regulatory T (TReg) cells, which block T cell activation. TAMs may also
affect activated T cells through the expression of PD1 ligand 1 (PDL1), which may induce apoptosis
of T cells by the interaction with its receptor-programmed cell death protein 1 (PD1).

Most studies report that MDSCs have the capacity to inhibit antigen-specific T cell responses [35].
MDSC:s extracted from tumors are able to block T cells activated by several systems. This finding has
been attributed to the production of ROS and reactive nitrogen species by MDSCs [36]. One of these
products, peroxynitrite (ONOQO") oxidizes several molecules, producing cellular damage. Against this
theory is the observation that MDSCs have an anti-inflammatory phenotype. Consequently, they do
not express NOS2 and thus ROS cannot be induced.

However, another possible explanation for the inhibition of T cell responses may be related to the
lack of L-arginine. In the microenvironment of the tumor, L-arginine is depleted as a result of arginase
activity in macrophages [37]. Activated macrophages express the cationic amino acid transporter
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Fig. 10.6 Mechanisms of MDSC-dependent inhibition of T cell activation and proliferation. Activated macrophages
induce a massive uptake of L-arginine, which in turn can lead to depletion of this amino acid in the microenvironment,
thus affecting the proliferation and function of T cells

SL7A2 and thus the uptake of L-arginine increases enormously, depleting the microenvironment of this
amino acid (Fig. 10.6). L-Arginine is required for the growth of activated T cells. In the absence of this
molecule, T cells are arrested in the GO—G1 phase of the cell cycle and are unable to upregulate cyclin
D3 and cdk4 expression. By contrast, T cells in the presence of L-arginine progress to S and G2-M
phases [38]. These data are supported by experiments where arginase was inhibited using Nor-
NOHA. Under these conditions, the loss of T cell function is prevented, resulting in an immune-
mediated antitumor response, which inhibits tumor growth in a dose-dependent manner of the amount
of inhibitor used [39]. Interestingly, STAT6 (7-) mice, which do not express arginase after IL-4 treat-
ment, immunologically reject spontaneous metastatic mammary carcinoma, while STAT6-competent
BALB/c mice succumb to metastatic disease [40]. In humans, CD8+ T cell antigen-specific cytotoxic-
ity is not modified when arginase is absent, but antigen-specific proliferation is severely compromised
[41].

Conclusions

Macrophages play a critical role during inflammation. The mechanism by which L-arginine is pro-
cessed during the pro- or anti-inflammatory phases are hallmarks of macrophage activation. While
tissue destruction is associated with NO production, tissue repair is characterized by the production
of polyamines and proline. Macrophages cannot synthesize L-arginine and thus take it up by a specific
system of transport. During both pro- and anti-inflammatory activation, macrophages take up huge
amounts of L-arginine. This is attributed to expression of the cationic amino acid transporter SL7A2.
Given that this transport system is the limiting factor for macrophage activation via pro- and anti-
inflammatory pathway, it may offer a therapeutic target for the control of macrophage activation.
There is a strong correlation between L-arginine, macrophages, and two pathological situations,
namely parasitic diseases and cancer. Depending how L-arginine is catabolized by macrophages, the
products of these cells can destroy parasites (NO) or alternatively induce their growth (polyamines).
In cancer, as in the case of parasites, the massive uptake of L-arginine by macrophages produces a
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depletion of L-arginine in the microenvironment, thus affecting the proliferation and function of T
cells.
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Chapter 11

L-Arginine and TNFa Production in Macrophages:

A Focus on Metabolism, Aging, Metabolic Syndrome,
and Type 2 Diabetes

Charlotte Breuillard, Christophe Moinard, and Marie-Chantal Farges

Key Points

* In macrophages, L-arginine (Arg) may be synthesized from citrulline (Cit) via argininosuccinate
synthase (ASS) and lyase (ASL). It is catabolized mainly via nitric oxide synthase (NOS) and
arginase pathways.

* Macrophage polarization is associated with an orientation of Arg catabolism: macrophages with
an M1 phenotype, characterized by a pro-inflammatory activity, present an overexpression of
inducible NOS (iNOS) when macrophages with an M2 phenotype, which overexpress arginase,
have anti-inflammatory properties.

* L-Arg is critical for macrophage cytokine response: it facilitates the activation of mitogen-activated
protein kinase (MAPK) and consequently the production of tumor necrosis factor a (TNFa).

* Aging is associated with a depressed macrophage-mediated immune response.

* The “inflammaging state” associated with the age may be responsible for the macrophage “anergy.”

* Arg downregulates TNFo production in peritoneal macrophages (PM) from type 2 diabetes (T2D).

Keywords Nitric oxide * Nitric oxide synthase ® Arginases ® Aging ® Metabolic syndrome ® Type 2
diabetes
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Abbreviations

ADC

L-Arginine decarboxylase

AP-1 Activator protein 1

Arg L-Arginine

ASL Argininosuccinate lyase

ASS Argininosuccinate synthase

C/EBPp CAAT box enhancer binding protein f3

CAT Cationic amino acid transporter

Cit Citrulline

DFMO Difluoromethylornithine

IFN Interferon

IL Interleukin

iNOS Inducible nitric oxide synthase

JNK Janus kinase

LPS Lipopolysaccharide

MAPK Mitogen-activated protein kinase

MEK-ERK Mitogen-activated extracellular signal-regulated
regulated kinases

MHC Major histocompatibility complex

MS Metabolic syndrome

MyD88 Myeloid differentiation factor 88

NF-xB Nuclear factor kappa B

NO Nitric oxide

NOS Nitric oxide synthase

(O Superoxide anion

OoDC Ornithine decarboxylase

ONOO- Peroxynitrite

Orn Ornithine

PM Peritoneal macrophages

PMN Polymorphonuclear neutrophil

PP2A Protein phosphatase 2A

STAT Signal transducer and activator of transcription

T2D Type 2 diabetes

TGFp Transforming growth factor

Th T helper

TLR Toll-like receptor

TNF« Tumor necrosis factor «

TPL-2 Tumor-promoting locus 2

ZDF Zucker diabetic fatty

Introduction

C. Breuillard et al.

kinases —extracellular signal-

L-Arginine (Arg) has long been known to be a major regulator of immunity via its metabolic and
physiological functions. In the 1950s, it was classified as a non-essential amino acid by [1] Rose since
L-Arg could be synthesized at the whole body level, mainly in the kidneys, after the conversion of
intestinal citrulline (Cit) via argininosuccinate synthase (ASS) and argininosuccinate lyase (ASL).
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But things changed when Barbul et al. [2] observed, surprisingly, that Arg was an immunomodulator
via a thymic effect. At the same time, they observed that Arg could be essential in several situations,
like growth or sepsis. Finally in the 1990s, Albina et al. [3] demonstrated that macrophages were able
to produce nitric oxide (NO). These pioneering observations opened a new field of research focused
on the regulation of macrophage functions by Arg.

L-Arginine Metabolism in Macrophages

Macrophages

The monocyte/macrophage system is an essential cellular part in the innate immune response.
Circulating monocytes are precursors of tissue macrophages. Whatever their tissue residence, macro-
phages are phagocytic cells and in this respect they clear invading pathogens such as bacteria, viruses,
and transformed cells through oxygen-dependent and independent mechanisms. In addition, macro-
phages are potent cytokine producers and play a crucial role in a variety of processes ranging from
antigen presentation to wound healing. Each of these biological properties is enhanced when macro-
phages are activated in response to various stimuli exposure, i.e., cytokines and/or pathogens.

In response to exogenous (i.e., lipopolysaccharide (LPS), pathogenic nucleic acids) or endogenous
(e.g., oxidized lipids and proteins, heat shock proteins, and tumor necrosis factor alpha (TNFa) stimu-
lation, toll-like receptors (TLR) are activated, leading to the immediate stimulation of the MyD88
(myeloid differentiation factor 88)-dependent pathway. This pathway is responsible for the stimula-
tion of nuclear factor kappa B (NF-kB) and mitogen-activated protein kinase (MAPK) pathways,
resulting in activation of the two most important pro-inflammatory pathway transcription factors
NF-kB and AP-1 (Activator protein 1). This leads to an enhanced expression of pro-inflammatory
genes including cytokines (TNFa, interleukins (IL-1, IL-6) ...) and inducible nitric oxyde synthase
(iNOS) [4].

Activation of pro-inflammatory cytokine production, including TNFa, by TLR also occurs via
activation of tumor-promoting locus-2 (TPL-2), a serine/threonine kinase which activates mitogen-
activated extracellular signal-regulated protein kinases-extracellular signal-regulated kinase (MEK-
ERK) pathway [5].

TNFa is a glycoprotein involved in systemic inflammation. On the site of inflammation, it acts on
macrophages, inducing phagocytosis and cytokine, oxidant, and pro-inflammatory lipid production.
TNFa is a powerfull proinflammatory agent and plays a central role in the initiation, perpertuation and
also resolution of inflammation. [6].

L-Arginine Transporters in Macrophages

In peritoneal macrophages (PM), it seems that Arg transport is mediated mainly by cationic amino
acid transporter (CAT)-2 (Fig. 11.1). Because Arg requirements increase in case of macrophage
activation to induce the production of NO and polyamines, Arg transport is induced in stimulated
macrophages. For more information regarding Arg transport, see Chap. 10 by J. Lloberas et al.

Moreover, it is important to note that macrophages are able to take up Cit, the direct Arg precursor.
For Cit transport, two transport systems seem to coexist. The first one is a saturable system for neutral
amino acid transport, and the second one is a competitive transport with Arg [7].
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Fig.11.1 L-Arginine metabolism in peritoneal macrophages. CAT-2 cationic amino acid transporter -2, iNOS inducible
nitric oxide synthase, NO nitric oxide, ASS argininosuccinate synthase, ASL argininosuccinate lyase, OAT ornithine
aminotransferase, OCT ornithine carbamoyltransferase

L-Arginine Metabolism in Macrophages

L-Arginine Synthesis

Macrophages are able to produce Arg themselves by two distinct pathways (Fig. 11.1). As mentioned
before, these cells are able to take up Cit and metabolize the latter into Arg via ASS and ASL. The
importance of this metabolic pathway was underlined by Murphy and Newsholme [8] since these
authors observed that 20 % of the Arg used for NO synthesis derived from Cit.

Moreover, they [8] have demonstrated the existence of Arg synthesis from glutamine in macro-
phages. Hence, glutaminase activity is increased in macrophage activation. This hypothesis is sup-
ported by results obtained using 6-diazo-5-oxo-norleucine, a glutaminase inhibitor, which
downregulates NO production.

L-Arginine Catabolism

In macrophages, Arg is mainly metabolized by two enzymatic systems: NOS and arginases (Fig. 11.1).
The first one, NOS (EC.1.14.13.39), converts Arg into NO and Cit. NOS activity is regulated by Arg
availability and therefore by the other enzymes metabolizing Arg and Arg transport [9]. Among the
three NOS isoforms, only iNOS, the inducible form, also called NOS-2, is present in PM, and its gene
is not expressed at the basal state. As classically described, iNOS is regulated at its expression level
by transcription and post-transcription mechanisms. Its expression is induced by all the factors that
can activate transcription factor NF-kB and is associated with an increased Arg transport [10]. iNOS
activity begins from 20 to 40 min after the stimulus, increases to reach a plateau between 4 and 8 h,
and decreases within 24 h with enzyme degradation [11]. This isoform produces high NO quantities,
continuously, up to several millimoles per hour for several days to fight against pathogen agents.
NOS metabolize Arg into Cit and NO. Cit is, as previously stated, an Arg precursor and accounts
for 20 % of NO production. NO is a reactive nitrogen species which plays an important role in immu-
nity. Produced in large quantities, it binds to superoxide anion (O,") to form peroxynitrite (ONOO")
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which gives it its cytotoxic properties [12]. NO is an essential factor to fight against viruses, bacteria,
fungi, and parasites [13]. It acts in two different ways: directly, by itself or in association with O,™ to
form ONOO", or indirectly to activate immune cells like polymorphonuclear neutrophils (PMNs),
lymphocytes, and macrophages. Indeed, NO plays an important role in macrophage metabolism:
ONOO" induces pro-inflammatory cytokine production, notably TNFa and IL-6, by a NF-xB pathway-
dependent mechanism [14].

Arginases (EC 3.5.3.1) lead to Arg hydrolysis into ornithine (Orn) and urea. Arginases are negative
regulators of NO production, because in metabolizing Arg, they reduce intracellular Arg availability
and therefore its availability for iNOS [9]. There are two isoforms: arginase I and arginase II. The first
one is a cytosolic enzyme mainly present in periportal hepatocytes, but also in immune cells such as
macrophages. Arginase I overexpression occurs in the late phase of inflammation. It leads to a decrease
of iNOS activity, which depends on Arg availability in order to avoid NO overproduction [15]. Its
activity is inhibited by N-hydroxy-L-arginine, an intermediate of NO synthesis [16].

Arginase I also leads to the formation of polyamines from Arg, via Orn synthesis. Polyamines are
biogenic amines that are involved in the immune response (both in the differentiation of immune cells
and in the regulation of the inflammatory reaction). Their role in macrophages is confirmed since the
presence of di-fluoromethylornithine (DFMO) in the medium culture, an inhibitor of the Orn decar-
boxylase (ODC), the limiting enzyme in polyamines synthesis, reduces the macrophage phagocytic
capacity [17]. Moreover, the activation of macrophages by LPS results in the activation of ODC. This
increase is maximum 4 h after stimulation and ODC activity returns to baseline after 8 h.

Arginase Il is a mitochondrial enzyme whose expression could be induced by inflammatory stimuli
in a very short time, in order to activate wound healing rapidly [18].

Arg is also metabolized in macrophages, to a lesser extent, by Arg decarboxylase (ADC), a mito-
chondrial enzyme which metabolizes Arg into agmatine. The latter is a competitive inhibitor of NOS
and could be an endogenous regulator of NO synthesis [19]. However, it seems unlikely that the
concentrations reached in vivo should be important enough to inhibit NO production, since agmatine
is also an inhibitor of ADC [20]. Moreover, LPS causes a reduction in agmatine concentration through
a decrease of ADC activity and an increase of agmatinase which hydrolyzes agmatine into urea and
putrescine [21]. Agmatinase represents an alternate pathway for polyamines synthesis.

iNOS/Arginase Balance in Macrophages

Arg metabolism has a pivotal role in the activity of macrophages (Fig. 11.2). Indeed, macrophage
activation by cytokines or pathogens induces a series of functional and structural modifications, called
polarization, which leads to two populations of macrophages: M1 and M2. In response to T helper
(Th) 1 cytokine activation, i.e., interferon (IFN)-y or LPS, macrophages become M1, while in response
to Th2 cytokine stimulation, i.e., IL-4, IL-10, or IL-13, they acquire the M2 phenotype. The M1/M2
phenotypes represent the two major and opposing activities of macrophages. One of the mechanisms
involved in macrophage polarization occurs via the metabolic pathways of Arg, through iNOS (M1)
or arginase I (M2). Classical activated M1 macrophages act during the early stages of inflammation,
and, via the production of NO and other oxygen and nitrogen species, they kill pathogens or nearby
host cells and produce pro-inflammatory cytokines (TNF-a, IL-6, and IL-12). M2 macrophages act in
the late resolution phase of inflammation, regulate inflammatory response and adaptive Thl immu-
nity, clean debris with scavenger receptors, and repair tissues through the control of wound healing.
These events are associated with an overexpression of arginase I [23].

Products of Thl and Th2 responses also downregulate M2 and MI activity, respectively.
Macrophages that shift from an M1 to an M2 phenotype experience an increase in arginase expression
that is concomitant with a reduction in iNOS expression [24]. The downregulation of iNOS
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Fig. 11.2 iNOS/arginase imbalance. iNOS inducible nitric oxide synthase. Adapted from [22]

expression and the upregulation of arginase expression reflect a major shift in the metabolism of Arg.
In wound healing, iNOS and arginase are induced in a time-coordinated manner [15]. While a high
iNOS expression is associated with the initiation of the inflammatory phase, arginase expression
comes later and is of prime importance in wound healing. The conversion of Arg into urea and Orn,
and then into polyamines, initiates the repair phase of the inflammatory response. Such a shift is
observed in dystrophin-deficient muscles, at the site of inflammation, while M1 macrophages pro-
mote muscle injury, M2 macrophages are involved in the repair of muscles [25].

Influence of 1L-Arginine and Its Metabolites on TNFa Production

Arg is an essential substrate for macrophage cytotoxicity and in particular for NO and cytokine pro-
duction. Indeed, the activation of macrophages by LPS or IFN-y results in an increase in the Arg
influx in macrophages and a raised production of NO. In an in vitro study, an increase of Arg concen-
tration (80—-1000 pM) in the incubation medium is associated with an enhanced production of NO and
cytotoxicity of murine PM, in a dose-dependent manner [26]. The capacity of Arg to modulate TNFa
production has been observed in vivo. For example, in a model of burned rat, an Arg-enriched diet
(1.85 g/kg/day) induces a decrease in the mRNA expression of pro-inflammatory cytokines (TNFa,
IL-1, and IL-6) in different organs (spleen, thymus, lungs, and liver) and increased survival after stress
[27]. In the same line, in endotoxemic rats, Arg supplementation (300 mg/kg administered intraperi-
toneally) reduces the production of cytokines from macrophages [28]. Finally, such an effect could
also be observed in humans. For instance, Mendez et al. administered an Arg-enriched diet (25 g/day)
to trauma patients. They evaluated the immune function after 1, 6, and 10 days of supplementation. It
appears that Arg supplementation modulated TNFa production and prostaglandin E2 [29].

The effects of Arg on TNFa production could be due to direct effects of this amino acid on pro-
inflammatory pathways, but also via its metabolite, NO.
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Direct Effects

Arg seems to have a direct effect on immunity via the inhibition of activation of inflammatory factors’
production inhibitors (Fig. 11.3). As previously described, the presence of microorganisms in the
body is detected by TLR of innate immunity cells that activate NF-xB and MAPK pathways and,
therefore, pro-inflammatory factors’ expression, particularly via TPL-2. Mieulet et al. [30] showed
that Arg is required to inhibit protein phosphatase 2 A (PP2A), an enzyme which itself inhibits the
inactivating phosphorylation of TPL-2. This enables the activation of the MEK-ERK pathway and
subsequent cytokine production, including TNFa.

Indirect Effects via Nitric Oxide

Arg seems also to regulate TNFa production via its metabolite, NO. Indeed, in the study on endotox-
emic rats described previously, the authors suggest that the effects of Arg supplementation on cyto-
kine production from macrophages are NO dependent [28]. Indeed, Arg would increase NO production
by macrophages, which, by negative feedback, would decrease cytokine production. This effect could
be related to a pretranscriptional effect by NF-kB modulation.

Aging

The age-related impairment of the immune function, i.e., immunosenescence, primarily affects the
adaptive immunity, but it also impacts innate immunity [31].

LP
> L-Arginine

Cell membrane ITLR4

- PP2A

TPL-2 /
}

NF«xB MEK

|

ERK

|

Pro-inflammatory gene
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Fig. 11.3 Direct effects of L-arginine on pro-inflammatory gene expression. LPS lipopolysaccharide, TLR4 toll-like
receptor 4, PP2A protein phosphatase 2 A, TPL-2 tumor-promoting locus 2, MEK mitogen-activated extracellular sig-
nal-regulated kinases, ERK extracellular signal-regulated kinases, NF-kxB nuclear factor-kB. Adapted from [30]
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Numerous studies have explored the effects of age on macrophage number and function; however,
these have yielded conflicting sometimes opposing results. While a majority of the investigative,
sometimes opposing, teams have reported declines in macrophage function with age, a substantial
number of studies have demonstrated quite the opposite [32].

There is no clear evidence of an age-dependent effect on the generation of macrophages from their
monocyte precursors [33]. Aging is associated with an increase in PM [34] and a decrease in Kupffer
cells [35]. Quantitative and qualitative changes in adipose tissue macrophages with aging are illus-
trated by a decline in resident M2 macrophages and an increase in M1-infiltrated macrophages [36].

All these changes are accompanied by functional changes (Table 11.1). In healthy elderly subjects
phagocytosis, free radical production, antigen presentation via major histocompatibility (MHC) class
II molecules, prostaglandin E2, and pro-inflammatory cytokine production are altered [32]. In rodents,
age effects on macrophage functions vary depending on the tissue site (alveolus, peritoneum, spleen,
bone marrow) and maturity of the cell donors (naive or elicited) as well as on the nature of stimulant
(IL-4, IFN-y, or LPS) [37, 38]. In humans, if circulating levels of pro-inflammatory cytokines are
elevated with age, the ex vivo macrophage cytokine production increases or decreases depending on
the stimuli and the macrophage subpopulation studied. For example, upon TLR1/2 stimulation, both
IL-6 and TNFa intracellular levels are reduced [39, 40]. In spite of this, pro-inflammatory cytokine
production following stimulation of TLR2/6, TLR4, and TLRS is preserved at an advanced age [40].
In contrast, basal and LPS-induced TNFa production through TLR4 by human monocytes increases
with age [41].

Among the mechanisms involved in the age-dependent macrophage activation, a discrepancy
regarding the level of TLR expression appears. In rodents, mRNA levels of TLR4 decrease with age
[42], while TLR4 cell-surface expression is unaltered [43]. In humans, as compared to those of young
adults, TLR1, TLR2, and TLR4 surface expressions on monocytes of older subjects are lower,
unchanged, or slightly decreased, respectively [40]. Other defects particularly in TLR-mediated sig-
nal transduction, such as p38 and janus kinase (JNK) and MAPK, are involved in the differences
between levels of macrophage cytokine production [43].

However, during the aging process, the apparent paradox of low cytokine production by macro-
phages and high plasma cytokine levels may be explained by an increased life span of macrophages
and their constant activation by various stimuli and/or by an enhanced production of inflammatory
mediators by other cells. Indeed, in response to TLR ligands, lymphocytes, and dendritic cells,
macrophage-derived cells in peripheral tissues and the central nervous system, adipocytes, and
myeloid-derived suppressor cells produce pro-inflammatory mediators [44, 45]. So, this constant
stimulation could affect the phenotype, the functionality, and the activation properties of monocytes/
macrophages and may be responsible for their “anergy.” So the aging microenvironment, not really
the monocytes/macrophages per se, plays a key role in defining the functionality and activation prop-
erties of macrophages in response to stimulation. This chronic low-grade inflammation, named
“inflammaging” [46], plays a pivotal role in sarcopenia, frailty, and disability as it can be observed in
a majority of age-related diseases, thus contributing to the elderly morbidity and mortality.

Table 11.1 Alterations of TNFa production by macrophages in aging

Tissue site Ex vivo activation Organism  Effect of aging  References
Alveolus LPS Mouse 1 [37]
LPS+IFN-y Mouse )
Peritoneum LPS Mouse l
LPS+IFN-y Mouse l
Spleen LPS +IFN-y Mouse 1
Monocytes TLR1/TLR2 ligand pam3cys + Brefeldin A Human | [39]

The symbols 1 and | indicate a statistically significant increase or decrease, respectively, with aging.
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The literature comparing the effects of age on iNOS and arginase activity also leads to some
discrepancies related to the experimental model, i.e., mouse lineage, age group studied, macrophage
tissue site, and the nature of the stimulant. The stimulation of PM with LPS decreases NO production
or increases the iNOS activity in old mice (72 weeks of age) compared to younger ones (8 weeks of
age) [38, 47]. Bone marrow-derived macrophages obtained from both young and old mice were
equally able to produce NO in response to IFN-y, but old mice were more responsive to LPS [38].
Ex vivo macrophages from old mice (21 months) isolated from the alveoli and spleen produce more
NO than their younger counterparts (12 and 2 months). Conversely, PM from old mice show the low-
est NO production responses to stimuli than those of younger mice [37]. In old—compared to young—
mice (72 vs 8 weeks) arginase I activity is lower in resident and elicited PM stimulated with LPS and
in resident PM stimulated with IL-4 [38]. In an experimental model of Leishmaniasis, while the
potential of bone marrow-derived classically activated macrophage to generate NO is preserved with
age, old mice expressed a lower level of arginase I and a reduced arginase activity [48]. Since arginase
and NOS use Arg as a substrate, the age-related low expression and activity of arginase I limit Orn and
polyamines production and enhance NO synthesis, thereby reducing collagen formation and the pro-
liferation of cells. Such a context might then result in delayed or ineffective wound healing and tissue
regeneration but also in a protection against tumor formation in cells where mutations have already
occurred or against parasite growth [48].

In the context of the decline of immune response with aging, some responses can be improved by
targeting Arg metabolism. Arg supply at pharmacological doses is beneficial in conditions such as
trauma, stress, burn, or injury; it improves immune functions and facilitates wound healing [49].
There is little evidence, however, that Arg is responsible for these positive effects since Arg is only
one of the semi-essential amino acids and immune-enhancing diets contain other pharmacologically
active components (e.g., omega 3 free fatty acids RNAs, antioxidant vitamins). Moreover, the experi-
ments testing Arg supplementation alone failed to show clear immunologic effects [49]. Animal stud-
ies of splanchnic sequestration of amino acids in old rats show that age is associated with a reduced
Arg hepatic uptake and utilization in the absence of an age-related effect on Arg portal flux [50].

Cit, which totally escapes the splanchnic sequestration, may be a potential candidate to supply Arg,
as it could influence Arg availability and thus macrophage functions. In this way, we have recently
evaluated the ability of a Cit-enriched diet to modulate macrophage functions in healthy aged rats. We
have observed that Cit regulates macrophage behavior, with a lower NO production as compared to
an isonitrogenous diet, but has no effects on TNFa production [51].

Metabolic Syndrome and Type 2 Diabetes

It is well known that metabolic syndrome (MS) and to a greater extent type 2 diabetes (T2D) are
characterized by an immune dysfunction that leads to an increased susceptibility to infection and, in
septic patients, high morbidity and mortality [52]. Various alterations in the immune defense system
have been observed in animal models of insulin resistance, notably including disturbances of macro-
phage function, related to modifications of macrophage phenotype [53], hypoargininemia [54], or
hyperglycemia [55].

Arg metabolism seems to be at the heart of macrophage dysfunction in MS and T2D. Indeed, the
modifications of macrophage phenotype observed in case of T2D are characterized by Arg metabo-
lism modifications. These macrophage modifications in T2D are first observed in macrophages of
adipose tissue, with a switch from the M2 phenotype—macrophages with anti-inflammatory properties
and an overexpression of arginase—to the M1 phenotype with a pro-inflammatory activity and an over-
expression of iNOS [24]. Later, Lefévre et al. [53] also showed modifications of the PM phenotype,
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with alterations of Arg metabolism. Interestingly, these impairments lead to an increased susceptibility
to some pathogens. Moreover, hypoargininemia that develops with MS and T2D could contribute, at
least in part, to an increased susceptibility to infections in T2D patients, due to the very specific role
played by Arg in macrophage functions [56].

Disturbances of macrophage function observed in MS and T2D come with an impaired cytokine
production, but very few data are available on the topic and results differ from study to study
(Table 11.2). In an insulin-resistant and obese animal model-ob/ob mice—an in vivo study shows that
plasma TNFa concentration, after LPS injection, was lower in these rodents compared to their lean
littermates [57]. However, Blanc et al. did not find the same result in Zucker rats. Indeed, there was
no difference in TNFa production by PM in vitro between insulin-resistant and control rats [58].
Unfortunately, in both studies, no exploration of Arg metabolism was performed.

Concerning T2D, data are also contradictory. An in vivo study has shown that, in Zucker diabetic
fatty (ZDF) fa/fa rats, TNFo plasma concentration after LPS injection was lower than in control rats
[57]. This was confirmed by an in vitro study that showed that TNFa production by PM was lower in
db/db mice [59]. On the contrary, Sherry et al. [55] demonstrated that db/db mice injected with LPS
presented a higher TNFa concentration in serum and in peritoneal fluid than their lean littermates.
This was accompanied by an increase of TNFa production by isolated PM, which seemed to be due
to an enhanced p38 MAPK activity. Interestingly, incubating PM of control mice with high glucose
concentration leads to an increased TNFa production [55]. A raised TNFa production in vitro by PM
of T2D and obese rodents compared to their lean littermates was confirmed in fa/fa rats [54, 60]. In
the first study, a higher TNFa production by macrophages of T2D rats was accompanied by a lower
protein expression of arginase I, which is in accordance with the switch of polarization of PM in T2D
animals.

As we have seen, hypoargininemia appears to be partly the cause of TNFa production impairment
in T2D. It could be hypothesized that an increased Arg bioavailability could improve PM function and
decrease TNFa production in T2D animal models (Table 11.3). In order to verify this hypothesis, PM
from obese insulin-resistant Zucker rats and from T2D ZDF fa/fa rats were incubated in increased Arg
concentration medium. In both cases, TNFa production by macrophages decreased with increasing
Arg levels [54, 58]. In the second study, reduced TNFa production was accompanied by increased Arg
uptake, Cit and Orn production, and arginase I protein expression.

In the same way as in vitro, Arg supply (5 g/kg/day) to T2D endotoxemic rats leads to a decrease
of TNFa production by PM which were removed and cultured 4 days after LPS injection [61].
Interestingly, this modification of TNFa production was not accompanied by a modification of Arg
uptake or Cit and Orn production but was well accompanied by an increase of arginase I protein
expression. In a second study, graded Arg supply, in addition to diabetes-specific enteral formula

Table 11.2 Alterations in peritoneal macrophage TNFa production in metabolic syndrome and type 2 diabetes

Strain of rodents Activation TNFa production References
Metabolic syndrome ob/ob vs lean In vivo Lower [57]
Zucker vs lean In vitro Equal [58]
Type 2 diabetes fa/fa vs lean In vivo Lower [57]
db/db vs db/+ In vitro Lower [59]
db/db vs db/+ In vivo Higher [55]
fa/fa vs lean In vitro Higher [54, 60]

Ob/ob and db/db mice are invalidated for the leptin and its receptor, respectively. Fa/fa rat are knock out for the leptin
receptor.
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Table 11.3 Effects of Arg supply on TNFa production by isolated peritoneal macrophages (PM) in metabolic syndrome
and type 2 diabetes

TNFa production
Rodents L-Arginine supply by isolated PM References
Metabolic Zucker rats In vitro—2 mM—3 h l [58]
syndrome
Type 2 diabetes fa/fa rats In vitro—from 0.25 to l [54]
2mM—3h
fa/fa rats (endotoxemic) In vivo—from 1 to 5 g/kg/ - [62]
day
fa/fa rats (endotoxemic) In vivo—5 g/kg/day—4 days l [61]

The symbol | indicates a statistically significant decrease, in the presence of metabolic syndrome or type 2 diabetes. Ob/
ob and db/db mice are invalidated for the leptin and its receptor, respectively. fa/fa rat are knock out for the leptin
receptor

given to T2D endotoxemic rats, had no effect on TNFa production, with no modification of arginase
I protein expression [62]. However, it is difficult to come to the conclusion of an absence of Arg
effects since infection is a complex interaction between host, immune cells, and intestinal integrity.
In an in vivo bioluminescent imaging to follow bacterial invasion in rats with head injury, Moinard
et al. [63] clearly demonstrated that Arg supply was able to reduce bacterial invasion, whereas classi-
cal parameters were not modified.

Due to the high Arg uptake by the liver and increased ureogenesis by Arg, Cit can also be a good
candidate to supply Arg in case of MS or T2D. For this purpose, we evaluated the effects of Cit on
macrophage cytokine production in vitro and observed that Cit decreased TNFa production and
increased IL-6 production [60]. This latter, in the context of metabolic syndrome, is known to be
beneficial in terms of insulin sensitivity and glucose homeostasis [64].

Conclusions and Perspectives

Macrophage Arg metabolism is complex. Arg availability in macrophages depends on its exogenous
supply (dietary intake), (cellular protein breakdown, and endogenous de novo synthesis from amino
acid (GlIn, Orn, and Cit)) and its catabolism. Arg catabolism via iNOS or arginase is at the center of
the macrophage polarization that occurs during inflammation from the induction to the resolution.
While M1 macrophages produce NO species with antiproliferative and killing effects against patho-
gens and aberrant cells, M2 macrophages generate polyamines and proline with pro-proliferative
effects and repair. Arg decreases TNFa production via a negative feedback exerted by NO. Advanced
age impairs macrophage polarization and dysregulates the host response. In the same way, T2D leads,
in most cases, to an increased TNFa production by PM which is associated with modifications of Arg
metabolism, and increased Arg bioavailability leads to a decrease of TNFa production in these cells.

In the context of Arg deficiency, Arg provides an effective nutritional or pharmacotherapeutic
treatment for many human diseases. Since Arg supply could be inefficient, or even harmful in some
situations, and Cit is the only direct Arg precursor, exciting new roles for Cit in regulating cell and
tissue functions in people in health and illness are promising.
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Chapter 12
L-Arginine Metabolism Impairment in Sepsis
and Diseases: Causes and Consequences

Christophe Moinard, Charlotte Breuillard, and Christine Charrueau

Key Points

* Many diseases (such as sepsis, cystic fibrosis, inherited metabolic diseases) are characterized by an
impairment of L-arginine homeostasis.

* Most of these pathologies present common features of L-arginine deficiency except for inherited
arginase deficiency which results in L-arginine increase.

* L-Arginine deficiency is usually associated with a decrease in nitric oxide (NO) availability.

* In sepsis, a decrease in plasma L-arginine concentration is observed, resulting in a worse survival
rate.

e In Chronic obstructive pneumopathy disease (COPD) patients, de novo L-arginine synthesis/
formation is largely depressed and leads to a downregulation of NO synthesis.
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Abbreviations

AA Amino acids

ADMA Asymmetric dimethylarginine

ASL Argininosuccinate lyase

ASS Argininosuccinate synthetase

ATP Adenosine triphosphate

BH4 Tetrahydrobiopterin

CF Cystic fibrosis

CFTR Cystic fibrosis transmembrane conductance regulator
COPD Chronic obstructive pneumopathy disease
CPS Carbamoylphosphate synthetase

DNA Deoxyribonucleic acid

eNOS Endothelial nitric oxide synthase

ICU Intensive care units

iNOS Inducible nitric oxide synthase

LDL Low-density lipoprotein

L-NMMA NG-methyl-L-arginine

LPI Lysinuric protein intolerance

LPS Lipopolysaccharide

MELAS  Mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes
NAGS N-acetylglutamate synthetase

NO Nitric oxide

NOS Nitric oxide synthase

OTC Ornithine transcarbamylase
T2D Type 2 diabetes

ZDF Zucker diabetic fatty
Introduction

Sepsis is recognized as a common cause for admission in intensive care unit (ICU). In general, sepsis
and many diseases lead to alterations of the metabolism of amino acids (AA), among them L-arginine
[1] more especially. Indeed, in humans, sepsis is characterized by a substantial decrease in L-arginine
pools. This decrease of L-arginine concentration is usually due to a major increase of its consumption
and a decrease of its endogenous production leading to the concept of “L-arginine deficiency” [1].
Hence, in sepsis, it is generally admitted that endogenous synthesis (i.e., L-arginine is a non-essential
amino acid) cannot meet the needs and L-arginine becomes a conditionally essential AA [2]. This may
have important consequences. As a matter of fact, L-arginine is not only a component of proteins but
also a molecule that can generate a number of active metabolites (Fig. 12.1): L-arginine may be the
precursor of nitric oxide (NO, which is essential for the immune system), of ornithine (which is rec-
ognized as a polyamine precursor), or of agmatine (which is a major regulator of cell functions).
Moreover, L-arginine is an important element in muscle energy: after reacting with glycine and methi-
onine, it allows the formation of creatine. Finally, L-arginine acts as a secretagogue (such as insulin,
glucagon, growth hormones, prolactin, and catecholamines) [3]. This could explain why the impair-
ment of L-arginine homeostasis in sepsis and several diseases can contribute to pathophysiological
alterations.
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Fig. 12.1 General overview of ARG L-arginine properties

Impairment of L-Arginine Homeostasis in Sepsis

Causes

In sepsis, nitrogen homeostasis is largely sustained, while AA metabolism undergoes major
modifications in order to adapt to increasing nitrogen requirements. In healthy conditions, the L-argi-
nine flux at the whole-body level is estimated to be 70-90 pmol/kg/h, which represents around 15-20 g/
day (with 10-15 % coming from daily dietary intake and 85-90 % from de novo synthesis) and the
physiological plasma L-arginine concentration in a fasted state is around 100 pmol/l [4]. In sepsis, a
decrease in plasma L-arginine concentration was observed, resulting in a worse survival rate. The rea-
son is a profound modification of L-arginine turnover; using stable isotopes in septic patients, it was
demonstrated that endogenous L-arginine production was dramatically reduced, this being caused by a
decrease of citrulline intestinal production (citrulline is synthesized by ornithine transcarbamylase
(OTC) in enterocytes) [5, 6]. In fact, citrulline is almost exclusively synthesized by the intestine from
glutamine [7, 8]. Its depletion, consecutively observed in sepsis, leads to a reduced plasma citrulline
and results in reduced de novo L-arginine production in adult sepsis (yet this phenomenon was never
observed in septic children who have an increase in their whole-body citrulline production suggesting
an age-related phenomenon [9]). The importance of the gut is supported by the fact that decreased renal
function does not affect de novo L-arginine production, even if kidneys are the main site of L-arginine
production from citrulline [6]. This phenomenon could be partially compensated for by the major
increase of proteolysis which may preserve L-arginine availability. In a mouse model of OTC defi-
ciency (a mouse (spf{ash) that has low OTC activity and characterized by a low citrulline production),
endotoxemia enhances protein breakdown with maintenance of NO production [10]. The major con-
sequence of L-arginine depletion is a decrease of NO production and an activation of arginase activity
(due to an overactivation of the urea cycle). However, L-arginine is the precursor of NO, which is
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essential for immune cells (due to its antimicrobial activities) in this situation. It is classically admitted
that any impairment of its homeostasis could be deleterious in these patients: an increase of NO pro-
duction is responsible for nitrosative stress whereas NO deficiency is associated with dysimmunity [8].
It has been proposed that the impairment of NO production could explain the diminished microcircula-
tion and organ perfusion, which are of major consequences in septic shocks (and could lead to multiple
organ failure) [6, 8]. Interestingly, it was demonstrated, in a pig model of sepsis, that the nutritional
status could affect metabolic response to endotoxemia: a caloric restriction is associated with a decrease
in L-arginine appearance and a lower NO production after endotoxin challenge [11]. This work sug-
gests that malnutrition (which is classically observed in septic patients) could exacerbate L-arginine
depletion.

Consequences

In sepsis, a reduced plasma L-arginine concentration is associated with a poor outcome. It has been
reported that increased mortality in septic patients would be related to elevated asymmetric dimethy-
larginine (ADMA) levels [12]. Methylarginines, such as ADMA and NG-methyl-L-arginine
(L-NMMA), are the most powerful endogenous and competitive nonspecific NOS inhibitors that com-
pete with L-arginine for nitric oxide synthase (NOS) (Fig. 12.2) and for its intracellular transport [12].
These molecules are issued from proteolysis (posttranslational modified proteins that contain methyl-
ated L-arginine residues). In sepsis, hypercatabolism associated with an impaired renal function can
thus contribute to elevated levels of methylarginines while L-arginine concentration is depressed. The
consequence is a decrease of the L-arginine-to-dimethylarginine ratio which is an independent factor
of a poor outcome [13].

NOS

L-Arginine

(Protein synthesis) inhibition Citrulline

Proteins NO

(N-methyl transferases)

méthylated Proteins

(pr@geolysis) ADMA
NMMA

ADMA  asymmetric dimethylarginine
NMMA : NG-methyl-L-arginine

Fig. 12.2 Effect of asymmetric dimethylarginine on NO (nitric oxide) synthase activity. ADMA and NG-methyl-L-
arginine (L-NMMA) are endogenous and competitive nonspecific NOS (nitric oxide synthase) inhibitors (derived from
proteolysis) that compete with L-arginine for NOS. ADMA asymmetric dimethylarginine, NMMA NG-methyl-
L-arginine
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Moreover, in sepsis, L-arginine is essential to fight pathogens; it can act via NO (which is essential
for immune cell activity and preventing intestinal hypoperfusion) [14]. Indeed, NO is a cytotoxic
agent that can inhibit the respiratory chain (inhibition of complex I and complex II) and the Krebs
cycle (aconitase inhibition) [15, 16]. It also has the ability to inhibit ribonucleotide reductase, an
enzyme involved in the synthesis and repair of DNA [17].

L-Arginine is also an important polyamine precursor (via ornithine synthesis): polyamines are
biogenic amines that are involved in many physiological functions, such as immunity (both the dif-
ferentiation of immune cells and the regulation of the inflammatory reaction) and intestine trophicity
(polyamines are essential to all intestinal repair processes) [18].

Furthermore, L-arginine is a direct precursor of agmatine, a polyamine that is synthesized follow-
ing decarboxylation of L-arginine by L-arginine decarboxylase [18]. This molecule was first discov-
ered in plants, bacteria, and invertebrates. In 1994, agmatine was isolated from mammalian brains
[18]. Since then, many of its functions have been discovered. Agmatine could in particular play a role
during sepsis. Indeed, it is able to inhibit inducible NOS (iNOS) activity [19]. Agmatine administra-
tion to endotoxemic rats prevents the decrease in their blood pressure and renal impairment classically
associated with sepsis. Moreover, agmatine treatment increases the survival of LPS-treated mice [20].

L-Arginine is also known to be essential in sepsis to favor wound healing (as L-arginine deficiency
is to delay wound healing). L-Arginine, via the synthesis of proline and hydroxyproline, promotes the
deposition of collagen and thus provides better wound healing [21]. However, the effect of L-arginine
in wound healing processes is not limited to its ability to generate proline and hydroxyproline. It is
also related to NO production since the inhibition of iNOS (by competitive inhibitors or in iNOS
knockout animals) decreases collagen deposition and breaking strength of incisional wounds and
impairs healing in various wound models [22]. Finally, a recent paper by Fujiwara et al. proposes
novel mechanistic insights into the positive effects of L-arginine on wound healing (via an activation
the GPRC6A-ERK1/2 and PI3K/Akt signaling pathway) [23].

Considering the importance of all the metabolic pathways described above in sepsis, this can
explain that the impairment of L-arginine homeostasis in sepsis leads to a poor prognosis.

Sepsis in Diabetes

It is well known that type 2 diabetes (T2D) is characterized by an impairment of L-arginine metabo-
lism [24] as in sepsis, yet, surprisingly, L-arginine metabolism in sepsis in a situation of T2D has
seldom been studied. To the best of our knowledge, there are no studies in humans, and only one in
animal models [25]: The authors explored the metabolic response to endotoxin challenge in Zucker
diabetic fatty (ZDF) rats. Contrary to control rats, endotoxemia induced neither L-arginine plasma
concentration modifications nor a citrulline plasma concentration decrease in ZDF rats. It could be
due to a lack of increased citrulline to L-arginine conversion in kidneys, which is consistent with renal
complications in case of T2D [26]. On the other hand, endotoxemia induced no modification of mus-
cular and intestinal AA concentrations. So, L-arginine metabolism is well impaired in endotoxemic
and T2D rats (with modifications of L-arginine and citrulline plasma concentrations), but it does not
seem to be deleterious. Surprisingly as a matter of fact, these rats were less sick than control ones,
with a better cumulative nitrogen balance and a lower urinary 3-methylhistidine:creatinine ratio (the
urinary marker of muscle proteolysis). The importance of L-arginine supplementation in this situation
was investigated in two studies which evaluated the importance to sustain L-arginine intake. In the
first one [27], the authors proposed that increasing L-arginine supplementation in endotoxemic ZDF
rats would make it possible to improve glucose and lipid metabolism, but L-arginine supplementation
had no effect. In the second study [28], L-arginine addition in endotoxemic ZDF rats had no more
effects on glucose and lipid metabolism than diabetes-specific enteral formula alone. In conclusion,
modifications of L-arginine metabolism in case of sepsis and T2D are well established, but their
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consequences are not totally understood and it is difficult to discriminate the part of T2D, the part of
sepsis, and their interaction. Many more researches are required to understand the metabolic specific-
ity of L-arginine impairment in septic T2D patients.

Impairment of L-Arginine Homeostasis in Chronic Obstructive
Pneumopathy Disease

Definition

Chronic obstructive pneumopathy disease (COPD) is a major health problem worldwide since it
was the fourth cause of death in 2013. COPD affects 11 % of the population over 40 years of
age—rising to 50 % in heavy smokers—and is responsible for 5.2 million disability-adjusted life
years lost annually in the EU at a minimum cost of almost 300 billion € [29]. COPD is character-
ized by lung and systemic disorders that have a major impact on patient outcomes. Among them,
endothelial dysfunction and muscle weakness—or sarcopenia—are some of the prime causes of
morbidity and mortality. Until recently, this systemic dimension was considered an irreversible
consequence of the disease progression and was not adequately addressed apart from pulmonary
rehabilitation [30]. However, muscle weakness is of major importance in patient outcomes due to
the fact that muscle mass is a determinant of the respiratory function. It directly impacts the life
quality, morbidity, and mortality of COPD patients, with around 40 % of them showing a weight
loss, i.e., >5 % of their body weight over the previous 3 months or 10 % over the previous 6
months. Even in normal weight—or overweight—COPD patients, a decrease in their lean body
mass is highly prevalent. At the same time, 25 % of COPD die from cardiovascular diseases due
to endothelial dysfunction which is usually considered as a consequence of the systemic inflam-
mation observed in this population [30].

L-Arginine Metabolism Impairment in COPD

It has been proposed that this metabolic disturbance could be related to an impairment of L-arginine
metabolism. In fact, it has very recently been observed that COPD patients exhibit a decrease in
L-arginine synthesis, which, in turn, would decrease NO production (a vasodilator recognized for its
antiatherogenic properties) and thus impair endothelial function.

The results clearly indicated, as observed in sepsis, that COPD was associated with a huge
decrease in intestinal citrulline production. Jonker et al. [31] evaluated, in moderate to severe
stable COPD, whole-body L-arginine and citrulline production, de novo L-arginine synthesis, and
NO production. They observed that de novo L-arginine was largely depressed (around —30 % com-
pared to healthy controls), which led to a downregulation of NO synthesis (60 %). This phenom-
enon could be related to inflammation that is known to decrease intestinal citrulline production
[32]. But at the same time, the role of hypoxia could be implicated; exposition of healthy rats to
45 % air in N, for 5 h induced a large decrease in citrulline and L-arginine concentration in plasma
(=30 %) [33]. Moreover, it has been suggested that cigarette smoke and inflammation may increase
arginase expression. The consequence would be a decrease in L-arginine availability for NO syn-
thesis. Besides, arginase activity may increase L-ornithine downstream products like aliphatic
polyamines and L-proline that promote cell proliferation (polyamines) and collagen synthesis
(proline), thus favoring tissue remodeling.
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This hypothesis was supported by the fact that plasma ornithine concentration was higher in COPD
patients compared to healthy controls [34]. Moreover, in a guinea pig model of COPD, an upregula-
tion of arginase was observed and it was well correlated to pulmonary inflammation. However, when
animals were pretreated by 2(S)-amino-6-boronohexanoic acid (an arginase inhibitor), these altera-
tions were totally prevented [35].

Impairment of L-Arginine Homeostasis in Cystic Fibrosis
Definition

Cystic fibrosis (CF), also called mucoviscidosis, is a genetic disorder affecting mucin-producing
organs, like the pancreas, liver, intestine, and mainly the lungs. The disease results from the mutation
of the CFTR (cystic fibrosis transmembrane conductance regulator) gene protein which regulates the
formation of mucus [36]. It leads to airway dysfunction characterized by chronic inflammation,
chronic bacterial infection, and recurrent infection-associated pulmonary exacerbations that signifi-
cantly deteriorate pulmonary function [37] (Fig. 12.3).

L-Arginine Metabolism Impairment in CF

Abnormalities in L-arginine/NO metabolism in patients with CF have been evidenced mostly in the
lungs and airways, but they have also been reported at the whole-body level.

On the pulmonary level, NO is a key messenger molecule which plays a role in neurotransmission,
smooth muscle relaxation, and bronchodilation [38]. While airway NO production is usually increased
in pulmonary inflammation, fractional exhaled NO is decreased in airway fluids of patients with CF
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Fig. 12.3 L-Arginine/NO metabolism impairment in patients with cystic fibrosis. Cystic fibrosis is characterized by
abnormalities in L-arginine/NO metabolism. In patients cystic fibrosis has been evidenced mostly in the lungs and
airways, but it has also been reported at the whole-body level
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in spite of the inflammatory nature of the disease [39]. Two phenomena contribute to the local NO
deficiency: one is the significant increase in arginase activity in CF airways [40], and the second is the
increase of the endogenous competitive NO synthase inhibitor ADMA [41].

In addition, systemic bioavailability of L-arginine and NO is probably involved. Pulmonary exac-
erbations in patients with CF induce elevated systemic arginase levels and proportionally reduce
plasma L-arginine concentrations. This is confirmed as those parameters are normalized after treat-
ment with antibiotics [42]. Engelen et al. [43] have observed that NO production rate and plasma
L-arginine levels were similar between healthy controls and patients with CF. Interestingly, patients
with CF and nutritional failure presented lowered systemic L-arginine concentrations [43]. Among
several possible causes, decreased L-arginine intake and lowered intestinal absorption may be ruled
out since caloric intake and weight gain were comparable in patients with or without nutritional fail-
ure. The involvement of an increased consumption of L-arginine through an increased whole-body
NO production from NOS, but also insufficient L-arginine recycling from citrulline, has been evi-
denced. In addition, a decreased de novo synthesis of L-arginine from other amino acids remains to be
studied as a possible cause [43].

Finally, interaction between systemic and pulmonary abnormalities should be addressed in future stud-
ies combining whole-body and organ-specific assessments of L-arginine metabolism in CF patients [44].

Therapeutic Interventions

Several possibilities are envisaged to treat L-arginine/NO imbalance in CF. One direct therapeutic
approach consists in inhaling L-arginine, which acutely and transiently improves pulmonary function by
increasing airway NO formation [45]. However, a sustained local delivery of L-arginine may be deleteri-
ous through the promotion of lung fibrosis via downstream products of arginase activity such as poly-
amines [41]. Molecules like selective arginase inhibitors [46, 47] and statins [48, 49] —envisaged for the
treatment of asthma—may be of interest in CE. Another possibility relies on ADMA competitors like
melatonin that could potentially improve pulmonary function through local NO production [41].

Impairment of L-Arginine Homeostasis in Other Inherited Disease
Syndromes

Definition

Inherited or genetic diseases result from abnormalities in the genome. Among the tremendous variety
of inherited disorders, some induce L-arginine/NO metabolism impairment. This is the case for most
inherited disorders of the urea cycle, but also for lysinuric protein intolerance, and mitochondrial
disorders.

Inherited Disorders of the Urea Cycle

The urea cycle has two roles. It is the final common pathway in mammals to detoxify ammonia and
to remove surplus amino group nitrogen. It also produces L-arginine by de novo synthesis. The urea
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Fig. 12.4 Schematic representation of the urea cycle. L-Arginine metabolism in urea cycle (which mainly occurred in
hepatocytes). The urea cycle comprises six enzyme reactions, the first three being intramitochondrial and the others
being cytosolic

cycle comprises six enzyme reactions, the first three being intramitochondrial and the others being
cytosolic (Fig. 12.4).

Inherited disorders of the urea cycle are inborn metabolic diseases caused by the deficiency of
enzymes including carbamoylphosphate synthetase (CPS), OTC, argininosuccinate synthetase (ASS),
argininosuccinate lyase (ASL), arginase, and N-acetylglutamate synthetase (NAGS). Out of the six
disorders, OTC deficiency has the highest incidence, while arginase and NAGS deficiencies have the
lowest [50]. While the first four deficiencies are responsible for reduced plasma L-arginine concentra-
tions, the arginase defect leads to hyperargininemia. NAGS deficiency does not affect L-arginine
metabolism [51]. All these diseases lead to hyperammonemia with subsequent neurological damage
(for complete review, see [S1]). Their treatment aims at reducing plasma ammonemia quickly,
decreasing production of waste nitrogen, disposing of waste nitrogen by using alternative pathways
to the urea cycle, and meeting all the nutritional needs, particularly by replacing the deficient amino
acid by L-arginine or citrulline (except in patients suffering from arginase deficiency) and by provid-
ing essential amino acids [52].
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Lysinuric Protein Intolerance

Lysinuric protein intolerance (LPI) is an inborn defect of the transport of cationic amino acids, lysine,
L-arginine, and ornithine, affecting their intestinal absorption and renal reabsorption. It is caused by
mutations in SLC7A7 encoding the y+LAT1 protein [53]. The disease is a severe multisystem one, far
more complex than a classic urea cycle disorder. Since the characteristics of acute episodes are
hyperammonemia, low levels of plasma L-arginine, lysine, and ornithine, as well as an increased uri-
nary excretion of these amino acids, a low protein diet and citrulline supplementation have first been
considered as an appropriate treatment. However, intracellular accumulation of L-arginine due to
defective efflux from the cell leads to NO overproduction that may be responsible for immune dys-
function and serious complications in severe cases. In such situations, excessive citrulline supply may
be detrimental. Current therapeutic recommendations consist in lower oral citrulline supplementation
and strict protein restriction to treat urea cycle dysfunction; this is associated with the management of
growth failure, osteopenia, and immune dysfunction [53].

Mitochondrial Disorders

Mitochondrial disorders are inherited diseases characterized by the dysfunction of the mitochondrial
respiratory chain. They result in a defective production of ATP that fails to meet the energy needs of
various organs, particularly those with a high-energy demand like the central nervous system, skeletal
and cardiac muscles, kidneys, liver, and endocrine systems. NO deficiency is another aspect of these
diseases that may play a key role in the pathogenesis of various complications such as stroke-like
episodes, myopathy, diabetes, and lactic acidosis [54]. MELAS syndrome —mitochondrial encepha-
lomyopathy, lactic acidosis, and stroke-like episodes —is one of the most frequent inherited mitochon-
drial disorders [55]. The origins of the mechanisms responsible for NO deficiency may be multifactorial
and may involve a defective NO production due to endothelial dysfunction, NO scavenging by cyclo-
oxygenases in cyclooxygenase-positive sites, NO shunting into reactive nitrogen species formation,
decreased availability of L-arginine and citrulline, and increased ADMA concentrations [54]. Since
L-arginine and citrulline act as NO precursors, their administration has been proposed to treat MELAS
syndrome. While both amino acids are able to improve NO production, citrulline raises NO availabil-
ity to a greater extent than L-arginine thanks to a substantial increase in de novo L-arginine synthesis.
Such supplementations improve the clinical symptoms associated with stroke-like episodes. Their
therapeutic utility needs to be evaluated in other mitochondrial disorders [55].

Impairment of L-Arginine Homeostasis in Endothelial Dysfunction

Endothelial dysfunction identified early in the development of atherosclerosis is exacerbated by
hyperglycemia and insulin resistance of T2D and aggravated by obesity. The endothelium is a biologi-
cally active barrier between blood and the arterial wall. It plays a key role in arterial vasoreactivity and
in inhibiting the adhesion of leukocytes and platelets as well as the proliferation of smooth muscle
cells (Fig. 12.5). It is also involved in the protection of the vascular wall against oxidative stress.
Endothelial dysfunction is partly due to an impairment of the endothelial nitric oxide synthase (eNOS).
The consequence is a decrease of the NO production and smooth muscle cell relaxation [56].
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L-Arginine Metabolism Impairment in Endothelial Dysfunction

The frequency of cardiovascular complications in diabetes can be explained by abnormalities in the
metabolism of L-arginine. In this regard, plasma L-arginine concentrations are decreased in experi-
mental models of T2D [25] as well as in diabetic patients [57], leading to a reduced bioavailability of
L-arginine, which in turn blunts the production of NO by endothelial cells. Cell production of NO
depends on the L-arginine availability and on the balance between NOS and arginases. This hypoth-
esis was confirmed by Beleznai et al. [58], who removed the coronary artery in surgery patients (dia-
betic or not). The authors observed a sharp increase in the expression of arginase I at the vascular level
in diabetic patients. Moreover, the data obtained by immunohistochemistry demonstrated the co-
localization of arginase I and eNOS. The implication of this L-arginine unbalance was confirmed in
diabetic rats using an arginase inhibitor which allowed the restoration of coronary circulation [59]. In
addition, ADMA, which is increased in diabetics, competes with L-arginine for its intracellular trans-
port by CAT-1, as well as for NO synthesis by eNOS [60]. Moreover, eNOS is impaired because
insulin resistance induces a decrease in eNOS activation due to an altered Akt (PDK/PKB) pathway.
Other factors are also involved in the decrease in NO production in diabetes: there is a decrease in
tetrahydrobiopterin (BH4) availability which promotes eNOS decoupling and peroxynitrite (eNOS
inhibitor) production [60]. Finally, NO availability is further decreased by NADPHox endothelial
activation which is stimulated by oxidized LDL (low-density lipoprotein) (via PKC), hyperglycemia,
and/or an increase of free fatty acids [60].

Conclusions and Prospects

In conclusion, it appears that an impairment of L-arginine homeostasis is observed in many diseases.
They may be caused by various factors, but, finally, the consequences are very similar: a decrease of
L-arginine availability leading, in many cases, to a decrease in NO production. The causes may be a
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decrease in NO production (inhibition of NOS) or a decrease of L-arginine availability due to high
consumption (due to an increase of arginase activity). Several approaches have been suggested to
increase L-arginine availability in these pathologies: increasing L-arginine intake (or citrulline, its
direct precursor), stimulating NOS activity, or inhibiting arginase I. In spite of the fact that L-arginine
was reduced in patients with sepsis and that it had a deleterious impact on mortality, many studies
investigated the interest of an L-arginine supplementation in case of sepsis, but the results are largely
controversial [14]. Other strategies are proposed (the use of citrulline instead of L-arginine, the use or
arginase inhibitors,...), yet, despite some positive results, no definitive strategy has been presented
and many researches are still required to optimize these fields.
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Chapter 13
Use of L-Arginine with Growth Hormone-Releasing
Hormone (GHRH) and the Endocrine Response

Giulia Brigante and Vincenzo Rochira

Key Points

* Arginine elicits pituitary GH secretion by activating several pathways, the most important of
which, in vivo, is the inhibition of SST at hypothalamic level.

* Arginine acts as a GH secretagogue in several species including humans.

* Intravenous L-arginine administration elicits GH secretion in a faster manner compared to oral
administration.

» Intravenous L-arginine potentiates the pituitary responsiveness to GHRH resulting in a supramaxi-
mal GH release in terms of GH peak and area under the curve when administered together.

* Arginine test is based on intravenous infusion of L-arginine alone and leads to misclassification of
GHD due to the high rate of false positivity and poor reproducibility especially in adults.

* GHRH+ATrg test is useful for the clinical diagnosis of GHD in both childhood and adulthood, but
its results should be interpreted according to other patient’s clinical data.

* Several particular conditions (e.g., obesity, HIV infection, congenital estrogen deficiency) might
impair the GH response to GHRH+Arg (i.e., biochemical GHD) even in the absence of a truly,
clinical GHD.

Keywords L-Arginine  Growth hormone ® Growth hormone-releasing hormone plus L-arginine test ®
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GHRH Growth hormone-releasing hormone

GHRH+Arg Growth hormone-releasing hormone plus L-arginine
GHRP Growth hormone-releasing peptide

Lv. Intravenous

IGF-1 Insulin-like growth factor I

ITT Insulin tolerance test

SST Somatostatin

Introduction

L-Arginine is one of the most common natural amino acids that takes part to the structure of the mes-
senger ribonucleic acid (mRNA). In mammals L-arginine is a semiessential or an essential amino acid
depending on age.

The endocrinological history of L-arginine started with the discovery of its secretagogue property
on GH and its first use by the athletic population in efforts to enhance the exercise-induced growth
hormone (GH) response [1].

The GHRH-GH-IGF-I Axis

GH is a peptide hormone synthesized, stored, and secreted by the somatotropic cells of the anterior
pituitary gland [2, 3]. GH secretion production is directly stimulated by GH-releasing hormone
(GHRH), which is secreted from neurosecretory nerve terminals of the hypothalamic arcuate neurons.
GHRH is carried by the hypothalamo-hypophyseal portal system to its target, the GHRH-receptor
present on the surface of pituitary somatotropic cells (Fig. 13.1), where gene transcription is activated
by cyclic adenosine monophosphate-dependent mechanisms [2, 3].

Besides this positive stimulus, the GH secretion is negatively regulated also by somatostatin (SST),
which has a direct inhibitory effect on the GH secretion from the pituitary gland [2, 3]. Moreover,
various synthetically produced GH-releasing compounds and the natural hormone ghrelin, secreted
by the stomach, may have a role both in increasing the release of GHRH and inhibiting SST action,
thereby obtaining a powerful stimulation of GH secretion (Fig. 13.1) [4]. It is known that stress, hypo-
glycemia, and ingestion of protein (high levels of circulating amino acids) stimulate GH secretion,
while high levels of glucose and fat-free acids inhibit it [3]. Several natural (endogenous or exoge-
nous) and synthetic compounds are able to regulate GH secretion [2, 3, 5, 6], and most of them are
listed in Table 13.1. Balancing these stimuli, the pituitary somatotropic cells secrete GH in a pulsatile
manner and in a circadian rhythm with a maximal release in the second half of the night [2].

GH acts both directly through its own receptor and indirectly through the induced production of
insulin-like growth factor I (IGF-I). IGF-I is synthesized both in the liver and in the periphery and is
an important mediator of GH actions (Fig. 13.1). It circulates bound to a number of different binding
proteins, of which IGFBP-3 is the most important [2, 3]. Circulating IGF-I has been also shown to act
as a negative feedback regulator of GH gene expression at the level of the promoter [3, 7].

GH exerts its effects by binding to a single-chain plasma transmembrane glycoprotein receptor.
The highest concentration of receptors is in the liver, cartilage, adipose tissue, heart, kidneys, intes-
tine, lungs, pancreas, and skeletal muscle [2, 3]. Considering these localizations, it derives that the
actions of GH are to promote longitudinal growth in childhood and to modulate metabolism and body
composition [2]. In particular, it promotes glucose production, insulin antagonism, lipolysis, and pro-
tein anabolism, acting directly or indirectly through IGF-I [2, 3].
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L-Arginine and the GH-IGF-I Axis

Mechanisms of L-Arginine Action on GH-IGF-I Axis: Animal Studies

Amino acids have been pointed out as potent stimulators of GH secretion [5] (Table 13.1). Among
them, L-arginine has been considered one of the most effective GH releasers in man [8], and this
action is highly conservative since it is present in several species such as baboons [9], rats [10, 11],
goats [12], rabbits [13], and pigs [14]. L-Arginine seems to stimulate pituitary GH release through the
inhibition of SST secretion [5, 15]. SST is a peptide hormone produced by delta cells of the pancreas
and by neurons of the ventromedial nucleus of the hypothalamus (Fig. 13.1). SST inhibits the
GH-IGF-I axis both centrally and peripherally at the level of both the pituitary GH release and hepa-
tocyte IGF-I transcription, respectively (Fig. 13.1) [16]. The mechanisms of action by which L-argi-
nine induces GH release, however, have never been definitively clarified.

In Vitro Studies

Several in vitro studies suggest a direct action of L-arginine on somatotropic cells at pituitary level
resulting in GH release into the blood (Fig. 13.1). Accordingly, several amino acids are able to increase
GH release from primary caprine pituitary somatotropic cells; this direct effect is probably due to
increased intracellular calcium concentrations since it can be prevented by adding the calcium
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Table 13.1 Main endogenous and exogenous (natural or synthetic) GH secretagogues and inhibitors

GH secretagogues GH inhibitors

Endogenous GHRH Somatostatin
Ghrelin GH
Endorphins IGF-1
Enkephalins
Hypoglycemia
Vigorous exercise
Endogenous and exogenous (natural) L-Dopa Serum glucose
L-Arginine Free fatty acids
Histidine
Lysine
Valine
Phenylalanine
Leucine
Methionine
Threonine
Ornithine
Androgens
Estrogens
Exogenous GH Clonidine
Hexarelin
GHRP-1
GHRP-2
GHRP-6
Pyridostigmine
GHRH analogs (tesamorelin,
sermorelin)

GHRP growth hormone-releasing peptide

antagonist nifedipine [12]. The direct effect of L-arginine on somatotropic cells has been well eluci-
dated in rats [10]. An in vitro study of cultured rat anterior pituitary cells demonstrated that the
L-arginine-induced rise of intracellular calcium was due to cell membrane depolarization and was
associated to prolactin release [10]. This mechanism might be involved also for the release of other
pituitary hormones such as GH and might represent an additional mechanism— other than SST inhibi-
tion—by which L-arginine exerts its secretagogue activity [10]. In addition, Adriao et al. demon-
strated that the infusion of L-arginine leads to a 2.3-fold increase in pituitary GH mRNA levels within
the pituitary of rats sacrificed after L-arginine exposure as well as in cultured anterior pituitary cells of
rat in vitro [11]. Thus, direct L-arginine effect on somatotropic cells seems to involve both membrane
depolarizations and probably results in the subsequent release of the intracellular GH reserve as well
as in an increased GH synthesis due to direct effect on gene transcription [10, 11]. Both of these two
mechanisms operate separately with respect to L-arginine-induced inhibition of SST; the latter, in fact,
follows a different pathway resulting in an increase in cyclic AMP (cAMP) levels in somatotrophs and
subsequent protein kinase A activation [2]. Several other mediators, such as nitric oxide, or changes
in the expression of genes like PIT 1 might be recruited in these pathways and might also account for
L-arginine-mediated elicitation of GH secretion. It is expected that phosphorylation of pituitary-spe-
cific transcriptional factors like PIT 1 should occur, which could result in marked alterations in GH
gene transcription [17]. Thus, it is possible that the increase in GH mRNA levels observed after
L-arginine administration might be the result of the activation of one of these pathways [11], the real
nature of which remains to be determined. Of sure, slight hypoglycemia induced by L-arginine does
not explain the rise in serum GH since the fall in serum glucose is too small to induce GH release [5].
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In Vivo Studies

Independently of the mechanisms of action, all in vivo studies pointed out that L-arginine is able to
stimulate GH secretion through the inhibition of the SST suppressive stimulus at hypothalamic level
[15] (Fig. 13.1). Intravenous administration of L-arginine, in fact, is able to increase serum GH in
several species in vivo [9—13]. In rats, GH rise after L-arginine infusion is prevented by the administra-
tion of antiserum against somatostatin [18]. The action of L-arginine on the SST pathway is further
substantiated by the lack of GH increase after L-arginine administration in pigs with transected pitu-
itary stalk [14] as well as in rats with ventromedial nuclei lesion [18]. Again, in both male and female
wild-type mice, a bolus injection of L-arginine increases serum GH levels, while this effect was a loss
in SST-knockout mice [19].

Apart from the main mechanism by which L-arginine stimulates GH release through reducing
endogenous hypothalamic SST tone on the pituitary, other mechanisms involving or not SST have
been clarified by in vivo studies in animals. L-Arginine stimulates even the peripheral production of
SST and insulin by pancreatic delta and beta cells, respectively. This mechanism, even though less
important, could be involved in GH release induced by L-arginine (Fig. 13.1) [16, 19]. Also the oral
chronic administration of L-arginine increases, in rats, the pituitary GH mRNA content [20] in the
same way as it is observed when the amino acid is acutely administered intravenously [11]. These
in vitro and in vivo studies reinforce the role for L-arginine not only as a GH secretagogue but also as
a stimulant of GH synthesis.

Role of L-Arginine on GH Secretion in Humans

In the 1960s, it became possible to measure changes of GH plasma levels in response to physiologic
stimuli [21], thanks to the development of radioimmunoassay method for the precise determination
of human GH [22]. In particular, several studies of the effect of intravenous amino acids on the GH
secretion were carried out. It was already known that the intravenous infusion of L-arginine is fol-
lowed by a notable rise in plasma insulin, but with a slight fall in blood glucose, despite high insulin
serum levels. This suggested that, following the amino acid infusion, there might be a release not
only of insulin but also of a substance counteracting insulin action on glucose [8, 21]. As GH was
considered a possible candidate, the effects of L-arginine (30 g) infusion were investigated discover-
ing that intravenous L-arginine brings to an 11-fold increase in plasma GH other than a rise in plasma
insulin [8]. In the meanwhile, another study confirmed that the basic amino acids L-arginine, histi-
dine, and lysine all elicit a clear increase in GH levels, an effect that is independent from blood
glucose changes [23]. In particular, a dose of 30 g of L-arginine infused i.v. over a 30-min period
resulted to provoke the greatest rise in plasma GH [23]. The subsequent step was to study possible
differences in GH secretion induced by L-arginine among healthy subjects and subjects with dwarf-
ism or known hypopituitarism, thus opening the way to the use of L-arginine infusion as a possible
alternative to insulin tolerance test (ITT) for the diagnosis of GH deficiency (GHD) in humans [24,
25] (see the following paragraphs for details).

Several studies were also addressed to elucidate how L-arginine enhances GH secretion by investi-
gating in vivo the effects on GH secretion of the combined administration of L-arginine and
GHRH. Even using a supramaximal dose (100 mcg) of GHRH, the serum GH response to that GHRH
dosage is significantly increased by the L-arginine infusion [15]. This observation suggested that
L-arginine stimulates GH by inhibiting endogenous SST rather than by further stimulating endoge-
nous GHRH release, the latter pathway being just overstimulated by a very high dose of GHRH [15].
Moreover, differently from levodopa, ornithine —the active form of L-arginine— was unable to modify
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plasma GHRH levels in humans [26]. This is in agreement with the evidence that L-arginine adminis-
tered after an earlier stimulation of GH secretion by GHRH induces a second pronounced GH rise
[27]. Also in vitro data using rat anterior pituitary cells failed to demonstrate a direct influence of
L-arginine on GHRH-stimulated GH release: L-Arginine at different doses was not able to stimulate
GH release, and when cells were incubated with L-arginine and GHRH, the GH increase was not
greater than that in response to GHRH alone. This observation should be due to the absence of SST
system in such an in vitro model that prevents L-arginine to exert its effect [15]. All these findings
together with evidence coming from the in vitro studies (see previous subheading for details) support
the idea that L-arginine acts independently from the GHRH pathway and inhibits endogenous SST
activity.

Another interesting aspect of the GH response to L-arginine is that it does not differ between
elderly and young subjects differently from what happens for other stimuli [6]. It has been demon-
strated that the responsiveness of somatotropic cells to GHRH is reduced in elderly humans but it is
totally restored by L-arginine, suggesting an increased somatostatinergic activity in aging and rein-
forcing the concept that L-arginine acts on GH through SST inhibition [28].

Following studies on the consequences of intravenous L-arginine administration, other investiga-
tors focused their attention on the effects of oral L-arginine on GH release. Chronic administration of
oral L-arginine for 30 days has been shown to increase resting GH levels in postmenopausal women
[29]. Data on the effects of acute administration of oral L-arginine are more controversial. Marcell
et al. did not find any GH change after oral L-arginine [30], while several other authors reported an
increase of various degrees in serum GH [31, 32]. The data of Collier et al. indicated that the effect of
oral L-arginine is not dose dependent. Accordingly, 5 and 9 g of oral L-arginine result in a significant
GH response compared to placebo, while 13 g of L-arginine has a substantially lesser effect; the rise
in GH occurs 30 min after ingestion, with a peak in GH concentration 60 min after ingestion [32]. The
use of a combination of more than one amino acid seems to be more effective than a single amino acid
in eliciting GH secretion [31], probably because it ensures at least one amino acid will be absorbed
and able to be transported to the hypothalamus. However, oral L-arginine administration, even if effec-
tive, results in a less dramatic increase in GH concentrations compared to intravenous administration
[32]. Moreover, oral L-arginine induces the GH rise a little later than intravenous L-arginine, with a
delay in GH peak of about 10 min [32]. It makes sense considering that intravenous introduction of
the bolus is a faster method of introducing L-arginine into the bloodstream.

Summarizing, both intravenous and oral administration of L-arginine in humans increases pituitary
GH release by suppressing endogenous SST release at the hypothalamic level, while intravenous
L-arginine potentiates the maximal pituitary somatotropic responsiveness to GHRH.

Clinical Use of L-Arginine in the Diagnosis of GH Deficiency in Humans

Considering its capacity to induce GH release, L-arginine was investigated as a diagnostic tool for the
detection of GHD. GHD is a condition that has different consequences according to age of onset.
When GHD occurs before puberty, the child has a slow or flat rate of growth [33]. In adults GHD leads
to impairment in body composition and function, as well as to deranged lipoprotein and carbohydrate
metabolism and increased cardiovascular morbidity [34]. GHD can be caused by congenital condition
(genetic, associated with brain structural defects, associated with midline facial defects) or acquired
(trauma, central nervous system infections, tumors of hypothalamus or pituitary, infiltrative/granulo-
matous diseases, cranial irradiation, neurosurgery, idiopathic) [35] and shares all the other common
causes of hypopituitarism [36].

The diagnosis of GHD is a challenge. Since GH is secreted from anterior pituitary in a pulsatile
manner and in a circadian rhythm, the concentration of GH in random samples of serum does not
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provide a clear differentiation between the normal and the hyposomatotropic individual [34, 37].
Moreover, the assay of IGF-I per se does not establish the diagnosis of GHD. In fact, normal levels of
IGF-I do not exclude GHD as a consequence of significant IGF-I value overlap between normal and
GHD subjects [34].

Accordingly, the demonstration of a rise in serum GH after a secretagogue stimulus appears to be
the only way to quantify the synthetic and secretory capacity of the somatotropic cells. At present, the
ITT remains the diagnostic test of choice [34] and is based on the counterregulatory response carried
out by a normal pituitary gland, which secretes GH in response to the severe hypoglycemia induced
by insulin intravenous administration. However, ITT should be performed only in experienced endo-
crine units where the test is performed frequently due to the high risk of severe hypoglycemia, espe-
cially in children and older subjects. It is contraindicated in patients with electrocardiographic
evidence or history of ischemic heart disease or in patients with seizure disorders; moreover, there is
less experience in patients over the age of 60 years [34].

The L-arginine infusion can be considered an innocuous, reliable stimulus of GH secretion in the
study of hyposomatotropism, which avoids the undesirable side effects of insulin-induced hypoglyce-
mia [25]. The procedure is standardized [25, 38] and is briefly summarized in Table 13.2. The admin-
istration of L-arginine alone can be considered [21, 23, 24], but this test has less established diagnostic
value compared to I'TT, especially in adults [34]. In fact, when the sensitivity and specificity of L-argi-
nine infusion test are considered in comparison with ITT and other four different tests, L-arginine
alone should not be considered a reliable alternative [38]. In particular, L-arginine alone leads to a
small increase in serum GH and a low GH peak even in healthy subjects (Fig. 13.2) with an overlap
between GHD and normal subjects resulting in misclassification due to the high rate of false-positive
[38]. Only in patients with GHD of hypothalamic origin, e.g., those having received irradiation of the
hypothalamic-pituitary region, L-arginine alone may be useful [38].

In clinical practice, the diagnostic test based on the infusion of L-arginine alone (Table 13.2) has been
abandoned in adults due to the very low diagnostic value [38, 40], but is still used for the diagnosis of GHD
in children coupled with a second not supramaximal test (with only one secretagogue administered) and
clinically integrates available data (auxological, clinical, radiological) [33, 41]. Another possibility for
improving the diagnosis of true GHD is to use more stringent cutoffs or a supramaximal test [41-43].

Table 13.2 Procedure and interpretation of the diagnostic test for GHD based on L-arginine infusion

Timing of GH peak cutoffs for the

blood GHD diagnosis
Timing of infusion (after ~ sampling Children Adults
Provocative test Dosage (i.v.) an overnight fast) (min) (pg/L) (pg/L)
L-Arginine 0.5 g/kg of body Over 30 min (from =30 to  0-30-60*-90- <10° <10¢
weight in saline 0 min) 120
solution
GHRH+Arg L-Arginine, 0.5 g/lkg of  L-Arginine, over 30 min 0-15-30-45- <20¢ <9
body weight in (from =30 to 0 min); 60°-90—
saline solution; GHRH, after the end 120
GHRH, 1 pg/kg of L-arginine infusion

“Expected timing for GH peak

®Several authors consider the cutoff of 7 pg/L as more appropriate; other authors consider GHD for values <5 pg/L and
values between 5 and 10 pg/L as a gray area in which partial GHD is possible

“This cutoff has poor diagnostic value in adults due to the low sensitivity and specificity of L-arginine test for the diag-
nosis of GHD in adults [34, 38]

dSeveral authors consider the cutoff of 24 pg/L as more appropriate in order to avoid false negative [39]

GHD growth hormone deficiency, Arg L-arginine
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Fig. 13.2 Different patterns of GH response to l-arginine in children (a) and adults (b) and to GHRH+Arg in children (c)
and adults (d). By increasing the GH peak and the area under the curve (through the supramaximal GHRH+Arg test)
allows to better split up GHD patients from healthy subjects. The supramaximal stimulation allows also to avoid overlap
between these two types of response. In (b) this overlap is evident and could lead to GHD misclassification

Clinical Use of Combined GHRH and L-Arginine Infusion in the Diagnosis

of GH Deficiency in Humans

Physiological Significance

Considering the difficult management of the gold standard test used for diagnosing GHD in both chil-
dren and adults, ITT, and the low reliability of L-arginine test, new and more potent stimuli of GH
secretion have been progressively tested [42]. Among them, GHRH has been largely studied consider-
ing its physiological GH secretagogue action. Anyway, testing with GHRH alone has low value as a
provocative test. In fact, the mean GH response to GHRH is not significantly higher than that elicited
by ITT, and an absent GH response is possible in some normal adults [44] as well as in children [42].
A marked intraindividual variability of the somatotropic responsiveness to GHRH given alone was
demonstrated, probably due to the spontaneous fluctuations in the hypothalamic SST release [45]. So,
given alone, GHRH is unable to reliably explore the secretory capacity of somatotropic cells and has
no diagnostic reliability [45], similarly to what happens for other GH secretagogues when used alone

[38, 40, 42].
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It is well recognized that the somatotropic responsiveness to GHRH is strongly potentiated by
L-arginine and pyridostigmine, a cholinergic agonist, which both markedly potentiate its GH-releasing
activity via concomitant inhibition of hypothalamic SST release [15, 44]. The importance of SST on
the regulation of GHRH effect on GH has been clearly shown in animals, in which SST antiserum or
hypothalamic deafferentation abolishes somatostatinergic activity on somatotropic cells [14, 18, 19]
(see previous paragraph on animal studies for details). The pharmacological removal of SST inhibi-
tion allows also a more potent and reproducible stimulatory effect of GHRH on GH secretion in
humans resulting in higher serum GH peak and a greater amplitude of the area under the curve of GH
secretion after stimulation (Fig. 13.2) [45]. Thus, the combined administration of L-arginine and
GHRH (GHRH+Arg) in humans should be considered a supramaximal provocative test for GH since
it leads to GH levels higher than those observed after GHRH or L-arginine alone (Fig. 13.2) [6]. By
rising the rise of serum GH after the provocative stimulus with a supramaximal testing (with two
secretagogues) produces the sharpest separation between GHD patients and healthy subjects since the
increased height of the secretive curve allows GH peak obtained from GHD patients to diverge from
that of healthy subjects resulting in a better definition of diagnostic cutoffs (Fig. 13.2) [38, 46]. In
addition, this test has also the advantage of reducing the intraindividual variability of somatotropic
responsiveness to the neurohormone alone [47].

Use of GHRH+Arg in the Diagnosis of GHD

The combined administration of L-arginine and GHRH is safe and provides a strong stimulus to GH
secretion and thus could be used as an alternative to the ITT as a test of pituitary GHD in adults [46]
and children [6, 39, 48]. In fact, testing with GHRH+Arg has been shown to be one of the most potent
stimuli of GH secretion in normal children [42], and later data confirmed this evidence in adults [44].
Because the GHRH+Arg test is generally well tolerated and free of the potentially serious side effect
of hypoglycemia, it began to gain a wider use for patients with suspected GHD of pituitary origin, the
majority of patients with suspect GHD. Especially in children, this test is more secure and has a better
diagnostic value than L-arginine alone in terms of sensitivity and specificity [42] and could be a valid
alternative to I'TT also for the diagnosis of childhood-onset GHD [39].

Nowadays, even if ITT remains the gold standard, GHRH+Arg test is considered more than
simply the most promising alternative. When the diagnostic reliability of ITT and GHRH+Arg test
is compared in a large population of hypopituitary adults, the GHRH+Arg test results, at least, as
sensitive as ITT, provided that appropriate cutoff limits are considered [46]. The GH response to
both tests is positively correlated, but GHRH+Arg is a more potent stimulus of GH secretion than
ITT, even in GHD patients [46]. Moreover, the GH response to GHRH+Arg, but not to ITT, is posi-
tively associated with IGF-I levels [46]. Also considering the ability of the test to discriminate
healthy subjects from GHD, the GHRH+Arg test performs well, as shown by an area under the
ROC curve of 0.968 in the study of Biller et al. [38]. All these considerations apply also to children
insomuch as GHRH+Arg is now commonly used in the clinic for the diagnosis of childhood-onset
GHD [39, 42, 48]. As far as the use of GHRH+Arg diagnosis of GHD is concerned, different cutoffs
for serum GH peak should be considered in adult-onset and childhood-onset GHD A cutoff of
serum GH peak 9 pg/L is currently considered for the diagnosis of GHD in adults [28, 35, 44, 46],
while a cutoff of 20 pg/L is used for children [39, 42, 48] (Table 13.2). The procedure for perform-
ing GHRH+Arg test is standardized and is briefly summarized in Table 13.2 together with current
interpretation of the results.

Another important point favoring GHRH+Arg as a good test for the diagnosis of GHD is that it has
an extremely good safety profile and no contraindications. The most common minor side effect is
transient facial flushing induced by GHRH, which occurs in approx 30 % of the subjects tested [45].
Administering 0.5 g/kg of L-arginine hydrochloride over 30 min is basically devoid of side effects;
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increasing the speed of the infusion could induce nausea and vomiting [45]. Chronic renal failure is
basically the unique contraindication to L-arginine load in humans [49].

Value of GHRH+Arg in Comparison with Other Tests for the Diagnosis
of GHD

The biggest advantage of GHRH+Arg compared to the gold standard, ITT, is that it is safer and
has less contraindication. Moreover, up to a sixfold difference in GH peak has been demon-
strated on different days in healthy adults undergoing ITT, regardless of the degree of hypogly-
cemia [50]. On the contrary, GHRH+Arg seems to have a high intraindividual reproducibility
[38, 47].

Considering other GH secretagogue stimuli, the diagnostic value of clonidine provocative testing
has been shown to be very limited [45] and less useful in adults than in children [34]. On the other
hand, r-arginine and glucagon alone could be useful but are less discriminatory than ITT [45].
However, the poor within-subject reproducibility of these classic provocative tests is well recognized
[44, 50], and they have less established diagnostic value compared to ITT [45].

In a very interesting study, Biller et al. evaluated the relative performance of GHRH+Arg, ITT,
L-arginine alone, clonidine, levodopa, and the combination of L-arginine plus levodopa in adults [38].
The overall performance of the GHRH+Arg test, with 95 % sensitivity and 91 % specificity at a GH
cutoff of 4.1 pg/L, compares well to ITT, which has an optimal GH cutoff of 5.1 pg/L (96 % sensitiv-
ity and 92 % specificity), while the performance of the other tests is much poorer. The greatest diag-
nostic accuracy is obtained with the ITT and the GHRH+Arg test. There is more overlap between
GHD patients and control subjects for L-arginine, levodopa, and L-arginine plus levodopa. Defining
test-specific cut points to improve the sensitivity and specificity of these tests, the L-arginine plus
levodopa test appears to be a reasonable third choice [38].

Compared to other tests, the GH response to GHRH+Arg also proves to be independent of age [6,
28]. On the contrary, the potentiating effect of pyridostigmine on the GH response to GHRH decreases
with aging, and it has been shown that a GHRH+pyridostigmine test distinguishes GHD from normal
subjects in young adults but not in elderly subjects [28]. Moreover, pyridostigmine often induces clas-
sic cholinergic side effects and is contraindicated in clinical situations such as in elderly subjects and
in the presence of arrhythmic heart disease [28]. Also the responsiveness of somatotropic cells to
GHRH is known to be reduced in elderly humans, but it is totally restored by L-arginine, suggesting
that aging could be characterized by a higher SST tone [28]. Since ITT is contraindicated in elderly
subjects because hypoglycemia and the adrenergic response could trigger ischemic attack, GHRH+Arg
is the test of choice to distinguish GHD from normal elderly subjects [45]. Finally, compared to ITT,
L-arginine alone, clonidine, levodopa, and the combination of L-arginine plus levodopa, the GHRH+Arg
test is preferred by the patients, thanks to the lack of side effects [38].

Potential Limitations of GHRH+Arg Testing

Several limitations of the GHRH+Arg test pose several troubles concerning a correct diagnosis of
GHD and do not allow to discriminate with certainty true GHD from other clinical or laboratoristic
conditions resulting in biochemical GHD (i.e., an abnormally decreased response of GH to GHRH+Arg
without certain clinical correlates of hypothalamic-pituitary disease). All these limits might induce
the clinician to GHD misclassification. However, if the results of biochemical testing GH secretion are
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coupled with clinical data and enclosed into the appropriate clinical context, the risk of misclassifica-
tion could be reduced [33-35, 43]. The main limitations of the GHRH+Arg test are due to (1) cutoff
defini